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The assessment of the health status of athletes, at all ages, is an aspect of fundamental
importance, and, in recent years, the analysis of body composition has become a fundamen-
tal and essential part in its evaluation, such as in the optimization of sports performance.

There are a number of techniques available for estimating body composition, all of
which have advantages and disadvantages/limitations [1]. Factors such as the feasibility,
cost, technical skill needed, level of accuracy, participant burden, radiation exposure, time
taken, validation in an appropriate population, and availability of reference data have to
be considered while choosing a suitable method [2].

Body composition can change according to sports practice and more generally by
physical activity. It is to be considered that each particular sports discipline requires a
specific type of training and activity, and this clearly affects athletes’ body composition;
therefore, it is not possible to apply a rigid notion of optimal body composition to every
sport [3]. Strategies to achieve the best possible physique for each individual athlete and
sports discipline form part of a comprehensive approach to maximize the performance of
the athlete. For this purpose, recent studies conducted on athletes have highlighted the
need of reference data for assessing the body composition of athletes of different sports, and
with or without physical impairments [4,5]. In the absence of appropriate references for
each sport category, researchers continue to use reference values from the general healthy
population [6].

Monitoring and assessing body composition are important, since an adequate physique
is a determinant of the athletic performance, success and health of athletes [7]. Atten-
tion should be given to preserving the long-term performance and health of the athlete,
since physical stress during training and competitions may lead to body composition
alterations, which can be detrimental to athletes. This can be achieved by carefully moni-
toring body composition parameters (fat mass, fat-free mass, hydration status and bone
health), understanding the optimal physique for a given athlete, and avoiding potentially
harmful practices that may lead to excessively rapid and/or extensive changes in body
composition [3].

Finally, particular attention should be paid to young athletes and to their growth and
development. Differences in body composition and performance occur in young athletes
because of somatic maturation. Individual differences in biological maturity status and
timing affect body size, physical fitness, and athletic aptitude in youths and are central to
talent identification and development programs in many sports [8,9]. Fat-free mass (FFM)
and total body water (TBW) are higher in early maturing athletes, and as a consequence,
they present a lower fat percentage (%FM) and a better performance than late mature
athletes [10]. This influences the selection—a particularly common scenario in elite teams
is the selection of athletes with greater body dimensions and better physical performance,
typical in more mature athletes [11,12].

In this Special Issue, titled “Body Composition and Physical Health in Sports Practice”
in IJERPH [13], 14 papers were recently published on different topics related to body
composition. Four papers are on methodological aspects, three papers provide specific
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reference values, one paper investigates the influence of maturity status on the anthropo-
metric profile and body composition, and six are on the influence of physical exercise and
sport practice on body composition and performances.

Concerning methodological aspects, one paper analyzes the usefulness of raw bioelec-
trical impedance (BI) parameters in assessing the water compartments and fluid distribu-
tion of athletes [14]. Assessing fluid balance to monitor the hydration status in athletes has
received substantial interest for maximizing performance, and simple methods are required
to assess water compartments and fluid distribution in athletes. The paper showed that
raw BI parameters are useful predictors of total and extracellular pools, cellular hydration
and fluid distribution in athletes. Another paper considered the specific bioimpedance
vector analysis (specific BIVA) to screen and monitor the total body and regional body com-
position of middle-aged and elderly subjects and affirmed that it appears to be a suitable
technique to evaluate the nutritional status and risk of morbidity in these subjects [15].
Body composition changes in different body districts and regional body composition pro-
vide relevant information for this purpose, since they allow a better understanding of
the role of physical activity in different conditions, such as sarcopenia and obesity. One
paper [16] focuses on the analysis of the differences between the formulas used to estimate
fat mass and to establish the existing relationship with the body mass index and sums
of skinfolds in kinanthropometry. Finally, one paper provides a new predictive model to
determine when excess weight is due to excess fat mass [17]. This method could be useful
for sports medicine physicians or athletic trainers as an additional assessment of young
athletes during physical examinations.

Of the three papers regarding reference values for athletes, one was focused on the
development reference values for male and female athletes using classic bioimpedance
vector analysis (BIVA) [18]. The paper shows that vector distributions of endurance,
velocity/power, and team-sport athletes differ from the general healthy population, and
among themselves, due to their different body composition, and thus proposes different
reference values. Another paper underlines the importance of bone health valuation of
children and youth, given changes in bone mineral density (BMD) and content (BMC)
during the course of growth and maturation [19]. In this paper, a reference for bone mineral
density (BMD) and content (BMC) specific to young athletes of both sexes participating
in several sports was proposed. This could be useful to understand bone development in
young athletes and may inform training practices, leading to success in sport, facilitating the
diagnosis of structural abnormalities in bone, and contributing to the prevention of skeletal
injuries. The third paper provides reference scores on the anthropometric measures and
body composition of international-level cerebral palsy (CP) para-footballers that can help
sports coaches and physical trainers in the selection process, or to monitor the evolution of
players’ body composition [20]. Using these reference scores, coaches could monitor and
guide their athletes’ training to achieve the reference values of elite para-footballers.

A single paper investigates the influence of maturity status on anthropometric profile
and body composition and confirms that the majority of the examined variables follow the
physiological trend occurring during puberty [21]. The paper underlines the importance of
monitoring the anthropometric profile and body composition of children and adolescents
participating in sport, as an essential aspect to consider evaluating possible risk conditions
and adopting effective countermeasures.

Six papers analyze the influence of physical exercise and sport practice on body
composition and performance [22]. One paper focuses on the determination of the effects of
dehydration on metabolic and neuromuscular functionality performance during a cycling
exercise, pointing out that athletes exercising in a dehydrated state significantly decreased
physical performances. This paper underlines the importance of following strategies to
maintain a good hydration status during exercise and confirms the ability of BIVA to
assess body fluid changes even in sports practice. Another paper details the effectiveness
of physical activity interventions in obese subjects, comparing the effects of different
weekly resistance training frequencies performed over a 24-week exercise program on

2
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phase angle (PA) and handgrip strength (HS) [23]. The paper pointed out that physical
exercise performed three times a week promotes better adaptations in PA and HS when
compared with the same program performed once a week in obese women. One paper
demonstrates that the maximum oxygen uptake (VO2max) calculated per skeletal muscle
mass (SMM) is not more useful than conventional VO2max measures to track longitudinal
changes in competitive athletes, but it allows one to better distinguish between groups
or individuals differing in training status [24]. The focus of another paper was on the
examination of the effects of an exhaustive exercise on executive functions, since the effects
of acute physical exercise on the cognitive performances of an adult individual are still
under discussion [25]. The paper underlines the possibility that high levels of blood lactate
induced by exhaustive exercise could adversely affect the executive functions, and stressed
that, even with a reduction in quantity, the influences remain present even in older people.
One paper refers to changes in estimated body composition prior to a season in elite female
and male Polish handball players during a five-week preseason training camp and to sexual
dimorphism in response to intensive preseason training [26]. Finally, one paper regards the
determination of the dietary acid-base balance in competitive Lithuanian high-performance
athletes, and the evaluation of the effect of the diets of athletes on NEAP (net endogenous
acid production), muscle mass and body mineral content during a four-year Olympic
cycle [27]. The paper showed that, regardless of the type of sport, the diets of Lithuanian
high-performance athletes do not meet their requirements, underlying that the training of
athletes in different sports needs to be very individualized in terms of the mesocycling of
sports goals, including changes in the body composition, giving priority to the formation
of eating habits.

In conclusion, the co-editor was satisfied with gathering 14 papers by leading inter-
national experts in nutritional status, body composition and exercise. This Special Issue
demonstrates the importance of monitoring the health status of the athlete and how body
composition assessment represents a fundamental and effective tool to meet this goal.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Duren, D.L.; Sherwood, R.J.; Czerwinski, S.A.; Lee, M.; Choh, A.C.; Siervogel, R.M.; Chumlea, W.C. Body composition methods:
Comparisons and interpretation. J. Diabetes Sci. Technol. 2008, 2, 1139–1146. [CrossRef]

2. Gatterer, H.; Schenk, K.; Burtscher, M. Assessment of human body composition: Methods and limitations. In Body Composition:
Health and Performance in Exercise and Sport; Lukaski, H.C., Ed.; CRC Press-Taylor & Francis Group: Boca Raton, FL, USA, 2017;
pp. 13–26.

3. Thomas, D.T.; Erdman, K.A.; Burke, L.M. American College of Sports Medicine joint position statement. Nutrition and Athletic
Performance. Med. Sci. Sports Exerc. 2016, 48, 543–568. [CrossRef] [PubMed]

4. Micheli, M.L.; Pagani, L.; Marella, M.; Gulisano, M.; Piccoli, A.; Angelini, F.; Burtscher, M.; Gatterer, H. Bioimpedance and
impedance vector patterns as predictors of league level in male soccer players. Int. J. Sports Physiol. Perform. 2014, 9, 532–539.
[CrossRef]

5. Campa, F.; Toselli, S. Bioimpedance vector analysis of elite, subelite, and low-level male volleyball players. Int. J. Sports Physiol.
Perform. 2018, 13, 1250–1253. [CrossRef] [PubMed]

6. Pollastri, L.; Lanfranconi, F.; Tredici, G.; Schenk, K.; Burtscher, M.; Gatterer, H. Body fluid status and physical demand during the
Giro d’Italia. Res. Sports Med. 2016, 24, 30–38. [CrossRef]

7. Malina, R.M. Body composition in athletes: Assessment and estimated fatness. Clin. Sports Med. 2007, 26, 37–68. [CrossRef]
[PubMed]

8. Burgess, D.J.; Naughton, G.A. Talent development in adolescent team sports: A review. Int. J. Sports Physiol. Perform. 2010, 5,
103–116. [CrossRef]

9. Malina, R.M.; Rogol, A.D.; Cumming, S.P.; Coelho-e-Silva, M.J.; Figueiredo, A.J. Biological maturation of youth athletes:
Assessment and implications. Br. J. Sports Med. 2015, 49, 852–859. [CrossRef]

10. Toselli, S.; Marini, E.; Maietta Latessa, P.; Benedetti, L.; Campa, F. Maturity Related Differences in Body Composition Assessed by
Classic and Specific Bioimpedance Vector Analysis among Male Elite Youth Soccer Players. Int. J. Environ. Res. Public Health.
2020, 17, 729. [CrossRef]

11. Malina, R.M. Children and adolescents in the sport culture: The overwhelming majority to the select few. J. Exerc. Sci. Fit. 2009, 7
(Suppl. 2), S1–S10. [CrossRef]

12. Malina, R.M. Early sport specialization: Roots, effectiveness, risks. Curr. Sports Med. Rep. 2010, 9, 364–371. [CrossRef] [PubMed]

3



Int. J. Environ. Res. Public Health 2021, 18, 4534

13. IJERPH|Special Issue: Body Composition and Physical Health in Sports Practice. Available online: https://www.mdpi.com/
journal/ijerph/special_issues (accessed on 11 January 2021).

14. Francisco, R.; Matias, C.; Santos, D.; Campa, F.; Minderico, C.; Rocha, P.; Heymsfield, S.; Lukaski, H.; Sardinha, L.; Silva, A. The
Predictive Role of Raw Bioelectrical Impedance Parameters in Water Compartments and Fluid Distribution Assessed by Dilution
Techniques in Athletes. Int. J. Environ. Res. Public Health 2020, 17, 759. [CrossRef]

15. Stagi, S.; Doneddu, A.; Mulliri, G.; Ghiani, G.; Succa, V.; Crisafulli, A.; Marini, E. Lower Percentage of Fat Mass among Tai Chi
Chuan Practitioners. Int. J. Environ. Res. Public Health 2020, 17, 1232. [CrossRef]

16. Vaquero-Cristóbal, R.; Albaladejo-Saura, M.; Luna-Badachi, A.; Esparza-Ros, F. Differences in Fat Mass Estimation Formulas in
Physically Active Adult Population and Relationship with Sums of Skinfolds. Int. J. Environ. Res. Public Health 2020, 17, 7777.
[CrossRef]

17. Mascherini, G.; Petri, C.; Ermini, E.; Bini, V.; Calà, P.; Galanti, G.; Modesti, P. Overweight in Young Athletes: New Predictive
Model of Overfat Condition. Int. J. Environ. Res. Public Health 2019, 16, 5128. [CrossRef] [PubMed]

18. Campa, F.; Matias, C.; Gatterer, H.; Toselli, S.; Koury, J.; Andreoli, A.; Melchiorri, G.; Sardinha, L.; Silva, A. Classic Bioelectrical
Impedance Vector Reference Values for Assessing Body Composition in Male and Female Athletes. Int. J. Environ. Res. Public
Health 2019, 16, 5066. [CrossRef]

19. Kalabiska, I.; Zsakai, A.; Malina, R.; Szabo, T. Bone Mineral Reference Values for Athletes 11 to 20 Years of Age. Int. J. Environ.
Res. Public Health 2020, 17, 4930. [CrossRef] [PubMed]

20. Sarabia, J.; Doménech, C.; Roche, E.; Vicente-Salar, N.; Reina, R. Anthropometrical Features of Para-Footballers According to
Their Cerebral Palsy Profiles and Compared to Controls. Int. J. Environ. Res. Public Health 2020, 17, 9071. [CrossRef]

21. Di Credico, A.; Gaggi, G.; Ghinassi, B.; Mascherini, G.; Petri, C.; Di Giminiani, R.; Di Baldassarre, A.; Izzicupo, P. The Influence of
Maturity Status on Anthropometric Profile and Body Composition of Youth Goalkeepers. Int. J. Environ. Res. Public Health 2020,
17, 8247. [CrossRef]

22. Campa, F.; Piras, A.; Raffi, M.; Trofè, A.; Perazzolo, M.; Mascherini, G.; Toselli, S. The Effects of Dehydration on Metabolic and
Neuromuscular Functionality during Cycling. Int. J. Environ. Res. Public Health 2020, 17, 1161. [CrossRef]

23. Toselli, S.; Badicu, G.; Bragonzoni, L.; Spiga, F.; Mazzuca, P.; Campa, F. Comparison of the Effect of Different Resistance Training
Frequencies on Phase Angle and Handgrip Strength in Obese Women: A Randomized Controlled Trial. Int. J. Environ. Res. Public
Health 2020, 17, 1163. [CrossRef] [PubMed]
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Abstract: Cerebral palsy (CP) football is a team para-sport practiced by para-athletes with
eligible impairments of hypertonia, athetosis, and ataxia. This study aimed: (1) to describe the
anthropometrical and body composition profiles of international CP para-footballers with different
CP profiles (i.e., spastic diplegia, athetosis/ataxia, spastic hemiplegia, and minimum impairment);
(2) to analyze the differences between both affected/nondominant and nonaffected/dominant sides;
and (3) to compare the sample of international-level CP para-footballers (n = 141) with a sample of
highly trained able-bodied footballers (n = 39). Anthropometric measures included four breadths,
nine girths, and six skinfolds, while body composition was measured through fat mass (including
Carter’s, Faulkner’s, and Withers’ equations), muscle mass (Lee’s equation), and bone mass (Rocha’s
and Martin’s equations). This study found differences between the able-bodied footballers and the
following impairment profiles: spastic diplegia (skinfolds); ataxia/athetosis (corrected calf of the
nondominant side, and calf skinfolds for both sides); and spastic hemiplegia (all measurements
excepting femur breadth, and thigh and ankle girths). No differences were found between para-athletes
with minimum impairment and the able-bodied footballers. This study demonstrates that football
players with or without physical impairments of hypertonia athetosis or ataxia may be considered
homogeneous in shape when dominant size is compared. Besides, the study provides reference scores
on anthropometric measures and body composition of international-level CP para-footballers that
can help sports coaches and physical trainers to monitor physical fitness of their para-athletes.

Keywords: body composition; paralympics; para-sport; brain impairment; soccer; football

1. Introduction

In the field of sports, the assessment of body composition is an essential factor because it has
been related to performance and even to success in a specific sport, in combination with other
factors such as technical, tactical, physical, and psychological skills [1,2]. In the case of football,
body composition is among the key fitness elements to football players’ performance not only in adults
but also in young football players [3]. While fat-free mass has been strongly correlated to strength and
power performance [4], body fat might increase the injury risk [5] and negatively influence players’
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performance [6]. Hence, for football staff and researchers, a better understanding of the determinants of
success—such as the specific anthropometric characteristics of the players—may be crucial for training
and talent identification. Previous studies on able-bodied football players have disclosed significant
differences in anthropometric and fitness measures between playing levels [7], across playing positions,
and between age categories [8].

The body composition and anthropometrical characteristics of the para-athletes have also been
previously described and in some cases related to performance in swimming [9–11], blind sports [11,12],
track and field [11,13,14], wheelchair sports [15–17], or rowing [18]. However, most of these previous
studies included a mixed pool of para-athletes with different types of impairment and from different
para-sports. In addition, to the best of the authors’ knowledge, the previous studies with cerebral palsy
(CP) athletes only described the basic anthropometry measures (i.e., height, weight, and body mass
index) [19,20] or somatotype [21]. Only the study by Yanci et al. [22] compared anthropometry measures
with the physical performance (i.e., jump capacity), but body composition and anthropometrical
characteristics of CP football players have not been previously described and compared to able-bodied
football players.

CP football is a seven-a-side modality of football, played by ambulant athletes with CP or acquired
brain injury. Para-footballers are classified into sport classes giving a special relevance to their CP
profile and impairment severity. Over the last decades, CP football has used a functional classification
system for their para-athletes developed by the Cerebral Palsy International Sports and Recreation
Association (CPISRA) [23]. Specifically, those with moderate spastic diplegia, moderate athetoid
or ataxic profile, and moderate spastic hemiplegia are grouped in FT5, FT6, or FT7, respectively.
In addition, the mild forms of these impairments—also called “minimum impairment criteria” to be
eligible for competing in this team para-sport—are classified together in the FT8 sport class [24].

The literature shows that both children and adults with CP tend to have below-average weight,
linear growth, muscle mass, and fat mass compared with their peers [25–27]. Indeed, people with
hemiplegia might show an increased bone loss and muscle atrophy, especially on the hemiplegic
side [28] and more common in the upper body [29]. It has also been suggested that exercise may
modify or reverse skeletal muscle abnormalities [30].

Knowing the anthropometric attributes of highly trained CP football players in relation
to impairment/sport classes would provide the basis upon which practitioners could provide
individualized practice, in an attempt to evaluate and develop the specific attributes and optimize
players’ performance. Thus, the aims of this study were (1) to describe the anthropometrical and
body composition profiles of international CP football players for each CP profile; (2) to analyze the
differences between both affected/nondominant and nonaffected/dominant sides; and (3) to compare
them with a sample of highly trained able-bodied football players.

2. Materials and Methods

2.1. Participants

One hundred and forty-one footballers (age = 24.8 ± 6.3 years) with more than seven years
of experience in football participated in the study (Table 1). Of those, 102 were international
para-footballers from different countries who participated at the 2013 CPISRA Intercontinental
Cup (Barcelona, Spain), a qualifying tournament for the 2015 CP-Football World Championships.
These players were classified as spastic diplegia (n = 8), athetosis/ataxia (n = 14), spastic hemiplegia
(n = 64), or minimum impairment (n = 16). The rest of the players were the control group (CG), that is,
a group of 39 able-bodied footballers who were playing in the third Spanish football division. Prior to
involvement in the investigation, all participants gave written informed consent after a detailed written
and oral explanation of the potential risks and benefits resulting from participation in this study,
as outlined in the Declaration of Helsinki (2013). Approval by the institutional review board (Office for
Projects Evaluation, OEP) was obtained before the study began (Ref. DPS.RRV0.01.14).
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Table 1. Characteristics of the sample and general body measurements.

Variable
Total

Sample
Spastic

Diplegia
Athetosis/

Ataxia
Spastic

Hemiplegia
Minimum

Impairment
Control
Group

n 141 8 14 64 16 39

Laterality (R/L) 77/64 3/5 8/6 24/40 9/7 33/6

Ethnicity (CA/AF) 135/6 8/0 13/1 62/2 16/0 36/3

Training
experience (year)

11
(6, 16)

12
(5, 15)

10
(10, 12)

10
(5, 14)

17
(5, 22)

15
(15, 16)

Age (year) 23
(20, 29)

23.5
(18, 33.3)

24.5
(19.8, 34)

23
(21, 30)

26.5
(21.3, 38.3)

22
(20, 23)

Weight (kg) 70.9
(64, 76.7)

63.4
(60.1, 73.3) †

68.1
(62.2, 73)

67.3
(62.4, 75) ††

73.6
(69.4, 78.7) †

74.5
(69.3, 80)

Height
(cm)

176
(172, 181)

171.5
(168.3, 178.8)

173
(170.8, 179.3) †

174
(172, 178.9) ††

179
(170.4, 183.8)

181
(176, 184)

BMI (kg·m−2)
22.6

(21.5, 23.9)
21.9

(19.7, 24.4)
22.5

(20.4, 23.9)
22.1

(21, 23.7)
23.4

(21.6, 25.6)
23.2

(22.1, 24)

R = the right leg is dominant; L = the left leg is dominant; CA = Caucasian; AF = Afro-American. Data are delivered
as median (25th and 75th percentiles). † significant difference with the control group p < 0.05; †† significant difference
with the control group p < 0.01.

2.2. Anthropometric Determinations

All variables were measured by a Level 2 anthropometrist certified by the International Society
for the Advancement of Kinanthropometry (ISAK) with an individual technical error of measurement
(TEM) of 0.76–0.39% for skinfolds and 0.12% for the remaining parameters. The errors were considered
acceptable for ISAK standards (<7.5% for skinfolds and <1.5% for the remaining measurements).
All measurements were made following the guidelines stated by ISAK [31] except for chest skinfold,
which was according to Heyward and Stollarczyk [32]. The limb measurements were obtained for
both body sides (except for neck girth and abdominal skinfold) in all the participants and taken in
duplicate. An average of the two measurements was recorded.

The total body mass of each participant was measured in kilograms using a Tanita digital scale
(model BC-601), breadths with a Holtain bicondylar caliper (Holtain, Crosswell, UK), girths with a
metallic nonextensible tape (Lufkin, Sparks, NV, USA), and skinfolds with a Holtain Tanner/Whitehouse
skinfold caliper (Holtain, Crosswell, UK). The following four breadths were measured: humerus, wrist,
femur, and ankle. Regarding girths, six were measured: relaxed arm; flexed and tensed arm; neck;
thigh; medial calf; and ankle. Finally, seven skinfolds were also measured: triceps (Tr); chest (Ch);
subscapular (Sb); supraspinale (Sp); abdominal (A); thigh (Th); and medial calf (Ca). In addition,
the corrected arm, thigh, and calf were calculated using the formula:

Corrected Girth = Girth − (π Skinfold) (1)

2.3. Body Composition

Three-component models of body composition were used, dividing fat-free mass into lean tissue
mass and bone mineral content. Due to specific equations to calculate the different body mass types not
having been developed for para-athletes with CP or other related neurological conditions, the equations
recommended for athletes to calculate the components of body mass have been used [33]. Percentage
of body fat mass was calculated using three different methods: Yuhasz’s equation modified by
Faulkner [34], Carter’s equation [35], and calculating the body density with Withers’ equations [36] and
converting to body fat percentage using Siri’s equation [37]. Percentage of bone mass was calculated
according to two different equations: Rocha’s [31] and Martin’s [38] equations. Percentage of muscle
mass was calculated from Lee’s equation [39]. In addition, the following sums were considered for fat
content calculations [40]:
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• Three skinfolds ∑
3Sk = Ch + A + Th (2)

• Six skinfolds ∑
6Sk = Tr + Sb + Sp + A + Th + Ca (3)

• Upper body skinfolds ∑
UpSk = Tr + Sb (4)

• Lower body skinfolds ∑
LowSk = Th + Ca (5)

2.4. Body Proportionality

Body proportionality analyses were conducted using the Phantom stratagem proposed by Ross
and Wilson [41], which has been previously applied in other sports with able-bodied athletes [42,43].
The Phantom is a unisex, bilaterally symmetrical conceptual model that was derived from reference
data of men and women [44]. The Phantom-Z scores (Z-Scores) for each anthropometric variable were
used to demonstrate the number and direction of standard deviations that each of the groups varied
against the Phantom. Each variable was transformed in a Z-Score adjusting it to the Phantom size
using the following equation:

Z-Score = (1/s) v [(170.18/h)d − P] (6)

where v is the size of any variable, 170.18 is the Phantom height constant, h is the subject’s height,
d is a dimensional exponent, P is the Phantom value for variable v, and s is the Phantom standard
deviation value. These Z-Scores have a 0 mean, so a Z-Score higher than 0 means that the subject is
proportionally greater than the Phantom, and Z-score lower than 0 means the opposite. This allows
data standardization, providing a reference profile for each type of impairment and allowing future
comparisons of individual scores with the results of this study.

2.5. Statistical Analyses

Statistical analysis was performed using the Statistical Package for Social Sciences (SPSS Inc.,
version 240.0 for Windows, Chicago, IL, USA). Statistical significance was set at the α-level of 0.05 for
two-tailed tests. Distribution of the data was tested by using the Kolmogorov–Smirnov and the
Shapiro–Wilk tests, and the Q–Q plot.

The results indicated that data were not normally distributed for the whole group or for the
CP profiles (i.e., sport classes). For this reason, the median as central tendency measure and the
interquartile range (25th and 75th percentiles) as a measure of the spread of the data have been
considered in this study. Therefore, the nonparametric Wilcoxon test was used to detect significant
differences between dominant and nondominant sides.

In addition, differences among the CP profiles were identified using the Kruskal–Wallis test
and the Bonferroni correction in case of significant findings between groups. Finally, Friedman’s
comparisons were used to compare body fat mass equations and body bone mass equation between
them inside each CP profile. When we found differences in Friedman’s comparisons, we performed the
Wilcoxon matched-pairs test for multiple analysis with Bonferroni’s correction. Practical significance
was assessed by calculating effect size (d) [45], according to the values suggested by Cohen [46]:
above 0.8, between 0.8 and 0.50, between 0.50 and 0.2, and lower than 0.2 were considered as large,
moderate, small, and trivial, respectively.
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3. Results

3.1. Dominant vs. Nondominant Sides

Comparisons between the dominant and nondominant sides are shown in Tables 2 and 3.
While spastic diplegia, minimum impairment, and control groups showed trivial differences in
some anthropometrical data, the athetosis/ataxia group showed differences in girths, and the spastic
hemiplegia group showed marked differences in all measures except for the trunk skinfolds.

3.2. Comparison with the Control Group

The comparisons between each CP group and the control group were made comparing Z-Scores.
The Z-Scores are shown in Figure 1 and fully detailed in Table S1. All CP groups show differences in
skinfolds of both sides of the body with the CG. In addition, the spastic hemiplegia group showed
differences with the CG on many of the breadths and girths for the nondominant side.

3.3. Equation Comparison

Regarding body fat mass equations, Faulkner’s equation was significantly different from Withers’
and Carter’s equations for spastic diplegia (Z = 2.52, p = 0.012, d = 0.89, for both comparisons),
minimum impairment (Z = 2.95 and 3.52, p < 0.001, d = 0.74 and 0.88, respectively) and control group
(Z = 5.43 and 5.44, p < 0.001, d = 0.87), while in the athetosis/ataxia group, it was significantly different
only from Carter (Z = 3.11, p = 0.002, d = 0.83), and in the spastic hemiplegia group, all equations were
significantly different from the others (Z = 5.74–6.94, p < 0.0001, d = 0.72–0.87).

Regarding body bone mass equations, both Rocha’s and Martin’s equations were significantly
different for each group (spastic diplegia, Z = 2.52, p = 0.012, d = 0.89; athetosis/ataxia, Z = 3.30,
p = 0.001, d = 0.88; spastic hemiplegia, Z = 6.96, p < 0.001, d = 0.87; minimum impairment, Z = 3.52,
p < 0.001, d = 0.88; CG, Z = 5.44, p < 0.001, d = 0.87).
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Figure 1. Z-Scores for dominant (dom) and nondominant (non-dom) sides of the body for each group
and their comparison from the control group. ** significant difference between the control group and
the dominant side p < 0.01, # significant difference between the control group and the nondominant
side p < 0.05, ## significant difference between the control group and the nondominant side p < 0.01.

4. Discussion

Anthropometric and body composition parameters are of top importance in determining energy
requirements [47] and are related with performance in sports [4]. However, there are still few studies
describing body composition characteristics of athletes with a varied impairment and from different
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para-sports. The difficulty in collecting data is due to the different classes and degrees of impairment,
which makes it challenging to establish a representative sample. Therefore, the main contributions of
the current study are the descriptive anthropometrical data and proportionality characteristics for each
impairment profile for elite CP footballers.

Previous studies have reported a broad range of fatness and leanness in adults with CP [26,48].
However, these studies have used a small and heterogeneous (i.e., different motor impairments and
ambulation status) sample of sedentary people with CP, and in most cases with children. Only a
few studies have studied the body composition of athletes with CP, but in most cases they mixed
athletes with other different eligible impairments (e.g., vision impairment, limb deficiency), and they
did not compare the results of para-athletes with an able-bodied group [10,11,14]. To the best of the
authors’ knowledge, only two previous studies have included only elite athletes with CP [13,21] but
only Runciman [13] compared the six para-athletes included with a control group. Like this study,
our results suggest that the anthropometrical measures and body composition of players with CP
were closely matched to the able-bodied players in anthropometrical measures and body composition
estimations. Although some differences in the affected/nondominant side appeared, these results are
close to the average population (i.e., Z-Scores between −2 and 2).

In contrast with the fatness found in previous studies [26,48], all CP subgroups in the current
study showed higher skinfolds than the CG. The authors hypothesize that this could be due to different
nutritional habits and grades of training between groups [49]. While all players in the CG group were
professional or semi-professional football players and included a considerable amount of off-field
training (e.g., strength and aerobic training at the gym) and in some cases a nutritional controlled
planning, the CP footballers were from different countries and, in some of them, this para-sport is
not yet professionalized. In addition, the amount of the off-field training was in some cases reduced,
mainly due to the impairment. Overall, able-bodied players were 6 kg heavier and 9 cm taller on
average than the CP footballers, but with similar BMI for all groups (from 21.9 to 23.4 kg·m2) and in
the ranges showed by other studies [21]. In addition, the profiles for both types of footballers were
similar in appearance when the dominant sizes were matched proportionally (Figure 1). This indicates
that, whether through training or self-selection, specific proportionality characteristics dominate the
preferred morphology for elite football players. The main difference (i.e., the body fat mass measure
trough skinfolds) could be justified by the professionalism in physical preparation as shown by Ackland
et al. [50] in canoe and kayak paddlers.

Moving to comparison for dominant and nondominant sides, any asymmetry was found in
able-bodied footballers as supporting previous studies [51]. In addition, only one anthropometric
measure was different between sides for the spastic diplegia subgroup (i.e., humerus breadth).
This reveals the homogeneity of the impairment for both sides in these para-athletes. Even though this
group showed a similar profile in proportionality to the CG, showing differences only in skinfolds,
it is possible to see a high dispersion of calf data on both sides. While the median (25th and 75th
percentiles) of the CG for the corrected calf was 1.74 (10.08, 2.27), dominant and nondominant sides of
the spastic diplegia group were 0.4 (−1.34, 1.51) and −0.68 (−1.7, 0.49), respectively. This reflects the
atrophy of the calf muscles [52]. However, the proportionality profile of girths in the lower limbs were
like the CG despite the impairment, showing a similar effect of training in lower body. Still, the low
number of players in this group and the high heterogeneity of the impairment prevent these data from
showing a clear difference with the able-bodied players. However, the rest of the measures showed a
very similar profile to the CG.

The athetosis/ataxia group showed higher anthropometric measures in the upper body
(i.e., wrist breadth and relaxed, tensed, and corrected arm girth) and lower body (i.e., thigh, calf,
and ankle girths) for the dominant side than for the nondominant side. Consequently, body muscle
and bone mass percentages were higher when they were calculated with the dominant-side measures.
However, no differences between sides were found for skinfolds and body fat mass percentage. The
difficulty of the players with athetosis or ataxia to control their muscle tone and to reduce involuntary
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muscle activity [53] could be a consequence of this difference. Thus, we can see that the differences
between tensed and relaxed arm for the dominant and nondominant sides were 1.3 cm and 1.8 cm,
respectively, while it was higher and more homogeneous for both sides in the other groups. These
increased girths result in a higher percentage of muscle mass when it is calculated for the dominant
side of the body. When this group is compared with the CG, only corrected calf (for nondominant side)
and calf skinfolds for both sides showed significant differences, suggesting that they may be due to the
different training regimen between groups.

The spastic hemiplegia group showed the highest differences between sides of all groups.
As expected, all anthropometrical measures were different between dominant and nondominant sides
except the trunk skinfolds (i.e., subscapular, chest, and supraspinale skinfolds). Hence, estimations of
body fat, muscle, and bone percentages were higher for the dominant side than for the nondominant
side. By contrast, Runciman et al. [13] found symmetry in fat and bone mass in elite paralympic track
sprinters with hemiplegia. However, they included only five athletes with hemiplegia and the tendency
raises the suspicion of a trend to be different when the data are normalized by age (e.g., femoral neck
Z-score was 0.40 ± 0.63 and 00.05 ± 0.91 for nonaffected and affected, respectively) [13]. In addition,
the literature had shown a lower total bone and fat-free mass and a similar fat mass—measured with
dual-energy X-ray absorptiometry—in people with CP compared with controls [54], reducing these
differences when athletes with hemiplegia were compared with a control group [13]. In our results,
the nondominant side of those with unilateral spasticity showed smaller breadths, girths, and muscle
mass, and higher skinfolds and fat mass than the CG, but the dominant side was higher only in fat
mass (i.e., skinfolds). Like previous studies [13], even though some measures were different from the
CG, the Z-Scores of the current study were near to 0, showing a similar profile of average population.
It was proposed that the differences reported in these individuals with CP were the result of low
volumes of ambulation, and subsequent lower bone and muscle loading [55]. Hence, participation in
sport activity could reduce these differences with able-bodied people.

Only one anthropometric measure was different between sides for the minimum impairment
group (i.e., femur breadth). Even though this group was composed of players with different CP profiles,
they showed no differences with the CG either for the dominant or the nondominant side. This reflects
the low impact of impairment on these players, showing similar anthropometrical profiles to those
of able-bodied football players. These results are in line with previous studies which compared the
performance of this group of players with minimum impairment with a control group, showing similar
sports performance [56], but also when comparing para-footballers with the different CP profiles
included in this study [21].

The combination of these findings has an important implication for the necessity for people
with CP to perform exercise [55]. It seems that elite athletes with CP who have undertaken physical
exercise over many years may achieve similar adaptations to able-bodied athletes from the same sport.
However, the finding that the anthropometrical measures were lower on the affected areas in these
groups of athletes indicate that there may be an upper limit for the adaptations that occur and, as the
differences showed by the minimum impairment and the other groups, this limit seems dependent on
the grade of impairment.

Some limitations should be mentioned. Although the number of players with cerebral palsy
included in the study is a good representation of elite CP footballers even for each impairment,
the sample size of some groups is too small to achieve high statistical power. In addition, the equations
used to estimate the body composition have not been previously validated in people with CP. For those
reasons, results should be interpreted with caution.

5. Conclusions

This study was conducted with para-athletes from 12 different national teams that took part in
a world-level competition. It has been demonstrated that there are no major differences between a
group of able-bodied football players and the moderately impaired CP football sport profiles when
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the dominant size is measured and the data are relativized to the player’s height beyond the fat mass.
No differences were found between those para-athletes belonging to the sport class categorized as
minimum (i.e., mild) impairment and the able-bodied football players. When comparing body sides,
the most common profile in this para-sport (i.e., spastic hemiplegia) [57] was the group with more
significant differences between dominant (i.e., nonaffected) and nondominant (i.e., affected) body sides,
that is, all the variables measured excepting trunk skinfolds (i.e., subscapular, chest, and supraspinale
skinfolds). Besides, this study demonstrates that football players with or without a physical impairment
(i.e., hypertonia, athetosis, or ataxia) may be considered homogeneous in shape when dominant size is
compared. This reflects the importance of measuring both or dominant side in people with CP and not
only the right side as the recommendations for general populations say [31]. In addition, we provide
reference scores of anthropometric measures and body composition scores of international-level CP
footballers that can help sports coaches and physical trainers to monitor the physical fitness of their
para-athletes. This study provides a proportionality profile to compare para-athletes’ anthropometry
which could help, for example, in the selection process—choosing players with the best match with the
elite profile—or monitoring the evolution of players’ body composition. Coaches would also monitor
and guide their athletes’ training to achieve the reference values of elite para-footballers.
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Abstract: The anthropometric profile assessment is an important aspect to consider during the growth
stages of youth sport practitioners due to its usefulness in controlling maturity status and overall
health. We performed an anthropometric profile evaluation in a sample of youth goalkeepers (n = 42)
during a training camp, dividing them into three categories based on their years from peak height
velocity (YPHV). We also checked if the selection of goalkeepers was associated with the birth quartile.
The results showed that most of the participants’ anthropometric parameters followed the normal
trend according to the maturation stages. However, several subjects showed an overweight/obese
condition and/or high waist circumference. Non-optimal values were found, mostly in the group of
goalkeepers around the PHV. In addition, no selection based on birth quartile was seen. Therefore,
the anthropometric profile and body composition of youth goalkeepers are physiologically affected by
maturity status. However, several subjects were found to be overweight/obese and at cardiometabolic
risk, suggesting that children and adolescents, although practicing sport, should pay attention to
potentially contributing factors such as the attainment of the recommended levels of physical activity,
lowering sedentary time, and adopt a healthy lifestyle.

Keywords: anthropometry; somatic maturation; body composition; cardiometabolic risk; youth
athletes; soccer; obesity; physical health

1. Introduction

Anthropometry is a valuable technique for assessing the size, proportions, and composition of
the human body [1]. Common anthropometric measurements include height, weight, skinfolds, and
circumferences, frequently used as nutritional status indexes, health, and growth [2]. In particular,
anthropometry and the derived body composition parameters are useful tools to evaluate both the
children and adolescents at the different stages of growth [3]. In this regard, Mirwald et al. developed a
formula to obtain the peak height velocity (PHV) [4]. PHV is defined as the maximum velocity of growth
in stature or the growth spurt in height, and it represents a valid indicator of somatic maturity status [3].
Moreover, years from PHV (YPHV) are obtained subtracting the age of PHV from chronological age,
and characterize a non-invasive method to assess the trend of maturity in children [4].

The anthropometric profile, body composition, and maturity status are parameters of great
importance in sports [5–7]. For example, improved body composition in athletes is associated with
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greater strength [8] and cardiorespiratory fitness [9]. Furthermore, anthropometric variables and
maturity are associated with team sports success, such as soccer [10]. For instance, in different soccer
categories based on age groups, players in advanced maturation tend to be taller and heavier than
others [11,12]. Furthermore, specific anthropometric characteristics represent a prerequisite to playing
in different positions considering the different roles (e.g., defenders, forwards, and goalkeepers) [13].

Specifically, goalkeepers tend to be taller and heavier due to the specific requirements of their
role. Thus soccer teams are inclined to select them, taking into account such anthropometric
characteristics [14]. Accordingly, it seems that coaches and athletic trainers select youth athletes
based on their date of birth, preferring those who are more advanced in growth, especially in high-level
teams [15]. This phenomenon is known as the relative age effect (RAE), a condition in which the
relative birth quarter distribution in a sample of athletes is not evenly distributed [16]. Indeed, in such
a situation, the older athletes, born close to the beginning of the year, represent the majority of the
team [17]. In contrast, these preferential choices are not evident within soccer teams of lower levels [18].

However, with the increasing adoption of unhealthy lifestyles (including the massive usage of
electronic devices and social media), children and adolescents can spend a large amount of time
in sedentary behaviors and fail to reach the recommended physical activity levels [19,20], despite
sports participation [21]. Sedentary behaviors, physical inactivity, and incorrect nutritional habits are
detrimental factors for overall health [22] and are responsible for increasing all-cause mortality [23]
at all population levels [24]. Thus, examinations indicating pathological states such as obesity or
cardiometabolic risk in children and adolescents participating in sport are valuable procedures [25].
In this regard, different parameters can be assessed. For example, body mass index (BMI) is extensively
used to recognize subjects having excessive adiposity [4,26–28]. However, BMI usage has significant
limitations, as it does not allow discrimination between fat mass (FM) and free fat mass (FFM) [27].
Thus, body FM and the percentage of fat mass (%FM) are usually assessed to overcome BMI limits.
However, even the %FM alone does consider factors such as height and FFM [29]. In this regard,
the fat mass index (FMI) and fat-free mass index (FFMI) are two useful estimates to use along with
BMI, absolute FM, and %FM for assessing body composition using anthropometry [30].

Other valuable methods are skinfold and circumference measurements and the ratios between
various anthropometric parameters [28,31,32]. Notably, the skinfold thickness is a valid anthropometric
indicator of fatness because it is widely representative of adipose tissue [33]. Moreover, higher
waist circumferences are associated with an increased health risk, and measures such as waist/height
ratio represent a useful means to stratify cardiometabolic risk in the youth population, taking into
account sex and age [34,35]. Given the importance of such measures, various references for children
and adolescents exist [31,36]. Hence, performing periodic anthropometric assessments is of utmost
importance in children and adolescents, particularly in a team sport context, where such analysis
provides insight about the ideal predisposition for a specific role/position, performance, and health as
well [37]. In particular, the assessment of maturity status allows considerations beyond the simple
chronological age, body size, proportion, and composition.

Therefore, this observational study aimed to investigate how maturity status, based on YPHV,
can influence the anthropometric profile and body composition of youth goalkeepers from different
soccer teams, indicating the differences in the different stages of maturation. We also analyzed how the
different anthropometric variables correlated with YPHV. Finally, we checked if maturity status could
lead to the presence of RAE in the different groups.

2. Materials and Methods

2.1. Participants

Forty-two young male goalkeepers were recruited from different soccer teams during a training
camp dedicated to youth goalkeepers. Participants were classified into three groups: pre-PHV (n = 12,
age = 11.98 ± 0.93), circa-PHV (n = 14, age = 13.74 ± 0.74) and post-PHV (n = 16, age = 15.99 ± 0.72).
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All participants were involved in soccer as goalkeepers from at least one year and performed 3 to
5 training sessions per week. The study was conducted in accordance with the Declaration of Helsinki.
This study is part of a project of the Tuscany Region called “Sports Medicine to support regional
surveillance systems”; it was approved by the Regional Prevention Plan 2014–2018 with the code
O-Range18. Informed consent was obtained from all the participants before inclusion in the study.

2.2. Anthropometry and Body Composition

All the anthropometric measurements were performed by a certified specialist (i.e., a level
1 certification of the International Society for the Advancement of Kinanthropometry (ISAK)).
Subjects wore light clothing and had fasted for at least 12 h before the assessments. Height was
measured to the nearest 0.1 cm, and body weight was measured to the nearest 0.1 kg using a
stadiometer with a balance-beam scale (Seca 200, Seca, Hamburg, Germany). Triceps and subscapular
skinfolds were measured using a Cescorf skinfold caliper (Cescorf, Porto Alegre, Brazil). Arm span,
waist circumferences (WC), and mid-arm circumference (MAC) were measured using a Cescorf
anthropometric tape (Cescorf, Porto Alegre, Brazil). The percentage of fat-mass was calculated
according to Slaughter [38] as follows:

Prepubescent White Males : %FM = 1.21 (triceps + subscapular) − 0.008
(triceps + subscapular)2 − 1.7

(1)

PubescentWhiteMales : %FM = 1.21(triceps + subscapular) − 0.008
(triceps + subscapular)2 − 3.4

(2)

PostpubescentWhiteMales : %FM = 1.21(triceps + subscapular) − 0.008
(triceps + subscapular)2 − 5.5

(3)

For sum of triceps and subscapular greater than 35 mm: %FM = 0.783 (triceps + subscapular) + 1.6 (4)

Mid-arm muscle circumference (MAMC), mid-arm area (MAA), mid-arm muscle area (MAMA),
mid-arm fat area (MAFA), and arm fat index (AFI) were calculated as follows:

MAMC = MAC−
(
π × Triceps skin f old

10

)
(5)

MAA =
MAC2

4 × π (6)

MAMA =
MAMC2

4 × π (7)

MAFA = MAA−MAMA (8)

AFI = 100 × MAFA
MAA

(9)

Body mass index (BMI) was calculated as weight in kilograms divided by the square of height,
expressed in meters. Participants who had a WC >90th percentile, considering McCarthy’s waist
circumference as a reference [39], were considered to have abdominal obesity, and a cutoff of 0.5 was
used to differentiate low waist to height ratio (W/Hr) from high W/Hr [28,40].

2.3. Age and Maturity Status

According to the estimated age at PHV, the maturity status was defined based on the Mirwald et al.
equation [4]. Participants were classified into three groups based on their YPHV: pre-PHV (offset <−1
years), circa-PHV (≤±1 years), and post-PHV (offset >+1 years), as a previous study reported [41].
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2.4. Statistical Analysis

The Shapiro–Wilk test was performed to check the normality of the data. The analysis of variance
(ANOVA) was used to determine the differences between maturity status group (defined as fixed
factor) in body composition and anthropometric parameters (defined as dependent variables), and
partial eta squared (η2

p) was calculated to indicate the effect-size (small = 0.01, medium = 0.06, large
= 0.14) [42]. When the analysis of variance (ANOVA) showed significant results, a Tukey’s post hoc
test was used to confirm where the differences occurred. Pearson’s correlation coefficient was used
to determine the extent of correlation between YPHV and anthropometric measures. Following the
appropriate indications [43], the magnitude of correlations was considered as: r = 0.00–0.09, negligible;
r = 0.10–0.39, weak; r = 0.40–0.69, moderate; r = 0.70–0.89, strong; r = 0.90–1.00, very strong. Finally,
when the necessary conditions were met, the chi-square (χ2) test for independence was used to check
the association between maturity status and the selected categories (BMI, waist circumference, birth
quartile, growth velocity, and achievement of peak growth). When data were not normally distributed,
the Kruskal–Wallis with Dunn’s post-hoc test was used instead of ANOVA and Tukey’s post hoc, and
Spearman’s Rho was used instead of Pearson’s r. Descriptive data are presented as mean ± standard
deviation, while categorical data as frequency (count and percentage of the group, total count, and
percentage of the total). The statistical significance was set at <0.05.

3. Results

3.1. Anthropometric Profile

Table 1 shows the descriptive statistics for the participants’ anthropometric and body composition
variables divided by maturity offset.

Age, height and weight were significantly different between groups [p < 0.001; F (2,39) = 54.732,
p < 0.001, η2

p = 0.737; F (2,39) = 23.945, p < 0.001, η2
p = 0.551, respectively], however post hoc analysis

did not shows differences between circa-PHV and post-PHV regarding weight (62.66 ± 10.17 vs. 69.29
± 10.51, p = 0.163). Similarly, statistical difference was found for sitting height [F (2,39) = 54.824,
p < 0.001, η2

p = 0.744] and arm span [F (2,39) = 34.722, p < 0.001, η2
p = 0.640]. On the other hand, both

arm span to height ratio (AS/Hr) and sitting height to height ratio (SH/Hr) were similar in the three
groups (p = 0.522; p = 0.330, respectively).

Regarding skinfolds measurements, a significantly difference was seen for triceps skinfold
(p = 0.042) but not for subscapular skinfold, (p = 0.143) with circa-PHV showing the highest values.
The mid-arm circumference (MAC) was statistically different [F (2,39) = 7.393, p = 0.002, η2

p = 0.275]
although the Tukey’s post hoc demonstrates that such a variable was similar between circa-PHV
and post-PHV (26.89 ± 4.31 vs. 28.30 ± 2.03, p = 0.454). Furthermore, the derived mid-arm muscle
circumference (MAMC) showed even more significant difference (p < 0.001) and in this case the post
hoc demonstrates differences also between circa-PHV and post-PHV (21.99 ± 3.70 vs. 25.17 ± 1.57,
p = 0.005). Similarly, both the mid-arm area (MAA) and the mid-arm muscle area (MAMA) were
significantly different between groups [F (2,39) = 7.610, p = 0.002, η2

p = 0.281; F (2,39) = 23.213, p < 0.001,
η2

p = 0.543], respectively. However the MAA was similar when comparing the circa-PHV with the
post-PHV (58.96 ± 17.20 vs. 64.07 ± 9.54, p = 0.527). In addition, also the arm fat index (AFI) showed
a significant difference between the three groups of goalkeepers (p = 0.005), but with pre-PHV and
circa-PHV participants showing similar results. On the other hand, mid-arm fat area (MAFA) did not
showed differences (p = 0.168).

The WC was significantly different between the groups [F (2,39) = 7.782, p = 0.001, η2
p = 0.285],

however the post hoc test showed no difference between circa-PHV and post-PHV (75.21 ± 6.96 vs.
74.09 ± 4.47, p = 0.869). Also waist to height ratio (W/Hr) was different between the groups (p = 0.029).
Finally, the percentage of predicted adult height (%PAH) was significantly different (p< 0.001), while the
predicted adult height (PAH) showed no significant differences [F (2,39) = 0.854, p = 0.434, η2

p = 0.042].
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3.2. Body Composition

The three groups of goalkeepers showed a statistically different BMI [F (2,39) = 3.798, p = 0.031,
η2

p = 0.163] although the values between circa-PHV and post-PHV were comparable (22.57 ± 2.69
vs. 22.06 ± 2.64, p = 0.883). Similarly, absolute fat mass was different [F (2,39) = 8.173, p = 0.001,
η2

p = 0.295] while the post hoc revealed that circa-PHV and post-PHV participants fat mass was similar
(10.93 ± 2.22 vs. 10.33 ± 1.76, p = 0.649). The %FM was also significantly different (p < 0.001) and
showed a decreasing trend from pre-PHV to post-PHV. Likewise, the fat mass index (FMI) and the fat
free mass index (FFMI) were different between groups [p = 0.016; F (2,39) = 5.994, p = 0.005, η2

p = 0.235,
respectively], with a significant difference between circa-PHV and post-PHV for FMI (3.94 ± 0.68 vs.
3.29 ± 0.48, p = 0.002) and pre-PHV differing from circa-PHV and post-PHV, regarding FFMI values
(15.98 ± 2.69 vs. 18.61 ± 2.06 p = 0.016; 15.98 ± 2.69 vs. 18.77 ± 2.19, p = 0.008, respectively).

3.3. Correlation between Years from Peak Height Velocity (YPHV) and Anthropometric Measures

Correlation analysis showed that YPHV had a significant relationship with weight, height, arm
span, sitting height, MAC, MAMC, MAA, MAMA, AFI, WC, W/Hr, %PAH, BMI, FM, %FM, and FFMI.
Table 2 contains the complete panel of correlations.

Table 2. This table shows the correlation between YPHV and anthropometric measures.

Selected Variables
Correlation with YPHV (Pearson’s

r or Spearman’s Rho)
p Lower 95% CI–Upper

95% CI

Weight 0.767 <0.001 0.604–0.869

Height 0.921 <0.001 0.856–0.957

Arm Span 0.875 <0.001 0.778–0.931

AS/Hr −0.138 † 0.382 −0.424–0.173

Sitting Height 0.941 <0.001 0.892–0.968

SH/Hr 0.289 † 0.064 −0.017–0.545

Triceps Skinfold −0.284 † 0.069 −0.541–0.022

Subscapular Skinfold −0.034 † 0.830 −0.335–0.273

MAC 0.550 <0.001 0.295–0.732

MAMC 0.809 † <0.001 0.670–0.893

MAA 0.541 <0.001 0.284–0.726

MAMA 0.763 <0.001 0.598–0.866

MAFA −0.087 † 0.584 −0.381–0.223

AFI −0.437 † 0.004 −0.654–−0.153

WC 0.405 0.008 0.115–0.631

W/Hr −0.343 † 0.026 −0.586–−0.043

PAH 0.159 0.313 −0.152–0.442

%PAH 0.941 † <0.001 0.893–0.968

BMI 0.319 0.039 0.017–0.568

FM 0.404 0.008 0.114–0.631

%FM −0.878 † <0.001 −0.933–−0.783

FMI −0.260 † 0.097 −0.522–0.048

FFMI 0.457 0.002 0.178–0.668

YPHV = years from PHV; AS/Hr = arm span to height ratio; SH/Hr = sitting height to height ratio; MAC =mid-arm
circumference; MAMC = mid-arm muscle circumference; AFI = arm fat index; WC = waist circumference;
PAH = predicted adult height; %PAH = percentage of predicted adult height; BMI = body mass index; FM = fat
mass; %FM = percentage of fat mass; FMI = fat mass index; FFMI = free fat mass index; W/Hr = waist to height
ratio; † indicates Spearman’s Rho.
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Specifically, height (r = 0.921), sitting height (r = 0.941), and %PAH (rs = 0.941) showed a very
strong positive correlation. In addition, weight (r = 0.767), arm span (r = 0.875), MAMC (rs = 0.809)
and MAMA (r = 0.763) highlighted a strong direct correlation, while %FM (rs = −0.878) had strong
negative correlation. Also, MAC (r = 0.550), MAA (r = 0.541), WC (r = 0.405), fat mass (r = 0.404),
and FFMI (r = 0.457) presented a moderate positive correlation, whereas AFI (rs = −0.437) showed a
moderate negative relationship. Finally, W/Hr (rs = −0.343) and BMI (r = 0.319) showed weak negative
and positive correlations, respectively.

On the other hand, AS/Hr, SH/Hr, subscapular skinfold, MAFA, PAH, FMI, and triceps skinfold
did not show a significant correlation with YPHV, although triceps skinfold was close to statistical
significance, presenting a weak negative correlation (r = −0.288, p = 0.065).

3.4. Categories for Body Mass Index (BMI), Waist Circumference (WC), Waist to Height Ratio (W/Hr), Birth
Quartile, and Achievement of Peak Growth

As stated before, the participants were assigned to the three groups representing the different
maturity status (pre-PHV, circa-PHV, and post-PHV), based on their YPHV.

When the data met the required conditions, the χ2 test of independence was used to check if the
association between the groups of goalkeepers and the selected categories were present. Otherwise,
the number of subjects and frequencies were calculated (Figure 1).

The selected categories were: BMI (divided into “normal weight” and “overweight/obese”), WC
(divided into “not at risk” and “at risk”), birth quartile (divided into “first/second” and “third/fourth”),
W/Hr (divided in “normal” and “high”), and achievement in peak growth (divided in “reached” and
“not reached”).

An association between maturity status and WC categories (χ2 = 8.956, p = 0.011) was seen
(Figure 1a). The circa-PHV group showed the highest number of subjects with a WC >90th percentile
and thus was considered at risk regarding this factor (i.e., 10 subjects, representing 71.43% of the
circa-PHV group). In the pre-PHV group, 4 subjects (33.33%) were considered at risk, and in the
post-PHV, 3 goalkeepers (18.75%) were in the same condition. Taking into account the entire sample of
goalkeepers, 17 of them (40.48% of the total) had a WC >90th percentile, while 25 (59.52% of the total)
had a normal WC.

 

(a) (b) 

Figure 1. Cont.
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(c) (d) 

 

(e) 

Figure 1. This figure summarizes the association of the three groups of goalkeepers with (a) WC,
(b) achievement of peak growth, (c) birth quartile, (d) BMI, and (e) W/Hr. BMI = body mass index;
WC =waist circumference; W/Hr =waist to height ratio.

Moreover, as expected, a strong association between maturity status and peak growth achievement
was seen (Figure 1b; χ2 = 29.143, p = <0.001). Indeed, all the participants appertaining at the pre-PHV
group (n= 12, 100.00%) had not reached the peak growth, whereas all the subjects in the post-PHV group
had reached the peak growth (n = 16, 100.00%). Regarding the circa-PHV, five subjects (35.71%) had
not reached the peak growth, while 9 of them (64.29%) had reached it. Hence, half of the goalkeepers
(n = 21, 50.00% of the total) had reached the peak growth, and the other half (n = 21, 50.00% of the
total) had not reached it.

Regarding the birth quartile, the χ2 test did not showed significance (Figure 1c; X2 = 0.961,
p = 0.618). The number of subjects born in the first/second quartiles of the year were distributed
as follows: pre-PHV, n = 8, 66.67%; circa-PHV, n = 7, 50.00%; post-PHV, n = 8, 50.00%. Overall,
23 participants (54.76%) were born in the first half of the year, while 19 (45.24%) in the second.

BMI and W/Hr data did not meet the required criteria to run the χ2 test (Figure 1d,e respectively).
However, in the pre-PHV group, 4 subjects (33.33%) were overweight/obese, while in the circa-PHV
group, 8 subjects (57.14%), and in the post-PHV group 3 (18.75%) subjects were overweight/obese
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as well. Overall, on the 42 participants, 15 (35.71% of the total) were in overweight/obese condition,
and 27 (64.29% of the total) were normal weight.

Finally, two subjects in the pre-PHV group (16.67%) and two subjects in the circa-PHV group
(14.29%) presented a high W/Hr.

4. Discussion

In the present study, we investigated the influence of maturity status on the anthropometric profile
and body composition of youth goalkeepers from different soccer teams, dividing them considering
their somatic maturation state according to their YPHV. In addition, we evaluated whether a RAE was
present in the different groups of goalkeepers.

The main results were that, although participating in sport, the group of youth goalkeepers
included a high percentage of subjects with unhealthy body composition and that the worst condition
was found for the circa-PHV group. Secondly, regarding the RAE, participants in the first and second
half of the year were almost equally distributed, and no association was found regarding the number
of goalkeepers of the first/second birth quartile and state of maturity. This result agrees with literature
reporting that selection based on maturity is more evident in high-level teams [18]. On the other hand,
despite the lack of association between goalkeepers’ birth quartile and state of maturity, the circa-PHV
group was composed mainly of participants who reached the peak growth (64.29%). This result
suggests that it is important to pay particular attention to the state of maturity when children are very
close to the growth spurt.

As expected, the state of maturity status affected the anthropometric profile and body composition
of the goalkeepers. The statistical analysis showed differences in most of the measured variables,
indicating an adverse condition regarding body composition for the goalkeepers, mainly in the
circa-PHV group compared to the post-PHV group.

For example, although there were differences in age and maturity state, the weight and BMI were
similar between circa-PHV and post-PHV, indicating a possible excess in body fat in the younger
participants. This aspect was confirmed by comparing body skinfolds and derived body fat measures
such as %FM and FMI. We found that triceps skinfold was higher in the circa-PHV, as well as %FM
and FMI (Table 1). Although %FM was higher in pre-PHV compared to the others, when fat mass
was normalized for height, the circa-PHV group emerged as that with the poorest body composition.
Furthermore, the subscapular skinfold was similar among the three groups of goalkeepers but also, in
this case, the higher value was found in the circa-PHV.

Considering the entire sample of goalkeepers, 17 (40.48% of the total) showed a high WC that
indicated abdominal obesity and increased cardiometabolic risk. A higher number of subjects with
abdominal obesity were in the circa-PHV group. Moreover, W/Hr was different between the three
states of maturity, and both the pre-PHV and the circa-PHV presented two goalkeepers having the
W/Hr higher than 0.5. Waist circumference shows a high correlation with visceral adipose tissue,
plasmatic level of lipids, lipoproteins, and the hormone insulin [34], and W/Hr represents a predictor
of cardiovascular risk in children and adolescents [28,34].

Assessing anthropometric variables and body composition close to puberty is crucial because it
could also predict adult body composition and future health [44]. Typically, in males, there is an increase
in FM at 8 years to 14 years, then FM tends to decrease at about 16 years and subsequently tends to
reach a plateau [45]. According to this evidence, the subjects appertaining at the circa-PHV group
showed increasing adiposity values in our study. However, a major part of them showed pathological
conditions and anthropometric values that place them at risk for cardiovascular and metabolic diseases.
Furthermore, it is demonstrated that goalkeepers tend to be heavier, taller, and have larger skinfolds
than outfielders [13]. However, although it seems that during puberty, FM typically increases and
that goalkeepers present higher anthropometric values, in this study, such conditions are exacerbated.
Indeed, factors other than normal growth trends could cause such non-optimal condition for circa-PHV.
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Overall, an important consideration is that many of the examined youth goalkeepers were
in a condition of overweight/obesity and/or presented high WC and W/Hr. In recent years,
a worrying increase in pediatric adiposity was observed almost worldwide [46]. Several non-heritable
factors contributed to this obesity pandemic among children and adolescents, including nutrition,
physical activity, sports participation, sedentary behavior and electronic devices usage, and parental
modeling [46–50]. In the present study, a large proportion of participants showed an unfavorable body
composition, despite sport participation. In this regard, it is well known that physical exercise and
training are potent stimuli that elicit positive adaptation [51–60]. However, a previous study indicated
that youth soccer players might fail to reach the recommended physical activity levels during days
without sports practice. Furthermore, the less active they were off-training, the less they moved during
training practice [21]. Thus, such off-training behaviors could be a major cause of the condition found
in our sample [61,62].

In addition, goalkeepers tend to have a lower energy expenditure than outfielders, and such a
situation is also reported for high-level professional athletes [63]. Thus, more attention should be paid
to youth goalkeepers playing in lower-level teams.

Finally, anthropometry is a valuable tool for monitoring harmful situations associated with
adiposity, hormonal status [37], and the extent of cardiovascular risk among children and
adolescents [38], as well as avoiding early selection.

Limitations

In this study, we do not measure the levels of physical activity of the participants. However,
such an assessment could be useful in future studies investigating anthropometric profile and body
composition in youth populations.

5. Conclusions

In conclusion, this study evaluates the anthropometric profile trend of a group of goalkeepers,
taking into account the state of maturity. The majority of the variables followed the physiological trend
occurring during puberty. However, among the entire examined group, a non-optimal anthropometric
situation for many subjects indicated an increased risk of cardiometabolic disease. The results of this
study add shreds of evidence that also youth goalkeepers participating in sport could be at health
risk, and thus attention should be made to factors known to affect body composition and health
(e.g., physical activity, sedentary time, and nutrition habits). Thus, monitoring the anthropometric
profile and body composition of children and adolescents participating in sport should be an essential
aspect to consider in evaluating possible risk conditions and adopting effective countermeasures.
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Abstract: Changes in body composition and specifically fat mass, has traditionally been used as a way
to monitor the changes produced by nutrition and training. The objective of the present study was to
analyse the differences between the formulas used to estimate fat mass and to establish the existing
relationship with the body mass index and sums of skinfolds measurement in kinanthropometry.
A total of 2458 active adults participated in the study. Body mass index (BMI) and skinfolds were
measured, and the Kerr, Durnin-Womersley, Faulkner and Carter equations were used to assess fat
mass. Significant differences were found between all the formulas for the percentage of fat mass,
ranging from 10.70 ± 2.48 to 28.43 ± 5.99% (p < 0.001) and fat mass from 7.56 ± 2.13 to 19.89 ± 4.24 kg
(p < 0.001). The correlations among sums of skinfolds and the different equations were positive,
high and significant in all the cases (r from 0.705 to 0.926 p < 0.001), unlike in the case of BMI, were the
correlation was lower and both positive or negative (r from −0.271 to 0.719; p < 0.001). In conclusion,
there were differences between all the formulas used to estimate fat mass; thus, for the evaluation of
fat mass with kinanthropometry of an active adult, the use of the same formula is recommended
on all occasions when the results are going to be compared or when an athlete is compared with
a reference.

Keywords: kinanthropometry; physical performance; body weight; health

1. Introduction

The changes in body composition, and specifically the percentage of fat mass, have traditionally
been used as a way to monitor the effects produced by training and nutrition in athletes and non-athlete
population [1–4]. Nutritional interventions and training programs aimed at improving the performance
of athletes have also been shown to be effective in reducing fat mass [5,6]. In fact, there is a relationship
between fat mass and sports performance [7,8], because an excess of fat mass reduces sports performance
in most sport modalities such as aesthetic and endurance sports [9,10]. Athletes can be characterized
according to the type of sport and the specific field position according to fat mass [11].

However, there is also a relationship between fat mass and health indicators of different groups
of non-athlete populations [12]. Fat mass can play an important role in the current obesity epidemic,
which has become a major public health problem [13,14]. In fact, obesity is defined as the accumulation
of excess body fat to the extent that it may have adverse effects on health [15]. Furthermore, excessive
fat mass is associated with other health risk factors such as elevated plasma cholesterol, plasma glucose,
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and resting blood pressure, which contribute to the development of cardiovascular disease and type 2
diabetes, among other diseases [14,16–18].

In the scientific literature, a multitude of methods for assessing body composition can be
found [19,20]. The most common methods for performing an in vivo assessment of body composition
are bioimpedance (BIA), dual-energy X-ray absorptiometry (DXA) and kinanthropometry, among
others, and all of them have positive and negative aspects [21]. BIA is a method based on the
electrical conductivity properties of the human body, and its main advantages are that it is a safe,
observer-independent, inexpensive field test and it is easy to perform [14]. However, some limitations
have been showed by this method, such as its low sensitivity in the evaluation of the trunk; the influence
of previous exercise, body position, skin temperature or dietary intake; the need of the examined
subject to match the reference population from which the regression equation was obtained, to utilize
a valid method because conductivity depends on age, ethnicity, hydration, health status, etc.; or a
controversial assessment of longitudinal changes in fat mass when significant weight loss occurs due
to concurrent changes in volume and composition of the conducting tissue. In addition, the portability
of the most valid models is limited [14,22–25].

DXA is based on the attenuation of calibrated X-ray beams with dual photon energy so each atomic
element has a characteristic mass attenuation coefficients for a given photon energy [14]. The advantages
of DXA as a method of body composition measurement include observer independence, excellent
precision for whole-body measurements, modest demands for the cooperation of the patient [14].
However, there are some negative aspects in the body composition evaluation with this method as well.
For example, the equipment is expensive, the influence of the inaccurate positioning of the subjects on
the final result; presence of metal implants; administration of radioactive substances to the subject;
bias in determination of body fat from 38% to 28%; underestimation of fat mass in lean individuals;
a variability from 0.8% to 27% in sequential measurements; or that it is not a portable method [14,26].

Alternatively, kinanthropometry uses the measurement of certain skinfolds to establish a
percentage of fat mass through the use of different equations [19,20]. The use of skinfold thickness
to estimate body fat is based on the relationship between subcutaneous adipose tissue and total
body fat [14]. Its principal advantages are that it is easy, inexpensive, easy to transport and quick
to apply [19,27]. Furthermore, kinanthropometry has been shown to have sufficient validity and
reliability to be considered a useful tool in the assessment of fat percentage in the athlete population [28].
However, reliability can be affected by the error introduced by the researcher [29]. In fact, the error
introduced by a non-expert researcher can vary between 3% and 11% [19,20,29].

If all the methods to estimate body composition have advantages and defects, there is a clear
trend among professionals interested in body composition to choose methods with a better benefit
to cost ratio, and the kinanthropometric method as a field test is one of the most widely used in the
assessment of body composition of athletes [20]. However, the despite different methods for assessing
body composition demonstrating reliability and validity in samples of the general population and
athletes, it has been shown that it is not possible to compare between the body composition results
obtained with different methods [28,30]. Furthermore, many formulas have been validated to estimate
fat mass through kinanthropometry [29], and no studies have been found that compare the variety of
fat masses depending on the formula used to estimate it with kinanthropometry. This comparison is
needed in order to verify if references and measurements with different formulas can be compared,
even when these formulas have been validated in similar populations. In addition, it is common
to find that when fat mass is estimated in athletes with kinanthropometry, most of the attention is
placed on the result (percentage or kg), without any importance attached to the formula chosen for the
calculation, despite the importance it could have on the final result.

Therefore, the objective of the present study was to analyze the differences between the formulas
used to estimate fat mass with kinanthropometry and to establish the existing relationship with the
body mass index and sums of skinfolds in kinanthropometry.
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2. Materials and Methods

2.1. Participants

The calculations for establishing the sample size were performed using Rstudio 3.15.0 software
(Rstudio Inc., Boston, MA, USA). The significance level was set at α = 0.05. The standard deviation
(SD) was established based on previous studies of fat mass (mean SD = 1.7) [10], the percentage
of fat mass (mean SD = 2.3), sum of six skinfolds (mean SD = 8.4) and sum of eight skinfolds in
kinanthropometry (mean SD = 9.7) [31]. With an estimated error (d) of 0.067 kg of fat mass, of 0.092%
in the percentage of fat mass, 0.33 mm in the sum of six skinfolds and 0.38 mm in the sum of eight
skinfolds in kinanthropometry. The sample needed was 2458 subjects.

Participants were volunteers from the Region of Murcia (Spain) and the selection of the participants
was non-probabilistic for convenience. The inclusion criteria were (1) to be aged between 18 and
50 years old and (2) to practice any sport or exercise on a regular basis. To determine if the participants
could be considered physically active, the IPAQ questionnaire was utilized [32], and the Global
Recommendations on Physical Activity for Health of the World Health Organization were set as the
criteria [33].

2.2. Procedure

The Institutional Ethical Committee reviewed and authorized the protocol designed for data
collection according to the Code of the World Medical Association (number 23/02/2013). The statements
of the Declaration of Helsinki were followed during the entire process. All the participants were
informed about the procedures and signed an informed consent form before the start of the study.
The protocol was registered (ClinicalTrials.gov Identifier: NCT04429581).

Kinanthropometric variables were measured following the guidelines of the International Society
for the Advancement in Kinanthropometry (ISAK) [34] between 2013 and 2018. Basic measurements of
body mass and stretch stature; and the triceps, subscapular, biceps, iliac crest, supraspinale, abdominal,
thigh and calf skinfolds were measured by level 2, 3 and 4 anthropometrists accredited by the ISAK.
The intra- and inter-evaluator technical error of measurement (TEM) were calculated in a sub-sample.
The intra-evaluator TEM was 0.01% in basic measures and 1.13% in skinfolds; and the inter-evaluator
TEM was 0.03% in basic measures and 2.97% in skinfolds.

A SECA 862 scale (SECA, Hambourg, Germany) with 100 g precision was used to measure body
mass; a SECA stadiometer (SECA, Hambourg, Germany) with 0.1 mm precision was used for the
assessment of stretch stature, while skinfolds were measured with a Harpenden caliper (Harpenden,
London, UK), with a precision of 0.2 mm.

Each measurement was performed twice. In case the differences between measurements was
higher than 1% in basic measurements or 5% in skinfolds, the measurement was performed a third
time. The final value for the data analysis was the mean if two measurement were taken or the median
if three measurements were taken. The participants were told to avoid heavy foods and physical
activity starting from the day before the measurement session. All the measurements were performed
in a room with a standardized temperature of 24 ◦C, from 9:00 to 14:00.

The BMI, sum of six skinfolds (triceps, subscapular, supraespinale, abdominal, thigh and calf) and
sum of eight skinfolds (triceps, subscapular, biceps, iliac crest, supraspinale, abdominal, thigh and calf)
were calculated. The equations used to estimate fat mass and the percentage of fat mass were those
proposed by Kerr [35], Durning-Womersley [7], Faulkner [36] and Carter [37]. All of them had been
validated in the measurement of athletes.

2.3. Statistical Analysis

The normality of the distribution was checked with the Kolmogorov-Smirnov test. The kurtosis
analysis showed a platikurtic distribution for all the variables. All the variables included in the analysis
followed a normal distribution, so a parametric statistics test was performed. A descriptive statistics
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test was performed for all the variables. The differences between fat mass equations were analysed
with a one-way analysis of variance (ANOVA) for repeated measurements. The confidence interval (CI)
of the differences (CI of 95%) was included and effect size (Cohen´s D) was calculated [38]. Threshold
values for effect size were set as ≥ 0.2 (small), ≥ 0.5 (moderate) and ≥ 0.8 (large). Pearson’s correlation
was performed between BMI, sums of six and eight skinfolds and fat mass equations. Percentiles
relating all the variables were included in the analysis. The level of significance was set at p ≤ 0.05.
The software used to perform the statistical analysis was SPSS (v.23, IBM, Endicott, NY, USA).

3. Results

The present study was conducted with a sample of 2458 active subjects (mean age:
27.98 ± 7.43 years-old; mean metabolic equivalents (MET)—minute/week: 3728.63 ± 132,815), of which
1775 were men (mean age: 27.99 ± 7.46 years) and 681 was women (mean age: 27.94 ± 7.37 years).
The descriptive analysis of body mass index (BMI), sums of skinfolds and fat masses and percentages
estimated are shown in Table 1.

Table 1. Descriptive analysis of kinanthropometry variables and fat masses and percentages.

Variable Mean ± SD Max. Min.

Height (cm) 173.52 ± 8.58 200.00 148.00
Weight (kg) 70.74 ± 10.89 108.45 43.40

BMI 23.38 ± 2.28 29.98 18.50
Sum of 6 skinfolds (mm) 77.32 ± 23.67 144.80 37.30
Sum of 8 skinfolds(mm) 98.02 ± 29.68 171.00 49.60

FM Kerr (kg) 19.89 ± 4.24 36.37 10.28
FM Durnin-Womersley (kg) 13.55 ± 3.87 28.37 4.96

FM Faulkner (kg) 9.56 ± 2.47 21.08 4.40
FM Carter (kg) 7.56 ± 2.13 15.63 3.18

% Kerr 28.43 ± 5.99 49.49 15.79
% Durnin-Womersley 19.43 ± 5.81 35.30 7.37

% Faulkner 13.46 ± 2.36 22.31 8.98
% Carter 10.70 ± 2.48 17.79 6.50

BMI: Body mass index; FM: fat mass weight; %: percentage of fat mass.

3.1. Differences Between Fat Mass Prediction Equations

The analysis of the differences between fat mass equations can be observed in Tables 2 and 3.
All the equations used to estimate fat mass and the percentage of fat mass showed statistical differences
(p < 0.001). The effect side observed was high in all the cases (D from 0.87 to 3.86) (Tables 2 and 3).

3.2. Correlations Among Fat Mass Equations, Sum of Skinfolds and BMI

The Pearson’s correlation analysis between BMI, sums of skinfolds and fat masses and fat
percentages are shown in Tables 4 and 5, respectively. The correlations of the different equations were
positive, high and significant between themselves (r from 0.732 to 0.940; p < 0.001). The correlations
between BMI and six and eight sums of skinfolds was significant, but low in both cases (r = 0.187 and
0.218, respectively; p < 0.001) (Tables 4 and 5).
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Table 2. Differences between fat mass equations in kg.

FM Kerr
FM

Durnin-Womersley
FM Faulkner FM Carter

FM Kerr -

Mean differences ± SD: Mean differences ± SD: Mean differences ± SD:
6.33 ± 0.05 10.32 ± 0.05 12.32 ± 0.05

95% CI: 6.20–6.48 95% CI: 10.19–10.46 95% CI: 12.20–12.44
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 1.56 Cohen’s D: 2.97 Cohen’s D: 3.67

FM Durnin-Womersley

Mean differences ± SD:

-

Mean differences ± SD: Mean differences ± SD:
6.33 ± 0.05 3.98 ± 0.05 5.98 ± 0.05

95% CI: 6.20–6.48 95% CI: 3.84–4.12 95% CI: 5.85–6.11
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 1.56 Cohen’s D: 1.23 Cohen’s D: 1.91

FM Faulkner

Mean differences ± SD: Mean differences ± SD:

-

Mean differences ± SD:
10.32 ± 0.05 3.98 ± 0.05 1.99 ± 0.02

95% CI: 10.19–10.46 95% CI: 3.84–4.12 95% CI: 1.95–2.04
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 2.97 Cohen’s D: 1.23 Cohen’s D: 0.87

FM Carter

Mean differences ± SD: Mean differences ± SD: Mean differences ± SD:

-
12.32 ± 0.05 5.98 ± 0.05 1.99 ± 0.02

95% CI: 12.20–12.44 95% CI: 5.85–6.11 95% CI: 1.95–2.04
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 3.67 Cohen’s D: 1.91 Cohen’s D: 0.87

FM: fat mass weight.

Table 3. Differences between fat mass equations in percentages.

% Kerr % Durnin-Womersley % Faulkner % Carter

% Kerr -

Mean differences ± SD: Mean differences ± SD: Mean differences ± SD:
8.99 ± 0.07 14.97 ± 0.09 17.72 ± 0.08

95% CI: 8.80–9.19 95% CI: 14.72–15.21 95% CI: 17.51–17.93
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 1.52 Cohen’s D: 3.28 Cohen’s D: 3.86

% Durnin-Womersley

Mean differences ± SD:

-

Mean differences ± SD: Mean differences ± SD:
8.99 ± 0.07 5.97 ± 0.09 8.72 ± 0.08

95% CI: 8.80–9.19 95% CI: 5.73–6.21 95% CI: 8.51–8.84
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 1.52 Cohen’s D: 1.35 Cohen’s D: 1.95

% Faulkner

Mean differences ± SD: Mean differences ± SD:

-

Mean differences ± SD:
14.97 ± 0.09 5.97 ± 0.09 2.76 ± 0.02

95% CI: 14.72–15.21 95% CI: 5.73–6.21 95% CI: 2.70–2.81
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 3.28 Cohen’s D: 1.35 Cohen’s D: 1.14

% Carter

Mean differences ± SD: Mean differences ± SD: Mean differences ± SD:

-
17.72 ± 0.08 8.72 ± 0.08 2.76 ± 0.02

95% CI: 17.51-17.93 95% CI: 8.51–8.84 95% CI: 2.70–2.81
p < 0.001 p < 0.001 p < 0.001

Cohen’s D: 3.86 Cohen’s D: 1.95 Cohen’s D: 1.14

%: percentage of fat mass.

Table 4. Correlation between BMI; sums of skinfolds and fat mass.

Sum of
6 Skinfolds

Sum of
8 Skinfolds

FM Kerr
FM

Durnin-Womersley
FM

Faulkner
FM Carter

BMI
r = 0.187
p < 0.001 r = 0.218 p < 0.001 r = 0.331

p < 0.001 r = 0.411 p < 0.001 r = 0.719
p < 0.001

r = 0.613
p < 0.001

Sum of 6 skinfolds - r = 0.989 p < 0.001 r = 0.841
p < 0.001 r = 0.816 p < 0.001 r = 0.613

p < 0.001
r = 0.806
p < 0.001

Sum of 8 skinfolds - r = 0.847
p < 0.001 r = 0.849 p < 0.001 r = 0.645

p < 0.001
r = 0.820
p < 0.001

FM Kerr - r = 0.793 p < 0.001 r = 0.840
p < 0.001

r = 0.939
p < 0.001

FM
Durnin-Womersley

- r = 0.732
p < 0.001

r = 0.824
p < 0.001

FM Faulkner - r = 0.940
p < 0.001
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Table 5. Correlation between BMI, sums of skinfolds and fat mass percentage.

Sum of 6
Skinfolds

Sum of 8
Skinfolds

% Kerr
%

Durnin-Womersley
% Faulkner % Carter

BMI
r = 0.187 r = 0.218 r = −0.271 r = −0.055 r = 0.338 r = 0.187
p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Sum of 6 skinfolds - r = 0.989 r = 0.889 r = 0.812 r = 0.916 r = 0.999
p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001

Sum of 8 skinfolds - r = 0.865 r = 0.821 r = 0.929 r = 0.989 p < 0.001
p < 0.001 p < 0.001 p < 0.001

% Kerr - r = 0.812 r = 0.739 r = 0.889
p < 0.001 p < 0.001 p < 0.001

%
Durnin-Womersley

- r = 0.705 r = 0.812
p < 0.001 p < 0.001

% Faulkner - r = 0.916
p < 0.001

BMI: Body mass index; %: percentage of fat mass.

A positive low to high positive correlation was found between BMI and most of the fat mass and
percentage equations (r from 0.187 to 0.719; p < 0.001); although a negative low correlation was found
with fat percentages estimated by Kerr and Durnin-Womersley (r = −0.271 and −0.055, respectively;
p < 0.001). A positive moderate to high correlation was found among fat mass equations and the sums
of six and eight skinfolds (r from 0.613 to 0.849; p < 0.001).

The percentile analysis relating the measurements included in the study can be observed in
Table 6.
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4. Discussion

The objective of the present study was to analyze the differences between the formulas used
to estimate fat mass with kinanthropometry and to establish the existing relationship with sums
of skinfolds. It has been observed that even when using the same method to estimate fat mass,
problems can occur when comparing results. In widely-used methods for body estimation, such as
BIA, it has been observed that various factors can produce inaccuracies between measurements [39].
Among these factors, those related to the placement of the electrodes and the equations used stand
out, making the results obtained vary by around 4% between instruments [39]. The same occurs with
DXA, and significant differences in body composition have been shown when comparing machines
from different manufacturers, different models from the same manufacturer or the same scanner
model [40–43], or the version of the software. However, previous studies focused on the use of
kinanthropometry have not been found. The main finding was that there are significant differences
between all the formulas. In fact, differences found between the fat mass formulas ranged from
10.70 ± 2.48% to 28.43 ± 5.99 % and from 7.56 ± 2.13 kg to 19.89 ± 4.24 kg although all the formulas had
been validated with active adults [7,35–37]. These data agree with what was found in the previous
literature, supporting the idea that there are significant intra-method differences when using various
formulas to estimate fat mass [44,45].

The differences found may be due to the method used in the validation of the formula, as Kerr
used cadaver dissection as a method to compare the results [35], while Durnin-Womersley, Faulkner
and Carter used hydrostatic weighing [7,36,37]. The hydrostatic weighing assumes certain sources of
error. The body density is obtained by weighing the subject in air and fully submerged [20]. The air
found in the lungs and in the gastrointestinal (GI) tract is one of the factors that can affect body
density [20]. There is a consensus about the value given to the GI tract air, set as 100 mL [46], but the
residual volume of the lungs generates uncertainty [47], perhaps affecting the final result. Once the
body density value is obtained, estimation equations are used to estimate the fat percentage [20].
These equations use a constant value for the density of fat mass and free fat mass [20]. While the use of
a constant value for fat mass is well accepted, free fat mass has been demonstrated to be affected by age,
gender and race [48–50], thereby being another aspect of bias. Thus, Kerr [35] is the only formula that
was validated with a direct method, while the other formulas were validated with indirect methods.
Therefore, an error in the estimation of fat mass with these methods has to be assumed [29].

Another reason why these differences may occur is due to the diversity of the target population [45].
Although all of participants were adults, the Kerr [35] and Durnin-Womersley [7] formulas were
validated in the general population. Instead, the equations proposed by Faulkner and Carter were
validated in elite athlete populations, specifically in swimmers and Olympic athletes, respectively [36,37].
Other factors that may introduce differences in the calculation of body composition are gender and
age [39]. In this way, Kerr’s proposed a unique fat mass prediction formula [35]; Durnin-Womersley
proposed different equations according to the age group [7]; while Faulkner and Carter established a
formula for men and another for women [36,37].

However, statistically significant and positive correlations were observed between all fat mass
formulas (r from 0.705 to 0.926; p < 0.001). This can be attributed to all of these formulas using skinfolds,
as Carter and Kerr proposed the use of the sum of six skinfolds [35,37], Durnin-Womersley used four
skinfolds (triceps, biceps, subscapular and iliac crest) [7] and Faulkner used another four skinfolds
(triceps, subscapular, supraspinale and abdominal) [36]. In fact, a high correlation was found between
fat mass formulas with sums of six and eight skinfolds (r from 0.613 to 0.849; p < 0.001). The skinfolds
represent the subcutaneous fat, 40%-60% of the total body fat [29,51]. Due to the lack of uniformity in
the distribution of the thickness of the subcutaneous fat tissue, skinfolds in different locations of the
body have to be measured, including trunk, upper and lower limbs, to ensure the correct assessment
of fat mass [29,51]. The skinfold measurements from different locations used in the equations analysed
could explain the high correlation found between them and the sums of six and eight skinfolds.
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Furthermore, in this study, a low correlation was also observed between BMI and sums of skinfolds
and the formulas for estimating fat mass (r from 0.055 to 0.338; p < 0.001). Despite BMI being a variable
that has been traditionally used for weight control, and related with health [52], in an athlete population,
it has been shown not to have a sufficient precision to assess the adiposity of the subjects [53]. This may
be due to the fact that BMI does not discriminate between the contribution of fatty tissue and muscle
tissue to the total weight [54]. The practice of sports can produce lean muscle mass gain [55], and as
the muscle is denser than the fat tissue, BMI could not be a valid instrument to assess changes in a
physically-active population [20,56]. Furthermore, systematic exercise practice can reduce the sums
of skinfolds, as a consequence of the loss of subcutaneous fat, with no changes in BMI because the
decrease of fat mass is compensated by the increase in muscle mass [57], which can explain why the
correlation between BMI and sums of skinfolds in the present study was also low.

For all the aforementioned reasons, the same method should always be used to assess fat mass
using kinanthropometry and estimation formulas, to reduce the bias introduced by the formula. In fact,
fat mass estimation with different formulas cannot be compared, so it is necessary to have a percentile
table as it is included in the current study to know the equivalences between methods. However,
to avoid this kind of challenges, the sums of six and eight skinfolds are proposed as the measurement
of the changes of subcutaneous fat. If the measurements are taken by an experienced researcher and
with a calibrated calliper, the error can be reduced with respect to the use of formulas [19,20,29].

Some limitations should be acknowledged. The main limitation was that the assessment of fat
mass did not include a comparison between a gold standard and the estimation formulas, so this study
is not able to check on the most accurate formula. A comparison with a reference method (e.g., DXA)
would have been useful in order to determine the accuracy of each equation. This is an important issue
for future research. Other research designs that could be utilized after this study include longitudinal
studies to analyse the reliability of body composition measurement with formulas and skinfold sums
to find the most appropriate measurement for monitoring changes in body composition.

5. Conclusions

There were differences between all the formulas used to estimate fat mass with kinanthropometry.
Thus, for the evaluation of fat mass of active adults, the use of the same formula is recommended on
all occasions when the results are going to be compared, both to analyse the changes in the athlete or
because the athlete’s results are going to be compared with a reference. Furthermore, sums of skinfolds
are related with fat mass, thus this method could be an alternative option when a comparison with
the same formula is not possible. However, BMI seems not to be a reliable indicator of fat mass in a
physically-active population.
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Abstract: We compared the changes in maximum oxygen uptake (V̇O2max) calculated per skeletal
muscle mass (SMM) with conventional V̇O2max measures in a 1-year training cycle. We hypothesized
that the pattern of changes would differ between SMM-adjusted and absolute or weight-adjusted
values, and the differences between groups of distinct training specialization and status will depend
on the measure used. Twelve sprinters (24.7 ± 3.3 years), 10 endurance runners (25.3 ± 5.3 years),
and 10 recreationally trained controls (29 ± 4.5 years) performed a treadmill test until exhaustion
to determine V̇O2max. Their SMM was estimated based on the dual X-ray absorptiometry method
and a regression equation. The significance of differences was assessed using analysis of variance
(p ≤ 0.05). The pattern of the longitudinal change was not different between V̇O2max/SMM and
standard measures. Also, the significance of differences between sprinters and endurance athletes
remained similar regardless of the V̇O2max measure. Sprinters and controls had similar absolute
(~4.3 L·min−1) and total weight-adjusted (~52 vs. ~56 mL·min−1·kg) V̇O2max, but they significantly
differed in SMM-adjusted V̇O2max (~110 vs. ~130 mL·min−1·kg SMM−1). In summary, SMM-adjusted
V̇O2max is not more useful than standard measures to track longitudinal changes in competitive
athletes. However, it allows to better distinguish between groups or individuals differing in training
status. The results of our study are limited to male athletes.

Keywords: maximum aerobic capacity; total weight; lean body mass; fat mass; DXA method

1. Introduction

Maximal oxygen uptake (V̇O2max) is a widely used indicator of human aerobic capacity defined
as the maximum rate of oxygen consumption. Conventionally, V̇O2max is expressed as an absolute
rate of oxygen uptake per unit of time (mL·min−1) or as a weight-adjusted rate (mL·min−1·kg−1) [1–4].
The latter is a standard measure in athletes of various sports disciplines. Skeletal muscle mass (SMM)
is the largest component of the adipose tissue-free body mass in humans [5], essential for athletic
performance. Despite many differences in training and competition specificity, available research
indicates that SMM content in athletes ranges from 40% to 48% of total body mass [6–11].

The body of literature on V̇O2max in competitive athletes in the context of SMM is very scarce
(unlike the relationships with total body mass). This can be due to problems with accurate SMM
estimation. Of particular interest are, therefore, studies where authors used most advanced methods,
e.g., magnetic resonance imaging or dual-energy X-ray absorptiometry (DXA) to estimate SMM.
Proctor & Joyner [11] demonstrated that reduced aerobic capacity per kilogram of appendicular SMM
in highly trained older men and women contributed to reduced whole body V̇O2max. Sanada et al. [12]
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revealed that absolute peak V̇O2 was closely associated with total and regional SMM regardless of the
whole body or fat-free mass. Similarly, Beekley et al. [13] indicated a strong relationship between SMM
(kg) and absolute V̇O2max (L·min−1) in high-performance athletes. However, they also noticed that
above a certain SMM level (~45 kg), the relationship between V̇O2 uptake and SMM was weakening
and aerobic abilities of athletes reached a “plateau”.

It is suggested that in highly trained athletes, not only standard measures of V̇O2 (per kg of total
body mass) but also SMM-adjusted V̇O2max, called “aerobic muscle quality”, should be taken into
account to obtain more accurate and reliable information on the changes in the training status [13].
To our best knowledge, there are no scientific reports that have compared the changes in SMM-adjusted
V̇O2max in high-performance athletes of different specializations over a long period. This study aimed
to evaluate the changes in SMM-adjusted V̇O2max in competitive highly trained speed-power and
endurance athletes in a 1-year training cycle. We hypothesized that (i) the profile of changes in V̇O2max
per kg SMM would differ from that per kg total body mass and (ii) the size of the differences in
V̇O2max between speed-power, endurance, and amateur male athletes would depend on the measure
of V̇O2max used (SMM- vs. total weight-adjusted).

2. Materials and Methods

2.1. Subjects

The study included 22 highly trained male athletes divided into two groups differing in sport
specialization. Sprinters (n = 12) specialized in the distances of 100 and 200 m, were 24.7 ± 3.3
(range 21–31) years old with a training history of 7.42± 2.5 years. Endurance athletes were long-distance
runners and triathletes (n = 10) aged 25.3 ± 5.3 (range 15–35) years with a competitive sport history
of 8.0 ± 2.4 years. Some athletes were members of the Polish national team. The control group
consisted of 10 healthy recreationally active men aged 29 ± 4.5 (range 23–35) years without previous
and current professional sports experience, representing the model of regular but not competitive
physical activity. The controls were invited to participate in the study through announcements in local
mass media. The project was approved by the Ethics Committee at the Poznan University of Medical
Sciences (decision No 1252/18 issued on 6 December 2018) and has been performed according to the
ethical standards laid down in the Declaration of Helsinki. The participants were fully informed of the
purpose and risks of the study and gave their written consent to participate. Basic characteristics of the
participants at the start of the study are presented in Table 1. Controls were older than athletes. Sprinters
were taller and had higher relative skeletal muscle mass index than endurance athletes and controls.

Table 1. Basic characteristics of the athletic groups and controls.

Sprint Endurance Controls
ANOVA
p-Value

Effect Size
η2

Age (yars) 24.7 ± 3.3 (22.1–26.2) * 25.3 ± 5.3 (22.3–28.2) * 29 ± 4.5 (26–32) <0.001 0.22
Sports history (years) 7.4 ± 2.5 (5.8–9.0) 8.0 ± 2.4 (6.3–9.7) – 0.120 0.30

Height (cm) 185.8 ± 5.0 (182.1–188.2) * 181.6 ± 6.1 (178.2–185) 178.1 ± 5.6 (174.3–181.9) 0.029 0.33
BMI (kg·m−2) 23.6 ± 1.0 (22.8–24.3) 22.8 ± 1.9 (21.8–23.9) 24.8 ± 2.0 (23.4–26.1) 0.080 0.24

RSMI (kg) 9.6 ± 0.6 # (9.1–10.0) # 8.5 ± 0.6 (8.1–8.9) 9.0 ± 0.6 (8.6–9.4) 0.007 0.42

Values are expressed as mean ± SD (95% CI). Abbreviations: BMI = body mass index; RSMI = relative skeletal
muscle mass index. * p < 0.05—significantly different from the control group; # p < 0.01—significantly different from
endurance athletes.

2.2. Study Design

A repeated-measures design was used to follow the changes in V̇O2max and body composition
across a 1-year training cycle. We aimed to find patterns of the longitudinal change and between-group
differences depending on the V̇O2max measure, i.e., absolute, weight-, LBM-, and SMM-adjusted
values. All measurements were repeated four times in the following training phases of the annual
training cycle: (1) beginning of the general preparation period, (2) beginning of the specific preparation
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period, (3) beginning of the pre-competition period, and (4) beginning of the competition period.
Training units and workloads used in the training process were strictly planned by the national team
coaches. The 12-week general preparation aimed to develop physiological foundation for performance.
Training volume was high and the intensity was low but slowly increasing (the number of training
sessions in triathletes, long-distance runners, and sprinters was 181, 122, and 80, respectively).
During the specific preparation period, also lasting 12 weeks, training volume decreased, whereas the
intensity increased substantially (the number of training sessions: 132, 96, and 61, respectively).
In the pre-competition period (10 weeks), training volume further decreased and the intensity
increased (the number of training sessions: 179, 120, and 87, respectively). The competition period
was characterized by reduced training volume and emphasis was placed on increasing intensity and
quality of work to achieve peak performance before upcoming competitions. Sprinters were examined
three times, i.e., they did not perform the exercise test until exhaustion in the competition phase to
avoid any adverse effect on sprint ability. The control group did not periodize their training during
the year analyzed. During the whole study period, they did workouts three to seven times a week at
relatively constant training volume and intensity.

2.3. Methodology

Participants were recommended to avoid high-intensity and long-duration training sessions
24–48 h before each examination. All tests were conducted at the Human Movement Laboratory
“LaBthletics” of the Poznan University of Physical Education. The measurements were performed in
the morning, 2 h after a light breakfast (bread and butter, water, without coffee or tea). Before each
exercise test, body composition was assessed. Then, subjects performed an incremental treadmill test
until exhaustion. During all examinations, the ambient temperature was kept at 20–21 ◦C.

2.3.1. Body Composition and Skeletal Muscle Mass

Weight and height were measured using the SECA 285 measuring station (SECA GmbH, Hamburg,
Germany) with an accuracy of 0.05 kg and 1 mm, respectively. To evaluate body composition, the DXA
method (Lunar Prodigy device, GE Healthcare, Chicago, IL, USA) was used. Before each measurement
session, the device was calibrated using a phantom, according to the manufacturer guidelines.
During the examination, subjects only wore their underwear without jewelry or other metal objects,
to minimize measurement error. All DXA scans were performed and analyzed by the same trained
technician using enCORE 16 SP1 software (GE Healthcare, Chicago, IL, USA). All measurements
were done following the standardized protocol proposed by Nana et al. [14] and manufacturer’s
instructions. Three main components of the total-body model were measured: lean body mass (LBM),
fat mass, and bone mineral content (the latter not analyzed in this study). In the literature, the DXA
technical errors of measurement (expressed as intra-assay coefficients of variation or %CV) have been
reported to be 0.1% for total body mass, 0.4% for LBM, 1.9% for fat mass, and 0.7% for BMC (21).
In our laboratory, %CV values in young athletic individuals aged 23 ± 2.1 years were 0.2%, 0.4%, 1.0%,
and 0.5%, respectively. Also, we calculated %CV for appendicular lean soft tissue (ALST; the sum
of upper and lower limb LBM) and obtained a value of 0.8%. The regression model proposed by
Kim et al. [5] was used to calculate SMM (kg) = 1.13ALST − 0.02Age + 0.61Sex + 0.97, where 0 and 1
denoted women or men, respectively. Also, the relative skeletal muscle mass index was calculated
according to the formula: RSMI = ALST/Height2 (kg·m−2).

2.3.2. Maximum Oxygen Uptake

All athletes underwent incremental running tests (h/p Cosmos Pulsar treadmill, Sports & Medical
GmbH, Nussdorf-Traunstein, Germany) to determine V̇O2max. The initial speed was set at 4 km·h−1

and after 3 min increased to 8 km·h−1. After that point, the speed of the moving strip was progressively
increasing by 2 km·h−1 every 3 min until voluntary exhaustion. Main cardiorespiratory variables

(minute ventilation,
·

VE; oxygen uptake, V̇O2; carbon dioxide output,
·

VCO2) were measured constantly
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(breath by breath) using the MetaLyzer 3B ergospirometer and analyzed using the MetaSoft Studio
5.1.0 software package (Cortex Biophysik GmbH, Leipzig, Germany). Before each test, the system
was calibrated according to the manufacturer’s instructions. Maximal oxygen uptake was considered
achieved if at least three of the following criteria were met: (i) a plateau in V̇O2 despite an increase
in speed and minute ventilation; (ii) blood lactate concentration ≥ 9 mmol·L−1; (iii) respiratory
exchange ratio ≥ 1.10; and (iv) heart rate ≥ 95% of the age-predicted maximum heart rate [15].
Heart rate was measured continuously with the Polar Bluetooth Smart H6 monitor (Polar Electro Oy,
Kempele, Finland).

2.3.3. Statistical Analysis

Data were presented as means and standard deviations (SD), and confidence intervals of the
mean (95% CI). The Shapiro–Wilk test was used to check the data for normality of distribution.
The assumption on sphericity was tested using the Mauchley’s test, verifying if variances of certain
variables were identical and equal to respective co-variances. The one-way analysis of variance
(ANOVA) with repeated measures was used to compare the change between three (sprinters) or
four (endurance athletes and controls) examinations across the annual training cycle. The one-way
ANOVA was used to compare differences between the groups at each single training phase. The post
hoc Scheffe’s test was applied to indicate between which particular examinations or groups there
were significant differences. The effect size for ANOVA was expressed as η2 and defined as small
(0.01), medium (0.06), or large (0.14). The statistical significance was set at p < 0.05. All analyses were
performed using the Statistica 13.0 software package (Tibco Software Inc., Palo Alto, CA, USA).

3. Results

3.1. Body Composition

Sprinters had significantly higher total body mass than endurance athletes in three training
periods (general, specific and pre-competition) (Table A1). In sprinters, total mass increased from
general to specific and pre-competition phases, whereas no significant longitudinal changes were
revealed in endurance athletes and controls.

Absolute and percentage fat mass was similar in sprinters and endurance athletes in all examinations,
although slightly lower values were noted in sprinters (insignificant differences) (Figure 1A,B;
Table A1). Both sprint and endurance groups had significantly lower absolute and percentage fat
mass than controls in almost all examinations, except for the general phase (a non-significant difference
between endurance athletes and controls). In sprinters and endurance athletes, absolute and percentage
fat mass was significantly higher in the general phase than in the subsequent training phases.
No significant change was detected in controls, even though there was a certain trend towards lower
values in the competition phase, however, accompanied by large standard deviation.

Sprinters had significantly higher absolute LBM than endurance athletes and controls in the general,
specific, and pre-competition phases (Figure 1C; Table A1). Endurance athletes had higher percentage
LBM than controls in all training phases, except for the general phase (Figure 1D). Absolute LBM in
sprinters and percentage LBM in both sprinters and endurance runners significantly increased between
the general and the subsequent training phases (Figure 1C,D). No significant change in LBM was
shown in the control group, in spite of slightly increasing percentage values between third and fourth
examination (Figure 1D).

Sprinters had significantly higher both absolute and percentage SMM than endurance athletes
and controls in all training phases (Figure 1E,F; Table A1). There were no significant differences in
SMM between endurance athletes and controls. In sprinters (but not endurance athletes and controls),
absolute SMM significantly increased from the general to the specific and pre-competition phases
(Figure 1E). During the annual training cycle, there was no significant change in percentage SMM in
any of the three groups (Figure 1F).
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Figure 1. Changes in body composition expressed in absolute and percentage values between
consecutive phases of the annual training cycle in athletic groups and controls. Panels (A,B)—fat
mass; Panels (C,D)—lean body mass; Panels (E,F)—skeletal muscle mass. � p < 0.05, ��

p < 0.01, ��� p < 0.001—significantly different from the general preparation phase in sprinters; ��

p < 0.01, ��� p < 0.001—significantly different from the general preparation phase in endurance
athletes; + p < 0.05, ++ p < 0.01—significantly different from sprinters at the same training phase;
# p < 0.01—significantly different from endurance athletes at the same training phase; * p < 0.05,
** p < 0.01, *** p < 0.001—significantly different from controls at the same training phase.

3.2. Maximal Oxygen Uptake

Across the annual training cycle, a significant increase in all V̇O2max indicators (absolute,
per total body mass, per LBM, or per SMM) was only observed in controls between the general and
pre-competition or competition phase. In sprinters and endurance runners, none of the V̇O2max
measures changed significantly (Figure 2A–D; Table A2).

Depending on the V̇O2max indicator used, the significance of the difference between speed-power,
endurance, and amateur athletes varied. For absolute V̇O2max (mL·min−1), the only significant
difference was between endurance athletes and controls in the general preparation phase (Figure 2A,
Table A2). For weight-adjusted V̇O2max, more pronounced differences were observed, i.e., endurance
athletes significantly differed from speed-power and control groups in all training periods (Figure 2B;
Table A2), however, sprinters and controls were not significantly different. Finally, when V̇O2max was
adjusted for LBM and SMM, there emerged significant differences between sprinters and controls in
addition to previous differences for weight-adjusted V̇O2max between endurance athletes and the
other two groups. Consequently, the control group had higher LBM- and SMM-adjusted V̇O2max than
sprinters in all training phases (Figure 2C,D; Table A2).
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Figure 2. Changes in maximal oxygen uptake (V̇O2max) between consecutive phases of the annual
training cycle in athletes and controls. (A)—absolute values; Panel (B)—calculated per weight or
kilogram of total body mass (TBM); Panel (C)—calculated per kilogram of lean body mass (LBM);
Panel (D)—calculated per kilogram of skeletal muscle mass (SMM.) � p< 0.05, �� p< 0.01—significantly
different from the general preparation phase in the control group; ++ p < 0.01—significantly different
from sprinters at the same training phase; # p < 0.01—significantly different from endurance athletes at
the same training phase; * p < 0.05, ** p < 0.01, *** p < 0.001—significantly different from controls at the
same training phase.

4. Discussion

To our knowledge, this is the first study to analyze the changes in V̇O2max calculated per SMM
across an annual training cycle in competitive athletes of different sports specializations. The major
findings are that (i) the profile of change in SMM-adjusted V̇O2max in a 1-year training cycle is not
different from the change in weight-adjusted V̇O2max and (ii) the between-group differences depend
on the V̇O2max measure used, as shown by significant differences between sprinters and controls that
emerged when SMM- or LBM-adjusted V̇O2max values were used.

4.1. Changes in V̇O2max between Training Phases

There is scarce research on V̇O2max expressed as relative values per kg of SMM [11,12].
Nevertheless, there were reasons to believe that the profile of the changes in SMM-adjusted V̇O2max
across a 1-year training cycle would be different from that expressed as absolute and weight-adjusted
values. However, this hypothesis has not been confirmed. In sprint- and endurance -trained athletes and
controls, the profiles of change across training phases were very similar regardless of V̇O2max measure.

In endurance athletes, high V̇O2max is regarded as one of the necessary (although not sufficient)
factors determining high endurance performance [16,17]. In response to years of intense training
(apart from innate aptitudes), the level of V̇O2max is usually maximized and the observed seasonal
changes can be negligible. Due to optimally high V̇O2max levels, endurance athletes are focused on
other factors determining performance such as exercise response at lactate (anaerobic) threshold or
exercise efficiency, e.g., “running economy” meaning the oxygen cost at a given running speed [16,18,19].
It seems that no indicator of maximal aerobic capacity, whether it be a weight- or SMM-adjusted
one, is suitably sensitive to track training adaptations in highly trained athletes. On the other hand,
the effect of body composition on endurance performance is still valid. For example, in male trained
trial runners (age 36.1 ± 6.5 years), V̇O2max and fat mass percent were the two best predictors of race
time among other physiological and body composition variables, explaining ~84% of the total variance
in a multiple regression model [20]. Even if not considered in terms of cause and effect, the changes
in body composition across training phases just accompany improvements in aerobic capacity and
endurance performance as related physiological adaptations [21].
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Available research indicates that body composition and its variations have a significant impact on
V̇O2max. As mentioned in the introduction, absolute SMM in athletes is strongly directly proportional
to absolute oxygen uptake (up to the suggested limit of ~45 kg of SMM). In highly trained male rowers
(20 ± 2 years old), it was predicted based on a regression model that an increase in fat free mass by
1 kg should result in the gain in V̇O2max by 0.16 L·min−1 [22]. Also, it is known that body fat strongly
negatively correlates with V̇O2max [13,23]. It can be assumed that body composition does matter
in achieving high levels of aerobic capacity. However, our results showed that, despite reductions
in absolute and percentage fat mass in endurance athletes across the training phases, there was no
positive effect on V̇O2max. The likely explanation is that some determinants of V̇O2max, e.g., muscle
adaptation to endurance training such as mitochondrial enzyme levels, capillary density or other
central and peripheral factors [17,24,25], were maximized and could not be substantially improved in
this highly trained group. Moreover, particular effects and relationships seem to depend on age, sex,
training status, and athletic profile.

In controls, unlike in athletes, we observed significant changes in V̇O2max indicators between
consecutive examinations, despite no significant change in body components. Zwaard et al. [4]
suggested that in amateurs adaptive changes such as capillaries or the type of muscle fibers were not
as one-sided directed as in endurance- or sprint-trained professional athletes. Central and peripheral
adaptations supporting V̇O2max were not maximized in recreationally active individuals, thus our
control group could have more strongly responded to training stimuli, even if their training loads
were milder than in competitive athletes, because of their relatively low baseline level of V̇O2max
(compared to the other two groups) at the start the annual cycle under consideration.

In sprinters, the expected lack of significant changes in V̇O2max between consecutive training
phases (despite desired changes in body composition, i.e., fat mass reduction) results from their specific
training and performance requirements. Sprint is an all-out high-intensity exercise and the distance
covered during competition (including acceleration, achieving maximal velocity, and deceleration)
lasts for up to several seconds [26]. It is recommended that elite sprinters should primarily focus
on increasing their relative muscle power production using ballistic exercises to maximize speed
performance [27]. It is clear that V̇O2max is not crucial for sprint performance. On the other hand,
at the early stage of the annual training cycle (the general preparation phase), sprinters’ workouts
include a certain amount of aerobic exercise to reach an optimal level of aerobic capacity. This allows
speed-power athletes to better tolerate training loads necessary for speed and speed endurance
development [28]. Despite the significant decrease in body fat in sprinters, there was no positive
effect on their V̇O2max. This may be associated with the simultaneous increase in SMM, the large
amount of which is typical of sprinters. Our sprinters have approached the “upper limit” of SMM
(~40 kg vs. the ~45 kg proposed by Beekley [13]), beyond which V̇O2max is plateauing or even
decreasing. More importantly, skeletal muscles in speed-power athletes are characterized by a relatively
low capillary density and mitochondrial density, resulting in lower O2 extraction from the blood by
contracting muscles and, consequently, in lower V̇O2max [4,29]. This athletic group focuses on training
supporting anaerobic metabolic systems that are the main energy source for muscle activity during sprint
running [30,31]. Such training results in a low content of aerobic enzymes in skeletal muscle [32,33].

4.2. Between-Group Differences in V̇O2max

In a few previous studies on the relationship between SMM and V̇O2max, it was suggested
that V̇O2max normalized to skeletal muscle mass might be a more relevant index than simply
weight-adjusted V̇O2max in the evaluation of aerobic power [11,12]. Moreover, Beekley et al. [13],
developed the term “aerobic muscle quality”, meaning the amount of oxygen consumed per 1 kg of
SMM, to make better comparisons of V̇O2max between individuals of varying fat and total body mass
or representing different sports.

In our study, significant differences in SMM- or LBM-adjusted V̇O2max were revealed between
sprinters and controls, contrary to non-significant differences in absolute and weight-adjusted
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values. This can be affected by several factors. First, as other authors have suggested, adjustment
of V̇O2max for fat-free mass or skeletal muscle mass is out the influence of adipose tissue [10].
In our sprinters, LBM and SMM significantly increased across the annual cycle, while these body
components remained unchanged in controls. This caused significant differences between sprinters
and controls in both SMM- and LBM-adjusted V̇O2max, while there was no significant change in
absolute and weight-adjusted V̇O2max. Second, the control group consisted of recreationally active
men whose physical activity was endurance-oriented. Endurance training modifies central (pulmonary
diffusing capacity, maximal cardiac output, the oxygen-carrying capacity of the blood) and peripheral
(skeletal muscle characteristics) factors affecting V̇O2max [16,18]. For example, skeletal muscles that
undergo endurance training oxidize fat at a higher rate (thus sparing muscle glycogen and blood
glucose) and contribute to the decrease in lactate production during exercise. Besides, more muscle
mitochondria allow more oxygen to be extracted from the blood by contracting muscles [16,18].
Such typical muscle adaptations (occurring in endurance- but not sprint-trained individuals) may
explain significant differences in SMM-adjusted V̇O2max that emerged between sprinters and controls,
even though they were not detectable when standard V̇O2max measures were used.

In our participants, the percentage of LBM ranged between 78% and 85% of total body mass,
whereas the percentage of SMM was between 43% and 48% (Figure 1). However, despite such a sizeable
quantitative difference between these body components as regards their contribution to the total
weight, adjusting V̇O2max for SMM only slightly (by mere ~2%) deepened the differences between
sprinters and controls compared to LBM-adjusted values (Figure 2). In practical terms, it can be,
therefore, assumed that LBM- and SMM-adjusted V̇O2max provide virtually the same information.
Thus, calculating the SMM-adjusted V̇O2max to compare groups of different training status seems to
be unnecessary. Using LBM, which itself contains about 55–57% SMM, to more precisely express the
V̇O2max level, can be quite sufficient and easier.

5. Conclusions

In summary, our research has proven that in endurance- and sprint-trained competitive athletes and
recreationally active individuals the profiles of 1-year changes in SMM-adjusted vs. weight-adjusted
V̇O2max are not different. However, adjusting V̇O2max for LBM or SMM can uncover significant
differences in maximal aerobic capacity between groups of different training specialization and
status. In high-performance athletes, the use of the LBM- or SMM-adjusted V̇O2max as an index of
“aerobic muscle quality” to track the changes in maximum aerobic capacity across consecutive training
phases seems to be unjustified. In competitive athletes, the monitoring and control of maximum
aerobic capacity across an annual training cycle can be successfully carried out using conventional
(absolute and weight-adjusted) V̇O2max measures. Admittedly, the LBM- or SMM-adjusted V̇O2max
can be useful as a tool to more precisely distinguish between groups or individuals differing in muscle
adaptation to maximum oxygen uptake. It also seems that LBM- and SMM-adjusted V̇O2max measures
provide equivalent information about maximum aerobic capacity. Finally, the limitation of our study is
the participation of only male athletes, thus further research is needed to explore analogous patterns of
change in different V̇O2max measures in female athletes.
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Laimutė Samsonienė 2 and Rimantas Stukas 3

1 Department of Physiology, Biochemistry, Microbiology and Laboratory Medicine of the Faculty of Medicine,
Institute of Biomedical Sciences, Vilnius University, 01513 Vilnius, Lithuania;
valerija.jablonskiene@mf.vu.lt (V.J.); algis.abaravicius@mf.vu.lt (J.A.A.)

2 Department of Rehabilitation, Physical and Sports Medicine, Institute of Health Sciences of the Faculty of
Medicine, Vilnius University, 01513 Vilnius, Lithuania; laimute.samsoniene@mf.vu.lt

3 Department of Public Health, Institute of Health Sciences of the Faculty of Medicine, Vilnius University,
01513 Vilnius, Lithuania; rimantas.stukas@mf.vu.lt

* Correspondence: marius.baranauskas9@gmail.com

Received: 8 July 2020; Accepted: 22 July 2020; Published: 24 July 2020
��������	
�������

Abstract: Physical exercise leads to metabolic changes that affect the acid-base balance in skeletal
muscles and other tissues. Nutrition is one of the factors that may influence the acid-base balance in
the body. Keeping alkaline circumstances in the body is important not only for health and athletic
performance in training but also during competition in many sport events. This is especially significant
for athletes who practice in sport at the highest level of competition. The aim of the study was to
determine the dietary acid-base balance in competitive Lithuanian high-performance athletes, and to
evaluate the effect of actual diets of athletes on NEAP (net endogenous acid production), muscle
mass and body mineral content during a four-year Olympic cycle. The research participants were
18.1 ± 3.3-year-old Lithuanian high performance athletes (n = 323). The actual diet was investigated
using the 24 h recall dietary survey method. The measurements of body composition were performed
using BIA (bioelectrical impedance analysis). The potential renal acid load of the diets of athletes
(dietary PRAL) and NEAP were calculated. In 10.2% of athletes, NEAP exceeds 100 mEq·day−1 and is
on average 126.1 ± 32.7 mEq·day−1. Higher NEAP in athletes is associated with lower muscle mass
(β -1.2% of body weight, p < 0.001) but has no effect on the amount of minerals in the body (β 0.01%
of body weight, p = 0.073). Overall, 25–30% of Lithuanian high-performance athletes use high-protein
diets (2.0–4.8 g·kg−1·day−1) leading to a dietary acid-base imbalance as well as an excessive production
of endogenous acids in the body. Athletes are recommended to consume higher amounts of potassium
and magnesium. An increase in calcium intake up to 1500 mg per day is recommended. In exceptional
cases, periodised nutrition for athletes may involve diets complemented with bicarbonate and/or
beta-alanine supplements.

Keywords: high-performance athletes; actual nutrition; eating habits; diet; body composition;
acid-base balance

1. Introduction

Acid-base balance homeostasis is essential for ensuring health and physical performance indicators.
Organic acids are produced in the body during basal metabolism, while physical exercise can lead
to additional acid production in the body [1]. When engaged in sports, even submaximal exercise
induces metabolic changes that affect the acid-base balance in the skeletal muscles and other tissues [2].
Exercise intensity can lower blood pH from 7.4 to 6.9. It is noteworthy that the lowest blood pH reading
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(6.80–6.90) due to endogenous acids production was found in runners after a simulated 400 m race [3,4].
The increased H+ levels in myocytes during high-intensity exercise lead to acidosis and fatigue [1,5].
Muscle fatigue occurs due to H+ accumulation because the mitochondrial function and enzymatic
activity are impaired. As a consequence, the production of glycolytic energy is disrupted [6,7].
It has also been proven that the concentration of H+ ions leads to the accumulation of interstitial K+,
where proteins bind H+ ions instead of K+ ions. This causes the hyperpolarisation of cells, inhibits the
rate of the nerve impulse propagation, triggers the changes in the membrane potential and, as a result,
disrupts the muscle function [8]. HCO3− in extracellular fluids is the major H+ buffer [9]. Therefore,
the maintenance of a higher concentration of HCO3− results in a faster removal of H+ from muscle
cells [5]. Thus, an increase in the capacity of the acid buffer system improves the anaerobic [10,11] and
aerobic [12] fitness of athletes. The maintenance of alkalinity in intracellular fluids enables a faster
removal of H+ from muscle cells resulting in a delayed muscle fatigue which occurs due to increased
acidosis [1].

Nutrition is one of the factors that can affect the acid-base balance in the body. This was confirmed
by research that showed a strong relationship between the chemical composition of dietary intake and
the urine pH range [13]. In this context, the possible influence of the intake of different foods on the
potential renal acid load (PRAL) was assessed. The PRAL index that shows the potential renal acid
load indicates the presence of milliequivalents (mEq) of H+ ions per 100 g of food. Most fruits and
vegetables have a negative PRAL index because the biologically active substances found in them act as
H+ buffers in the body. Meanwhile, foods high in protein and phosphorus have a positive PRAL index,
which means that their consumption stimulates H+ production in the body.

According to the research, the dietary habits of the population in the developed countries with
the typical Western diet are dominated by protein foods of animal origin (fish, meat, eggs), leading to
high levels of metabolic acidosis in the body [14]. The similarity in problems such as high protein and
fat intakes was found among athletes from many countries. Based on the research data reported in
the scientific literature, it has been stated that a diet high in protein and fat, but low in carbohydrates
was adopted by professional athletes from countries such as Poland [15,16], Iran [17], Kuwait [18],
England [19,20], Brazil [21], Greece [22], Australia [23–25], France [26,27] Finland [28], China [29,30],
Ireland [31], Netherlands [32], Spain [33,34], the United States of America (USA) [35], South Africa [36],
Canada [37]. It has also been found that if athletes consume large amounts of protein and their diets
are low in carbohydrates, they can suffer from metabolic acidosis which can adversely affect their
physical performance [13,38–40]. In addition, insufficient consumption of potassium and magnesium
with vegetables and fruits increases the risk of acidosis which may result in the reduced physical
working capacity of athletes [41].

It should be noted that the presence of persistent acidosis in the body may trigger the impairment
of the muscle function leading to the inhibition of muscle protein synthesis. Part of the amino acids
from the degraded muscle proteins can be used for glutamine synthesis in the liver and, in later stages,
for acid neutralisation. As a consequence, the increased acid production can lead to a decrease in
muscle mass [42–45]. In addition, regular acidic diet may trigger a reduction in bone mineralisation,
an increase in urinary calcium excretion and pose a risk of bone fractures [46].

There are no scientifically grounded data on how the diets of high-performance athletes impact
their body’s acid-base balance, muscle mass and body mineral content. The aim of the study was to
determine the dietary acid-base balance in competitive Lithuanian high-performance athletes, and to
evaluate the effect of the actual diets of athletes on NEAP (net endogenous acid production), muscle
mass and body mineral content during a four-year Olympic cycle.
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2. Materials and Methods

2.1. Study Population

High-performance sport or elite sport is sport at the highest level of competition. The target
population for the survey was high-performance athletes (n = 341) included in the lists, approved
under the orders the National Olympic Committee of Lithuania. The main inclusion criteria for study
participants was qualification standards that have been previously met by athletes.

Only those athletes that had already obtained an Olympic qualification quota place or the
athletes who had participated in the European Athletics Championships and/or the World Athletics
Championships for the purposes of Olympic qualification were investigated. Those athletes who
had not participation in sports competitions on a professional level were excluded from the survey.
The size of the sample group (n = 338) was selected using the OpenEpi Sample Size Calculator with a
margin of error of 5% and probability of 99.9%. Over the period from 2017 through 2018, during a
preparatory phase of training (macrocycle), 96% of the candidates (n = 323) to the Lithuanian Olympic
team were included in study and investigated. The athletes ranged in age from 16 to 33 (the average
mean age of the athletes was 18.1 ± 3.3 years) and were tested during the research and the training
status of the athletes corresponded to 7.9 ± 3.8 years, while workouts were done 5.8 ± 0.8 days a week,
with an average workout time of 175.6 ± 60.6 min a day. The dimensions of the training workload
of athletes fully complied with the training plans approved by the Lithuanian Sports Centre and
the National Olympic Committee of Lithuania. The training plans were specified in the Tokyo 2020
and PyeongChang 2018 programmes. The research sample included 72.4% (n = 234) men and 27.6%
(n = 89) women. According to the dominant energy expenditure methods, the subjects were divided
into anaerobic 40.2% (n = 130) and aerobic 59.8% (n = 193) fitness athletes [47]. The group of anaerobic
athletes comprised weightlifters (n = 6), gymnasts (n = 3), discus, javelin throwers, shot put athletes
(n = 6), jumpers (n = 4), basketball players (n = 52), boxers (n = 14), Greco-Roman wrestlers (n = 29),
judo wrestlers (n = 12), and taekwondo wrestlers (n = 4). The group of athletes of aerobic fitness
involved representatives of academic rowing (n = 36), road cyclists (n = 50), swimmers (n = 66), skiers
(n = 17), biathletes (n = 20), long-distance runners (n = 13), representatives of modern pentathlon
(n = 12) and representatives of figure skating (n = 2). A more detailed analysis of the study recruitment
process and study procedures is provided in Figure 1.
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Figure 1. Flowchart of the enrollment of athletes and study procedures. BW—body weight; LBM—lean
body mass; MM—muscle mass; BF—body fat; PRAL—potential renal acid load; NEAP—net endogenous
acid production; GFR—glomerular filtration rate.
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2.2. Anthropometric Measures

The height measurements in athletes were taken at the Lithuanian Sports Medicine Centre using a
stadiometer (± 0.01 m). The measurements of the body weight and the individual weight components
(body weight (BW), lean body mass (LBM) (in kg and %), muscle mass (MM) (in kg and %), body fat
(BF) (in kg and %) and mineral content in bones and electrolytes) (in kg and %) were performed at
the Lithuanian Sports Centre using the bioelectrical impedance analysis (BIA) tetra-polar electrodes
(13 lot 21 block with certification EN ISO (an international standard is adopted by the European Union)
13488; Jinryang Industrial Complex, Kyungsan City, South Korea) and resistivity was measured with
8–12 tangent electrodes at different frequencies of the signal: 5, 50, 250, 550 and 1000 kHz [47,48]. LBM,
MM and mineral content were assessed according to the norms set for men and women. LBM norm
for men is 75–85%, for women 70–80%; MM norm for men is 74–80%, for women 64–80%; mineral
norm for men ranges between 5.8–6.0%, for women 5.5–6.0%. The muscle and fat mass index (MFMI)
of each athlete was determined by dividing the weight of the muscle (in kg) by weight (in kg). The BF
and the ratio of muscle and fat mass were evaluated according to the standards presented in Table 1
(MFMI) [47].

Table 1. Body fat (BF) percentage and muscle and fat mass index (MFMI) scale for athletes (by gender).

BF MFMI

Value Males Females Value Male Athletes Female Athletes

Too low <5% <15% Insufficient <2 <1.8
Lean 5–9% 15–19% Too small 2.1–3.39 1.9–2.89

Optimal 10–14% 20–24% Moderate 3.4–4.69 3–3.99
Acceptable 15–19% 25–29% Extensive 4.7–6.0 4–5
Excessive 20–24% 30–34% Maximum >6 >5

BF—body fat; MFMI—muscle and fat mass index.

2.3. Energy Requirements

The basal metabolic rate (BMR), daily energy expenditure (DEE), training energy expenditure (TEE)
were estimated in all the subjects. BMR was calculated using the Harris and Benedict formulas [49].
We collected 24-h records of physical activity on the same day when the participants recorded
their dietary energy intake (EI). The physical activity levels and lifestyle variables (regular and
non-regular activities, sedentary activities and sleeping habits) conform to the standards specified
by the American Dietetic Association, Dietitians of Canada, and the American College of Sports
Medicine [50]. These measures (the activity codes and metabolic equivalents (METs) (in kcal/kg/h) for
physical activities) were supported by the studies of Ainsworth et al. [51] and the data were processed
according to the specific activity.

2.4. Dietary Intake and Eating Habits

The 24-h actual nutrition survey method was employed to assess the actual nutrition in
athletes [52–54]. The respondents were surveyed through the direct interview carried out by a specially
trained interviewer at the Lithuanian Sports Centre. The actual nutrition survey method facilitated
the compilation of the data on the amounts of food, meals, food supplements consumed by each
athlete. To capture all foods and meals eaten, and their amounts, a special atlas of photos with different
portions of foods and meals weighted in grams was used [55]. We evaluated the average daily food sets
consumed by athletes on the basis of which the chemical composition and energy value of food rations
were determined in line with the chemical composition tables [56]. The consumption of carbohydrates,
proteins and fats was assessed taking into account the recommendations provided in the scientific
literature [57,58]. The amount of carbohydrates recommended for athletes is 5–8 g·kg−1·day−1, protein
content is 1.4–2.0 g·kg−1·day−1. The percentage of energy provided by fat should be between 20% and
35%. The daily intake of minerals and their compliance with the reference daily intake (RDI) was

63



Int. J. Environ. Res. Public Health 2020, 17, 5332

assessed according to the RDI of vitamins and minerals approved in Lithuania [59]. To study the eating
habits, we designed and used a validated questionnaire originally constructed by M. Baranauskas [60].
The respondents participated in direct interviews. The questionnaire comprised questions about the
socio-demographics (gender, age, place of residence, sport, sporting experience, etc.) and eating habits
of athletes.

2.5. Potential Renal Acid Load (PRAL), Net Endogenous Acid Production (NEAP) and the Diets

The following formula was used to estimate the NEAP [61]: NEAP was estimated according to
the equation (mEq·day−1) = PRAL1 (mEq·day−1) + OA2 (mEq·day−1) where PRAL shows the potential
renal acid load of the estimated diet and OA (organic anions) shows the urinary organic anions under
analysis, with the 2 components calculated as follows:

PRAL1 (mEq·day−1) = (0.49 × protein (g·day−1)) + (0.037 × phosphorus (mg·day−1)) − (0.021·
potassium (mg·day−1)) − (0.026 ×magnesium (mg·day−1)) − (0.013 × calcium (mg·day−1)).

OA2 (mEq·day−1) = individual body surface area 3·41/1.73.
The body surface area was calculated according to the formula proposed by Du Bois and

Du Bois [62]: 3 Individual body surface area (m2) = 0.007184 · height (cm) 0.725 ·weight (kg) 0.425.

2.6. Statistical Analysis

All the normally distributed continuous variables are presented as means ± standard deviations
(SD), whereas the qualitative variables are presented as relative frequencies (in %). The normality
of variable distribution was tested by the Shapiro–Wilk W test. When normality was confirmed,
the t-tests of the independent samples were used to assess the differences observed between the groups.
Pearson (r) correlation coefficient were used to determine the strength of the relationship between
the variables under analysis. The correlation coefficient r can range in value from −1 to +1. A higher
degree of the absolute value of the coefficient shows a stronger the relationship between the variables.
The correlations above 0.4 are considered to be relatively strong; the correlations between 0.2 and 0.4
are moderate, and those below 0.2 are weak.

The multiple linear regression analysis was used to determine the association between the dietary
intake and NEAP. The model was adjusted for gender and type of sport. Logarithmic or inverse
square transformations were used to improve normality. By using a stepwise multivariate logistic
regression method, we determined which eating habits of athletes depended on their sport. The stepwise
multivariate logistic regression method was used to establish which eating habits determined PRAL ≤ 0
and PRAL > 0. The method of parameter estimation used in this study was maximum likelihood,
and several techniques were employed to assess the appropriateness, adequacy and usefulness of the
model using the likelihood-ratio test, Hosmer and Lemeshow (H-L) test statistic, Wald (W) statistic,
and Nagelkerke R2 statistic. During the next stages, we calculated the logistic regression coefficients
(β), odds ratios (OR) and their 95% confidence intervals (CIs) for each variable under analysis. All the
reported p-values are based on two-sided tests and compared to a significance level of 5%. The statistical
analysis was performed using Stata version 12.1 (StataCorp, College Station, TX, USA), SPSS V.25
for Windows (International Business Machines Corporation, Armonk, NY, USA) and Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA).

2.7. Ethics Statement

Prior to the research, all the organisational issues regarding the survey were discussed with the
Lithuanian Sports Centre and the Bioethics Committee. The study was conducted in accordance
with a permit to carry out biomedical research, issued by the Lithuanian Bioethics Committee
(No. 158200-11-113-25, of 3 November 2009). Prior to testing, all the athletes provided a written consent
and the study protocols were approved by the Institutional Review Board of the Lithuanian Sports
Medicine Centre. The biomedical research was conducted according to the principles expressed in the
Declaration of Helsinki.
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3. Results

3.1. Characteristics of Respondents

The body composition (BW, LBM, BF MM, and MFMI) of athletes was examined as shown in
Table 2. The height, BW, LBM, MM, and the mineral content (in bones and electrolytes) fluctuated
within the norms. BF in male athletes (16.7 ± 4.7%) was acceptable (15–19%) while MFMI (5.2 ± 2.5)
was high (4.7–6.0). Meanwhile, the BF and MFMI in female athletes differed in the groups of different
sports. BF of female athletes involved in sports of anaerobic fitness was 24.9 ± 4.8%, which was
acceptable (25–29%) and higher than BF of athletes of aerobic fitness which was 22.2 ± 3.6% and
corresponded to the optimal FM (20–24%) (p = 0.005). In addition, MFMI (2.9 ± 0.8) in anaerobic
female athletes corresponded to the low one (1.9–2.9). Meanwhile, a higher MFMI observed in aerobic
women involved (3.4 ± 0.8, corresponding to the average of 3.0–3.9) confirms a more optimal body
composition (p = 0.012).

Table 2. Body composition of athletes (by sport and gender).

Body Composition
Anaerobic Sports Aerobic Sports

Male Female Male Female

Height (m) 1.83 ± 0.15 1.73 ± 0.11 1.83 ± 0.08 1.67 ± 0.06
BW (kg) 77.5 ± 17.4 67.4 ± 14.3 75.0 ± 11.6 59.7 ± 7.5

LBM (kg) 63.8 ± 11.4 50.1 ± 7.9 62.2 ± 7.7 46.3 ± 4.7
LBM (% of BW) 83.3 ± 5.3 75.2 ± 4.9 83.3 ± 4.2 77.6 ± 3.7

MM (kg) 59.3 ± 10.5 46.2 ± 7.2 57.9 ± 7.0 42.8 ± 4.3
MM (% of BW) 77.4 ± 5.2 69.4 ± 4.8 77.6 ± 4.1 72.1 ± 3.6

MFMI 5.3 ± 2.4 2.9 ± 0.8 5.2 ± 2.6 3.4 ± 0.8
BF (kg) 13.7 ± 7.1 17.6 ± 7.1 12.9 ± 4.7 13.4 ± 3.5

BF (% of BW) 16.7 ± 5.3 24.9 ± 4.8 16.7 ± 4.2 22.2 ± 3.6
Minerals (kg) 1 4.5 ± 1.0 3.9 ± 0.8 4.4 ± 0.7 3.4 ± 0.4

Minerals (% of BW) 1 5.8 ± 0.1 5.8 ± 0.1 5.8 ± 0.1 5.8 ± 0.1

BW—body weight; LBM—lean body mass; MM—muscle mass; MFMI—muscle and fat mass index; BF—body fat;
1—mineral composed of bone and electrolyte. The data is normally distributed and presented as means ± standard
deviation (SD).

3.2. Dietary Intake and Energy Expenditure

The examination of the actual diet of athletes revealed that the EI amounts to 3343 ± 1133 kcal
and corresponds to DEE by 91.4 ± 27.8% (Table 2).

The evaluation of the nutrient intake showed that regardless of the type of sport, when training
175.6 ± 60.6 min per day, the amount of carbohydrates consumed (5.5 g·kg−1·day−1) conforms to the
minimum requirements (5–8 g·kg−1·day−1). Nutrient imbalances in the diets of athletes are caused by
an excessive fat intake. Irrespective of the type of sport, the share of energy value of fat in the diet of
athletes (39.0 ± 7.8%) exceeds what is recommended (by 20–35%).

The average amount of protein of 1.7 ± 0.6 g·kg−1·day−1 found in the diets of all types of athletes
(anaerobic and aerobic) corresponds to what is recommended (1.4–2.0 g·kg−1·day−1). The protein
content recommended for athletes is no more than 2.0 g·kg−1·day−1. However, according to our study,
29.2% of the athletes who develop anaerobic fitness consume 2.0–4.8 g·kg−1·day−1 protein, and 24.4%
of the athletes training for aerobic fitness consume 2.0–3.9 g·kg−1·day−1 protein.

The consumption of phosphorus, potassium, magnesium and calcium by athletes exceed the
recommended amounts. In contrast to aerobic athletes, anaerobic athletes consumed more phosphorus
(p = 0.014), calcium (p = 0.022), and magnesium (p = 0.012). In terms of RDI, the anaerobic athletes
consumed more phosphorus, calcium and magnesium by 2.9, 1.2 and 1.5 times respectively. Meanwhile,
the amounts of phosphorus, calcium and magnesium in the diets of aerobic athletes exceeded RDI by
2.6, 1.4 and 1.4 times, respectively. Regardless of the sport, the amount of potassium consumed by the
athletes was 1.5 times higher than RDI. In addition, the dietary amounts of calcium and phosphorus
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were unbalanced. This was confirmed by the calcium to phosphorus ratio (Ca/P) (0.6 ± 0.2) which was
below the recommended 0.75 and resulted from the excessive dietary intake of phosphorus (Table 3).

Table 3. Dietary intake of athletes.

Nutrition Profile
Anaerobic Sports 1 Aerobic Sports 2 t-Test1/2

Mean ± SD t p

DEE (kcal·day−1) 3894 ± 876 3595 ± 864 3.032 0.003
EI (kcal·day−1) 3457 ± 1280 3266 ± 1020 1.486 0.138

EI (kcal·kg−1·day−1) 47 ± 16 47 ± 15 −0.230 0.818
CHO (g·kg−1·day−1) 5.4 ± 2.0 5.5 ± 2.2 −0.268 0.789

CHO (%) 46.5 ± 7.3 46.3 ± 8.9 0.206 0.837
PRO (g·kg−1·day−1) 1.7 ± 0.6 1.7 ± 0.6 0.084 0.933

FAT (%) 38.9 ± 7.1 39.1 ± 8.2 −0.270 0.788
K (mg·day−1) 5189.7 ± 2341.8 4790.6 ± 1984.5 1.647 0.100
Ca (mg·day−1) 1254.0 ± 580.2 1113.9 ± 501.9 2.310 0.022
Mg (mg·day−1) 522.7 ± 240.7 461.6 ± 191.0 2.534 0.012
P (mg·day−1) 1999.0 ± 788.1 1806.9 ± 600.1 2.483 0.014

Ca/P ratio 0.6 ± 0.2 0.6 ± 0.2 0.680 0.497
PRAL (mEq·day−1) 10.7 ± 42.1 9.3 ± 35.9 0.305 0.761
NEAP (mEq·day−1) 56.9 ± 43.3 53.7 ± 37.1 0.725 0.469

The values are expressed as mean ± SD; EI—energy intake; DEE—daily energy expenditure; BW—body weight;
PRO—protein; CHO—carbohydrate; FAT—fat; Ca—calcium; P—phosphorus; Mg—magnesium; K—potassium;
PRAL—potential renal acid load; NEAP—net endogenous acid production. Significant differences set by independent
samples Student’s t-test between groups: 1—group 1, 2—group 2.

3.3. Eating Habits and the PRAL

Lithuanian high-performance athletes rarely consume foods that should be found in their diets
every day. The study revealed that 49.8% of athletes consumed bakery products, 29.6%—cereals,
43.7%—fresh vegetables, 43.7%—fresh fruits, and 36.8%—dairy products four to seven days a week.
Dried fruits and boiled potatoes are consumed less frequently—25.9% and 40.1% of the athletes
consumed dried fruit and boiled potatoes 2 days a week, 12.1% and 37.6% from 2 to 7 days a
week, respectively.

In terms of the frequency of consumption of protein found in meat and fish products, 41.3% of the
athletes chose poultry 2–4 days a week, while eggs (53.6%), beef (46.2%), pork (49%), fish (44.9%) and
meat preparations (42.1%) were consumed less frequently, from 1 to 2 days a week.

The eating habits of athletes are likely to determine the potential renal acid load (PRAL) of their
diets. After evaluating PRAL of athletes’ diets, it was found that more than half (65.9%) of the examined
diets had a positive PRAL. PRAL (10.7 ± 42.1 mEq·day−1) of the diets of anaerobic athletes did not differ
from PRAL (9.3 ± 35.9 mEq·day−1) of aerobic athletes and was also positive (PRAL > 0 mEq·day−1)
(p = 0.761) (Table 3).

A stepwise multivariate logistic regression method was used to determine which eating habits of
athletes determine the PRAL of their diets. Table 4 presents the OR estimating the association between
the different food intakes by athletes and the dietary acid load among the participants who were
identified with dietary PRAL ≤ 0 mEq·day−1. The final built logit model was tested with the Hosmer
and Lemeshow goodness-of-fit test statistic (Nagelkerke R2 = 0.28; H-L stat χ2 = 14.5, p < 0.006).
As indicated in Table 4, the probability of PRAL in the diets of athletes increased 1.4 times (OR 1.4)
to become ≤ 0 mEq·day−1, when dairy products (p = 0.05), fresh vegetables (p = 0.048) and dried fruits
(p = 0.046) were consumed more frequently. Specifically, milk and fresh vegetables were consumed
more frequently by athletes in PRAL ≤ 0 group (47.7% and 52.3%, respectively) 4–7 days per week
compared to athletes in PRAL > 0 group (31.1% and 39.1%, respectively). Similarly, more athletes
(47.8%) with PRAL ≤ 0 consumed dried fruit more frequently (2–7 days a week) compared to the
group of PRAL > 0 athletes (32.9%). In contrast, PRAL of the athletes who consumed more grain
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products was higher than 0 mEq·day−1 (OR 0.7, p = 0.050). Specifically, the athletes in PRAL > 0 group
(71.4%) consumed grain products more frequently (2–7 days a week) compared to athletes in PRAL ≤ 0
group (62.6%).

Table 4. Effects of athletes’ eating habits on their dietary PRAL.

PRAL ≤ 0 (mEq · day−1) a β SE W p Exp (β) (95% CI)

Grain products −0.3 0.2 3.5 0.050 0.7 (0.5; 1,1)
Dairy products 0.3 0.2 3.7 0.050 1.4 (1.0; 2.0)

Fresh vegetables 0.3 0.2 3.3 0.048 1.4 (1.0; 2.0)
Dried fruits 0.3 0.2 3.6 0.046 1.4 (1.0; 2.0)

Constant −2.2 0.8 7.6 0.006 0
a—reference category is PRAL > 0 mEq·day−1; β—is the estimated coefficient, with standard error SE (<5); W is
the Wald test statistic; Nagelkerke R2 = 0.28; Exp (β) is the predicted change in odds for a unit increase in the
predictor (odds ratio (OR)); CI—confidence interval. The final model was tested with the Hosmer and Lemeshow
goodness-of-fit test statistic (H-L stat χ2 = 14.5, p < 0.006).

3.4. Acid-Base Balance and Diets

Aiming to determine whether the chemical composition of the athlete diets was suitable for
maintaining the body’s acid-base balance, the study assessed the effect of nutrition on the body’s
net endogenous acid production (NEAP). It is important for athletes that NEAP did not exceed
100 mEq·day−1 for a longer period of time.

Although, according to our study, the average NEAP in anaerobic athletes (56.9 ± 43.3 mEq·day−1)
did not differ from NEAP observed in aerobic athletes (53.7 ± 37.1 mEq·day−1) (p = 0.469), in 10.2% of
Lithuanian high-performance athletes NEAP is higher than 100 mEq·day−1 and on average amounts to
126.1 ± 32.7 mEq·day−1.

After using a multivariate linear regression method, we found that with a 95% confidence level of
the consumption of larger amounts of protein, phosphorus, and carbohydrates, NEAP increases from
34.1 to 167.2 mEq·day−1 (p < 0.001). Meanwhile, with the increased consumption of potassium, calcium,
and magnesium with food, NEAP decreases from −9.1 to −100.4 mEq·day−1 (p < 0.05) (Table 5).

Table 5. Effects of carbohydrates, proteins, phosphorous, potassium, calcium, magnesium consumed
by athletes on their net endogenous acid production (NEAP).

NEAP (mEq · day−1) β 95% CI p

PRO (g·kg−1·day−1) (ln) 34.1 (23.0; 45,1) <0.001
CHO (g·kg−1·day−1) (ln) 21,5 (11.0, 31.8) <0.001

P (mg·day−1) (ln) 167.2 (152.4; 181.9) <0.001
K (mg·day−1) (ln) −100.4 (−108.3; −92.6) <0.001
Ca (mg·day−1) (ln) −39.2 (−45.6; −32.8) <0.001
Mg (mg·day−1) (ln) −9.1 (−17.9; −0.2) 0.044

EI (kcal·kg−1·day−1) (ln) −69.2 (−85.6; −52.8) <0.001

The influence of dietary intake on NEAP (mEq·day−1) is estimated controlling for athlete sport and gender (adjusted
for sports type and gender). F (9, 313) = 201.2, p < 0.0001, R2 = 0.85. PRO—protein; CHO—carbohydrate;
Ca—calcium; P—phosphorus; Mg—magnesium; K—potassium; EI—energy intake; CI—confidence interval.

A more detailed analysis of the results showed that the daily protein intake (2.6 ± 0.8 and
2.4 ± 0.7 g·kg−1·day−1) of anaerobic and aerobic athletes with NEAP > 100 mEq·day−1 exceeds
the maximum recommended amounts by 1.3 times, and phosphorus content (2907.3 ± 892.2 and
2402.7 ± 516.3 mg·day-1)—by 4.1–3.4 times.

The correlation analysis also confirmed a moderate relationship between the protein intake and
NEAP in the group of anaerobic athletes (r = 0.482, p < 0.001) and a weak relationship in the group of
aerobic athletes (r = 0.274, p < 0.001) (Figures 2 and 3).
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Figure 2. Relationship between the dietary protein intake (g·kg−1·day−1) and NEAP (mEq·day−1)
in athletes of anaerobic sports (r = 0.482, p < 0.001).

Figure 3. Relationship between the dietary protein intake (g·kg−1·day−1) and NEAP (mEq·day−1)
in athletes of aerobic sports (r = 0.274, p < 0.001).

The consumption of more protein foods, lower dietary PRAL and lower NEAP can be achieved by
consuming sufficient amounts of the minerals—potassium, calcium and magnesium. According to the
study, the consumption of potassium (4834.8 ± 1642.3 mg·day−1), calcium (1375.1 ± 562.3 mg·day−1)
and magnesium (525.8 ± 150.8 mg·day−1) in athletes with NEAP > 100 mEq·day−1 did not significantly
differ (p > 0.05) from those found in athletes with NEAP < 100 mEq·day−1, and exceeded RDI by 1.4,
1.5, and 1.5 times, respectively.

3.5. The Effect of Acid-Base Balance on the Muscle Mass and Body Mineral Content of Athletes

As indicated in Table 6, after applying the method of linear multivariate regression, it was found
that the amount of muscle mass in athletes depended on the protein and phosphorus consumption,
and the resulting NEAP in the body. At higher NEAP, the muscle mass (% of BW) was significantly
lower by 1.2% (p < 0.001). However, only the excess phosphorus intake was associated with lower
muscle mass (β −10.2% of BW, p < 0.001). Meanwhile, the athletes taking an increased amount of
protein are characterized by an increase of 12.6% in the muscle mass of BW (p < 0.001).
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Table 6. Effects of athletes’ NEAP, protein and phosphorus consumption on their muscle mass (% of BW).

Muscle Mass (% of BW) β 95% CI p

NEAP (mEq·day−1) (ln) −1.2 (−1.8; −0.7) <0.001
PRO (g·kg−1·day−1) (ln) 12.6 (10.8; 14.5) <0.001

P (mg·day−1) (ln) −10.2 (−12.1; −8.2) <0.001

Muscle mass (% of body weight) is estimated controlling for athlete sport and gender (adjusted for sports type
and gender). F (5, 295) = 78.1, p < 0.0001, R2 = 0.56. BW—body weight; NEAP—net endogenous acid production;
PRO—protein; P—phosphorus; CI—confidence interval.

The analysis of NEAP and the impact made on NEAP by nutrient components as well as their
influence on the body mineral content (in bones and electrolytes) revealed no effects of NEAP (β−0.01%,
p = 0.073). The results of our study showed that the body mineral content (% of BW) of athletes was
increasing with higher protein (β 0.15%, p < 0.001) and calcium (β 0.06%, p = 0.04) consumption.
Meanwhile, with higher amounts of phosphorus intake, lower amounts of body mineral content were
observed (β −0.16%, p < 0.001) (Table 7).

Table 7. Effects of athletes’ NEAP, protein, phosphorus, and calcium consumption on their body
mineral content (% of BW).

Body Mineral (% of BW) 1 β 95% CI p

NEAP (mEq·day−1) (ln) −0.01 (−0.03; −0.001) 0.073
PRO (g·kg−1·day−1) (ln) 0.15 (0.10; 0.19) <0.001

P (mg·day−1) (ln) −0.16 (−0.23; −0.09) <0.001
Ca (mg·day−1) (ln) 0.06 (0.02; 0.09) 0.004

Body mineral content (% of body weight) is estimated controlling for athlete sport and gender (adjusted for sports
type and gender). F (6, 294) = 12.6, p < 0.0001, R2 = 0.20. NEAP—net endogenous acid production; PRO—protein;
P—phosphorus; Ca—calcium; CI—confidence interval. 1—minerals in bones and electrolytes.

4. Discussion

Daily high-intensity exercise causes stress to the body’s buffer systems. Even moderate-intensity
exercise causes metabolic changes that affect the acid-base balance in skeletal muscles and other tissues.
Intense exercise can lower blood pH from 7.4 to 6.9 in 1 min leading to very rapid muscle fatigue [1,3,4].
Another factor influencing the acid-base balance in the body is diet [13] which can lead to low-grade
metabolic acidosis (MA) (arterial blood pH is close to 7.35) [63]. Low-grade MA is typical when NEAP
reaches about 50 mEq·day−1. In other countries, Remer et al. [64] and Lemann [65] found that NEAP
for young people was 40.1–50 mEq·day−1. Similar data were obtained in our study. The average NEAP
for anaerobic athletes was 56.9 mEq·day−1, and that for aerobic athletes—53.7 mEq·day−1. However,
as many as 10.2% of Lithuanian high-performance athletes had NEAP higher than 100 mEq·day−1

which averaged to 126.1 ± 32.7 mEq·day−1. Long-term NEAPs of 100–120 mEq·day−1 or more results
in kidney overload with acid and thus a decreased availability of bicarbonates in the blood [66].

The research suggests that a high-protein, low-carbohydrate diet can lead to low-grade MA, high
NEAP and have an adverse effect on physical performance [38–40]. We have obtained conflicting results
confirming that athletes’ NEAP was driven by higher protein (β 34.1 mEq·day−1) and carbohydrate
(β 21.5 mEq·day−1) intake. According to our study, the more frequent consumption of grain
products by athletes acidified their dietary PRAL (OR 0.7). PRAL of concentrated carbohydrate
grain products are positive due to their amino acids (PRAL 4.5–8.0) which determined the acid load [61].
Meanwhile, the impact of carbohydrate-containing products on higher NEAP, as identified by scientists,
was based only on the consumption of fruit and vegetables [67]. Nonetheless, carbohydrate intake
(5.5 g·kg−1·day−1) among the athletes that we studied was relatively low for meeting the daily energy
needs of 3600–3900 kcal having a 175-min workout [57]. The consumption of grain products, vegetables,
fresh and dried fruits by the Lithuanian athletes is too low and infrequent. This can lead to insufficient
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levels of glycogen stores in the liver and muscles between sports practice sessions, an increased risk of
overtraining, and a weakened immune system [68].

It should be emphasized that 25–30% of Lithuanian high-performance athletes consume
2.0–4.8 g·kg−1·day−1 proteins per day, which exceeds the recommendations. There is still a debate as to
whether an increased long-term protein intake among physically inactive, incapacitated people can
impair their kidney function [69,70]. According to some studies, a long-term acidogenic diet combined
with physical exertion results in the initial impairment of the renal function. The glomerular filtration
rate has been shown to decrease with the diet of moderate PRAL for 12 weeks in physically active men
and women [71]. Other data suggest that a long-term use of 2.5 to 3.5 g·kg−1·day−1 protein did not
impair the renal and hepatic functions in weightlifters [72–75].

Scientific studies have shown that low-grade MA caused by an excessive protein and phosphorus
intake increases cortisol secretion (hypercortisolism), proteolysis and inhibits protein synthesis [76–78].
The rate of anabolism of muscle proteins is inversely proportional to the amount of acids present [79].
The results of our study confirmed that at higher NEAP, athletes had a significantly lower muscle
mass, by 1.2% of BW. It is noteworthy that at low-grade MA, more muscle protein is broken down in
order to neutralize dietary acids [80]. After the breakdown of muscle proteins, part of the amino acids
released into the plasma is used for glutamine synthesis in the liver. Glutamine is further metabolised
and degraded in the proximal renal tubules to alpha-ketoglutarate (AKG2−) and ammonium. AKG2−
metabolism to glucose (or O2 and CO2) consumes two H+ ions, which reduces the acid load. As a
consequence, the use of amino acids for glutamine synthesis may result in a lack of amino acids for
the synthesis of new proteins in the muscles and a decrease in muscle mass [80]. According to the
data in our study, a higher protein intake leads to a higher muscle mass (β 12.6% of BW), has no
association with muscle loss and is sufficient to ensure a positive nitrogen balance in athletes’ bodies.
Higher protein intakes for athletes are essential to promote muscle hypertrophy during the workout
process [81].

Theoretically, protein and phosphorus in diets may lead to an increased acid load and increased
calcium excretion, which may increase the risk of osteoporosis [42]. We have not determined the effect
of NEAP on the body mineral content of our subjects (β −0.01% of BW). In contrast, higher amounts
of body minerals (in bones and electrolyte) depend on higher protein and calcium intakes (β 0.15
and 0.06 % of BW, respectively) and lower phosphorus consumption (β −0.16% of BW). Our results
are consistent with the data obtained from other researchers suggesting that a high protein intake
increases the intestinal calcium absorption, insulin-like growth factor-1 (IGF-1) concentration in the
blood, and lowers parathyroid hormone levels. In this way, protein compensates for the negative
protein-induced acid load on urinary calcium excretion [82]. To prevent osteoporosis, with an increased
protein intake (2.0 g·kg−1·day−1), higher amounts (>600 mg·day−1) of calcium are recommended [83].
Also, similar data from epidemiological studies suggest that high levels of phosphorus do not have
adverse effects on bone metabolism when an adequate calcium quantity is consumed [84]. An adequate
(1170.2 ± 538.3 mg·day−1) calcium intake is confirmed by the actual nutrition results of the athletes
that we have studied. However, calcium and phosphorus in the diets of athletes are unbalanced
(Ca/P 0.6; should be 0.75) due to an excessive phosphorus intake. Therefore, Lithuanian athletes are
recommended to increase the calcium intake to 1500 mg·day−1 as recommended by the International
Olympic Committee (IOC) [85], and to consume milk and dairy products more frequently.

The research has shown that the dietary intake to reduce NEAP requires adequate potassium and
magnesium intakes with fruits and vegetables. Switching from a moderate-protein (1.3 g·kg−1·day−1)
diet to a high-protein (2.1 g·kg−1·day−1) diet with a low intake of vegetables and fruits has been shown
to significantly reduce blood pH and HCO3− concentration. Therefore, high-performance athletes who
are advised to consume increased protein (1.4–2.0 g·kg−1·day−1) amounts are also advised to consume
sufficient amounts of fresh vegetables and fruits (at least 400 g) [81]. In our study, lower potassium and
magnesium intakes resulted in higher NEAP (β −100.4 and −39.2 mEq·day−1, respectively). On the
other hand, our study showed that the athletes with high NEAP consumed the amount of potassium
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higher than RDI by 1.4 times. This suggests that potassium RDI in athletes is too low to ensure the
neutral dietary PRAL. In addition, no tolerable upper intake level (UL) has been established [86,87].
In this regard, potassium levels recommended for athletes may be 2–3 times higher than RDI.

Thus, the eating habits of the athletes we have studied and those of the population of other
countries are characterized by a high consumption of protein foods of animal origin, which is
associated with low-grade MA [14]. In this case, MA can be normalized by changing the eating habits
(ensuring low PRAL) [88] or by taking dietary supplements [89]. However, there are no scientific
studies demonstrating the benefits of a short-term (4–9 days) vegetarian low-protein diet for aerobic
physical working capacity. No change was observed in recording the increased respiratory exchange
ratio (RER) in athletes due to an increase in “non-metabolic” CO2 during submaximal exercise [90].
Studies justifying the effects of low PRAL diets on RER relate only to long-term eating habits with
a high intake of vegetables and fruits [1,91]. Additionally, studies have shown that high doses
of sodium bicarbonate (150 mEq·day−1) neutralize food acids and minimize the total excretion of
acids caused by ammonium. [14]. Thus, in exceptional cases, to increase the capacity of the buffer
system while performing repeated bouts of exercise for 0.5–7 min, Lithuanian high-performance
athletes are recommended to use sodium bicarbonate in doses of 0.30 g·kg−1·day−1 120–150 min before
workouts [92]. To reduce intracellular acidification during 1–4 min repeated bout physical exercise,
athletes are recommended to enrich their diets with beta-alanine supplements (65 mg·kg−1·day−1)
for 10–12 weeks [92,93]. On the other hand, food supplements with buffering characteristics cannot
replace conventional foods that lower PRAL.

In summary, while athletes may require a higher protein intake, high-protein diets can promote
metabolic changes due to the production of additional acids in the body and lead to very rapid muscle
fatigue during exercise. Dietary acid-base balance is also important for variables such as skeletal
muscle protein metabolism and bone mineralisation. According to our study results, an excessive
production of endogenous acids in the body in athletes is associated with lower muscle mass and has
no effect on the amount of minerals in the body. It is clear then that the interaction between the dietary
acid-base balance and exercise in athletes needs to be further studied in order to better and more
accurately assess the contribution of alkaline diet in athletic performance and the variables like the
rate of protein synthesis and the breakdown and bone density. Therefore, further research is needed
to assess the impact of higher fruit and vegetable consumption by athletes on the indicators of their
physical performance between workouts.

Actual nutrition data combined with objective readings of body composition of athletes allow us
to predict and implement targeted measures and recommendations for optimising the athlete nutrition
for the next Olympic cycle. The data and recommendations of our study can be applied in practice by
including them in the current sports training programmes like Tokyo 2020 and Beijing 2022. In the
future, continuous investigation and monitoring of body composition and actual nutrition should be
carried out during each 4-year Olympic cycle.

However, in the course of our study, we did not include selection criteria such as comorbidities,
because professional athletes in Lithuania do not have long-term health-related clinical symptoms or
their combinations and they are completely healthy. The athletes’ health monitoring is carried out every
three months at the Lithuanian Sports Medicine Center. The health professionals ensure good health
indicators of athletes in Lithuania. If serious health problems are identified during the monitoring
process, the athlete is officially prohibited from exercising and participating in any level of competition.
Therefore, the limitations of our study are related to the fact that while conducting our study we did not
add the inclusion and exclusion criteria of this study such as the economic status, health indicators of
the athletes (e.g., exercise-related injuries, iron deficiency anaemia, short-term renal impairments due
to rapid bodyweight reduction among wrestlers and/or boxers). These variables may have associations
with the actual diet or eating habits of athletes and these are the directions for further research. Another
limitation of our study is that it was only a 24-h dietary recall survey of actual nutrition during the
pre-competition period. Thus, in the future, in cooperation with the Lithuanian Sports Medicine Center
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(LSMC), it is necessary to monitor the actual nutrition and other health indicators of high-performance
athletes for a period of three to seven days during the preparatory and competition periods.

5. Conclusions

Regardless of the type of sport, the diets of Lithuanian high-performance athletes do not meet
requirements. The diets of athletes are too high in fat. Even 25–30% of athletes practice high protein
(2.0–4.8 g·kg−1·day−1) diets which result in dietary acid-base imbalance as well as excessive production
of endogenous acids in the body. Higher NEAP in athletes is associated with lower muscle mass and
has no effect on the body mineral content.

The training of athletes in different sports needs to be very individualised in terms of mesocycling
of sports goals, including changes in the body composition, giving priority to the formation of
eating habits. The eating habits of athletes need to be changed and carefully planned in practice to
ensure acid-alkaline balance in the body by consuming alkaline-producing foods. In order to ensure
the optimal dietary acid-base balance and to maximize muscle adaptation to exercise, athletes are
recommended to consume higher amounts of potassium and magnesium found in fresh vegetables
and dried fruits—twice as much as RDI. A more frequent consumption of milk and dairy products is
recommended in order to increase calcium intake to 1500 mg per day. In exceptional cases, the diets of
athletes should be enriched with bicarbonate and/or beta-alanine supplements.
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Abstract: Objectives. Training for sport is associated with the development of bone minerals, and the
need for reference data based on athletes is often indicated. The purpose of this study was to
develop a reference for bone mineral density (BMD) and content (BMC) specific for youth athletes
of both sexes participating in several sports. Methods DEXA (dual energy X-ray absorptiometry)
was used for total body measurements of bone minerals in 1385 athletes 11 to 20 years, 1019 males
and 366 females. The athletes were training in several sports at Hungarian academies. Reference
values for total bone mineral density and bone mineral content, and also BMD excluding the head
(total body less head, TBLH) were developed using the LMS chartmaker pro version 2.3. Results.
The centile distributions for BMD and BMC of the athletes differed significantly from those of the age-
and sex-specific references for the general population. The youth athletes had higher BMD and BMC
than those of the reference for the general population. Conclusion. The potential utility of the DEXA
reference for male and female youth athletes may assist in monitoring changes in the BMC and BMD
associated with normal growth and maturation, and perhaps more importantly, may be useful in
monitoring changes specific to different phases of sport-specific training protocols.

Keywords: DEXA; bone mineral; bone development; youth athletes

1. Introduction

Concern for bone health, specifically bone mineral density (BMD) and bone mineral content
(BMC), is a major concern given age and gender variation [1,2]. In this context, reference data for a
population are routinely used for screening purposes; as such, they are a reference for comparison [1,3,4].
Given changes in BMD and BMC during the course of growth and maturation, there is increased
interest in the bone health of children and youth, especially in the context of beneficial effects of
regular physical activity on BMC [5–7]. Evidence is also consistent in showing beneficial effects of
systematic training for sport on BMC [8,9]. Mechanical loading associated with regular training has a
significant influence on skeletal development and bone maintenance. Regular intensive exercise with
considerable mechanical loading in athletes is associated with an increase in absolute and relative bone
dimensions and structural parameters. In contrast, inadequate bone development per se and some
practices associated with specific sports, e.g., extreme weight control measures and disordered eating,
can negatively influence performance and can increase the risk for bone stress injuries. Understanding
bone development in young athletes may inform training practices, leading to success in sport,
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facilitate the diagnosis of structural abnormalities in bone, and contribute to the prevention of skeletal
injuries [10–12].

The bone health of athletes, specifically BMD and BMC status, is generally evaluated relative
to reference data for the general population [13–15]. Such a reference may have limitations with
athletes given the selectivity of sport in general, sport-specific training demands, and dietary pressures
associated with specific sports [16,17]. Moreover, measures of BMD and BMC among athletes often fall
outside normal ranges for the general population [18–20].

DEXA (dual energy X-ray absorptiometry) technology provides measures of total body bone area
(cm2), BMC (g), and BMD (g/cm2) [21]. However, evaluation of BMC and BMD requires appropriate
reference data that allow for chronological age, body size, pubertal status, ethnicity, and sex, and perhaps
demands of specific sports [22–24]. The preferred indicator of BMD is the total body, excluding the
head [25]. Evidence suggests that age, height, and weight were better predictors of total body BMD
excluding the head (total body less head (TBLH) BMD) in contrast to total body BMD [26]. Use of
the subtotal BMD result, excluding the head region, is preferred as the skull does not develop in
a proportionally similar manner to body mass and to the weight of other organs in children and
adolescents. In addition, the head constitutes a large portion of the total body bone mass but changes
little with growth, activity, or disease. Thus, including the skull may mask gains or losses at other
skeletal sites [21].

The purpose of this study was to develop reference values for BMC, BMD, and TBLH BMD based
on DEXA in a sample of Hungarian youth athletes of both sexes.

2. Material and Methods

The project was approved by the Ethics Committee of the University of Physical Education in
Budapest, Hungary. Parents of athletes <18 years and also the athletes were informed of the details of
the project; both provided written informed consent. Details of the project were also given to older
athletes who also provided informed written consent.

Participants were 1385 athletes, 1019 males and 366 females, 11–20 years of age, who volunteered
to participate in this cross-sectional study. The athletes represented several Hungarian sport academies,
primarily basketball, football, and handball with smaller numbers for ice hockey and several individual
sports including pentathlon, rhythmic gymnastics, swimming, athletics, fencing, kayak, canoe, rowing,
wrestling, karate, and weight-lifting. All of the participants in the study were considered elite and
most began training at 6–7 years of age. The athletes trained daily for approximately two hours per day
through most of the year and had at least one competition per week. The respective academies delegated
the athletes for the body structural and DEXA examinations. Exclusion criteria for DEXA scans included
the lack of written consent, body weight >130 kg, height >200 cm, pregnancy, non-removable objects
(e.g., prostheses or implants) in the past one-half year, and inability of an athlete to attain correct
position and/or to remain motionless during the scan.

The research was conducted between September 2015 and March 2019. Whole body bone mineral
density (BMD), bone mineral content (BMC), and total body less head (TBLH BMD) were measured
with a GE Lunar Prodigy dual-energy X-ray scanner. The scanner was located in the Research Center
for Sport Physiology, University of Physical Education, Budapest, Hungary, and the first Author
(IK) made the DEXA measurements. The data were processed with enCORE Version 16 software.
The Lunar Prodigy reference data were based on an international sample of healthy children and adults
from the general population in several regions of the world in the 1990s and early 2000s. The sample
was free of people with chronic diseases affecting bone structure and development and those taking
bone-altering medications. The enCORE software of the scanner permits comparison of a subject’s
results to a selected reference population considering ethnicity (Black, White, Asian, or Hispanic;
White was chosen in the case of the Hungarian young athletes). The athletes were grouped into single
year chronological age groups with the whole year as the midpoint, i.e., 11 years = 10.50 to 11.49,
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12 years = 11.50 to 12.49, etc. Sample sizes and descriptive statistics for age, height, and weight of male
and female athletes are summarized by age groups in Tables 1 and 2, respectively.

Table 1. Sample sizes and descriptive statistics (means (M) and standard deviations (SD)) for age,
height, and weight of male athletes by age group.

Age Group Sample Age Height Weight

(years) n M SD M SD M SD

11 25 11.56 0.28 157.62 6.28 43.19 6.23
12 28 12.63 0.26 166.89 9.05 50.75 12.72
13 63 13.55 0.28 173.04 10.57 57.65 11.55
14 98 14.57 0.30 177.09 8.86 63.98 10.67
15 200 15.50 0.27 180.08 8.79 69.12 11.94
16 237 16.48 0.29 181.87 9.19 71.27 9.48
17 174 17.49 0.28 184.74 9.65 76.65 11.09
18 123 18.43 0.29 182.27 8.21 76.52 12.19
19 42 19.53 0.32 180.76 7.39 76.13 6.50
20 29 20.34 0.27 177.40 6.00 78.91 11.95

Table 2. Sample sizes and descriptive statistics (means (M) and standard deviations (SD)) for age,
height, and weight of female athletes by age group.

Age Group Sample Age Height Weight

(years) n M SD M SD M SD

13 25 13.60 0.23 168.24 8.86 57.27 10.32
14 79 14.51 0.24 171.47 7.06 63.76 9.36
15 86 15.55 0.30 173.46 7.26 67.11 11.36
16 49 16.54 0.30 172.70 7.08 65.35 8.96
17 63 17.37 0.32 173.00 7.01 66.98 12.78
18 27 18.52 0.32 174.46 8.14 66.10 7.31
19 27 19.43 0.24 174.16 6.69 70.14 9.64
20 10 20.65 0.24 167.38 8.14 63.53 7.16

Age- and sex-specific means and standard deviations, and selected percentiles (10th, 25th, 50th,
75th, 90th) were calculated for BMD, BMC, and TBLH BMD using the LMS chart maker pro version
2.3. The bone mineral parameters of each athlete were converted to z-scores relative to age- and
sex-specific reference values specified by the Lunar Prodigy type dual-energy X-ray scanner manual.
The distributions of BMD and BMC parameters in the athletes were compared to standard reference
centile distributions by using individual z-scores of bone mineral parameters in young athletes on the
basis of the reference centile distribution (reference L, M, S parameters). Single sample t-tests were
used to evaluate the distribution of z-scores in each age-group of males and females, i.e., to compare
age and sex-specific z-scores for BMD and BMC of the athletes to the Lunar Prodigy reference for
youth. The normality of z-scores for BMD and BMC was tested by the Kruskal–Wallis test. Hypotheses
were tested at a 5% level of random error.

Ethical Approval Information

The Research Ethics Committee of the University of Physical Education (Budapest, Hungary)
approved the study (ID of approval: TE-KEB/No42/2019). The investigations were carried out following
the rules of the Declaration of Helsinki of 1975 (https://www.wma.net/what-we-do/medical-ethics/
declaration-of-helsinki/), revised in 2013.

3. Results

Sex differences in the selected bone mineral parameters are apparent at 14 years and older;
total BMD, TBLH BMD, and BMC of male athletes are greater than corresponding values in their
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female age-peers except for total BMD (tBMD) at 13, 14, 19, and 20 years, and TBLH BMD at 20 years.
At each indicated age, the BMD parameters do not differ between boys and girls (Table 3).

Table 3. Significance levels for sex differences in BMD and bone mineral content (BMC) parameters
among athletes (significant values in italics).

Age
(years)

Total BMD
(g/cm2)

TBLH BMD
(g/cm2)

BMC
(g)

12 0.378 0.669 0.505
13 0.421 0.468 0.806
14 <0.001 <0.001 0.009
15 0.157 0.009 <0.001
16 0.127 0.012 <0.001
17 0.012 <0.001 <0.001
18 0.015 <0.001 <0.001
19 0.384 0.024 0.002
20 0.557 0.773 0.004

The total BMD of male athletes is considerably higher than that of the age-specific reference for
males (Figure 1, p < 0.001 in each age-group). The median BMD curve exceeds the 90th percentiles
of the reference. Although the data are cross-sectional, the adolescent increase in BMD occurs at a
somewhat later age among the athletes.

Figure 1. Total bone mineral density (BMD) in youth male and female athletes 11 to 20 years of
age; percentiles (- - -) for athletes estimated with the LMS method, are plotted relative to the DEXA
(dual energy X-ray absorptiometry) reference (—) percentiles (10th, 25th, 50th, 75th, 90th; the 50th
percentiles are in bold).
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The corresponding trend for total BMD among female athletes also indicates higher BMD (Figure 1,
p < 0.001 in all age groups except 20 years, p = 0.02). Of interest, the 25th percentile for female athletes
is higher than the 90th percentile of the reference. Nevertheless, the percentiles for female athletes
parallel those of the reference.

Percentiles for BMD excluding the head (TBLH BMD in male athletes are higher than those of the
reference beginning at 11 years (Figure 2, p < 0.001 in all age groups), while the 25th percentiles of the
athletes approximate the 90th percentiles of the reference. In contrast to total body BMD, the adolescent
spurt in TBLH BMD appears to be somewhat earlier in athletes compared to that of the reference.

Figure 2. Total body less head (TBLH) BMD in youth male and female athletes 11 to 20 years of age;
percentiles (- - -) for athletes, estimated with the LMS method, are plotted relative to the DEXA reference
(—) percentiles (10th, 25th, 50th, 75th, 90th; the 50th percentiles are in bold).

The trend in TBLH BMD percentiles of female athletes is similar to that in males (Figure 2, p < 0.001
in all age groups except 13 years, p = 0.04). The cross-sectional data also suggest a more intense
adolescent spurt in female athletes.

Percentiles for BMC among male athletes are also consistently higher than those of the reference
(Figure 3, p < 0.001 in all age groups). The medians for athletes approximate the 90th percentiles of the
reference across the age range except at 12 years when the 25th percentile of the athletes approximated
the 90th percentile of reference.
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Figure 3. Total BMC in youth male and female athletes 11 to 20 years of age; percentiles (- - -) for
athletes, estimated with the LMS method, are plotted relative to the DEXA reference (—) percentiles
(10th, 25th, 50th, 75th, 90th; the 50th percentiles are in bold).

The corresponding trends for BMC of female athletes generally parallel those of the reference
percentiles from 14 years on, but are significantly higher than those of the reference (Figure 3, p < 0.001
in all age groups except 13 years, p = 0.04).

Examples of the application of the reference percentiles for athletes in the evaluation of individual
BMDs are shown in Figure 4. The athletes were selected from a longitudinal study of bone structure
in youth athletes. In the male athlete (Figure 4, left), the BMD of the athlete is higher than the 90th
percentile of the general population at each observation, but relative to the reference for athletes,
the BMD shifts from the median at observation 1 to the 75th percentile at observation 2, suggesting that
BMD continued to increase between 17 and 19 years. In the example of the female athlete (Figure 4,
right), BMD values are higher than the 90th percentile of the general population reference across the
age interval considered, but are below the reference median for athletes and gradually decline over
time to <25th percentile of the athlete reference by 20 years of age. Such a decline in BMD relative to
the athlete reference suggests the need for attention from the trainers as to potential factors associated
with the decline.
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Figure 4. BMD of two athletes, a female handball player and a male football player, is shown relative
to the percentiles (- - -) for athletes and the DEXA reference (—) percentiles (10th, 25th, 50th, 75th, 90th;
the 50th percentiles are in bold).

4. Overview

Comparison of the percentiles of DEXA measurements of total BMD, BMD TBLH, and BMC of
athletes 11–20 years in several sports (Appendix A, Tables A1–A3) with the corresponding Lunar
Prodigy reference percentiles highlighted the contrast in bone development between athletes and
the reference, and by inference suggested a need for reference values specific for youth athletes.
References data for DEXA bone parameters for athletes are limited [27]. As such, the reference values
for athletes in the present study may aid in the understanding of bone development in actively training
youth athletes.

Relative to age- and sex-peers in the general population [28], BMD and BMC are better developed
among the youth athletes. The results were consistent with earlier studies of youth athletes,
and highlighted the importance of regular physical activity associated with specific sports on bone
structure, density, and morphology [12,29–31]. Intensive physical activity associated with systematic
training was associated with increased BMC and BMD. The data, however, were based on a combined
sample of athletes in a variety of sports, and in the context of the literature, highlight the need to
evaluate BMD and BMC in specific sports and also in sports characterized by variation in impact
forces, e.g., high-impact (gymnastics, judo, karate, volleyball, etc.), odd-impact (soccer, basketball,
step-aerobics, etc.), and non-impact or negative-impact (cycling, swimming, water polo, etc.) stresses.
In addition to BMD and BMC, it is also important to consider variation in bone geometry in anatomic
regions specific to variation in loading patterns by sport.

5. Limitations of the Study

Given the limited number of female athletes, the analysis of sex differences in BMD and BMC
should be evaluated with caution. The lack of an indicator of maturity status in the younger athletes is
also a limitation.

6. Summary

• Reference values for DEXA measures of BMD, TBLH BMD, and BMC were developed for a
relatively large sample of youth athletes 11–20 years of age.

• Compared to reference values for the general population (White ethnicity), BMD and BMC of the
youth athletes were better developed.

• By inference, comparison of DEXA observations of athletes with reference values for the general
population must be done with care to avoid potential misinterpretations.
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Appendix A

Table A1. Basic statistical parameters (mean, SD, and 10th, 25th, 50th, 75th, and 90th percentiles) for
total BMD (g/cm2) in youth male and female athletes.

Age (year) Mean SD P10 P25 P50 P75 P90

Males
11 0.962 0.062 0.837 0.885 0.942 0.996 1.048
12 0.997 0.063 0.902 0.952 1.012 1.069 1.124
13 1.063 0.095 0.971 1.023 1.085 1.145 1.202
14 1.158 0.098 1.041 1.096 1.160 1.223 1.283
15 1.248 0.105 1.109 1.165 1.232 1.297 1.359
16 1.296 0.101 1.166 1.223 1.292 1.358 1.423
17 1.335 0.109 1.212 1.269 1.338 1.405 1.471
18 1.372 0.093 1.248 1.305 1.374 1.441 1.506
19 1.378 0.085 1.278 1.334 1.402 1.469 1.534
20 1.412 0.112 1.303 1.359 1.426 1.492 1.557

Females
13 1.085 0.130 1.020 1.092 1.168 1.233 1.290
14 1.239 0.106 1.071 1.139 1.214 1.280 1.340
15 1.240 0.087 1.113 1.178 1.251 1.318 1.380
16 1.278 0.119 1.146 1.209 1.280 1.348 1.410
17 1.296 0.096 1.175 1.235 1.305 1.371 1.435
18 1.326 0.087 1.202 1.259 1.328 1.393 1.456
19 1.357 0.105 1.224 1.280 1.346 1.410 1.472
20 1.377 0.177 1.240 1.294 1.358 1.420 1.480

Table A2. Basic statistical parameters (mean, SD, and 10th, 25th, 50th, 75th, and 90th percentiles) of
TBLH BMD (g/cm2) in youth male and female athletes.

Age (year) Mean SD P10 P25 P50 P75 P90

Males
11 0.846 0.062 0.734 0.780 0.831 0.876 0.917
12 0.899 0.090 0.796 0.845 0.900 0.951 0.997
13 0.973 0.107 0.870 0.923 0.984 1.040 1.092
14 1.084 0.105 0.957 1.014 1.079 1.141 1.199
15 1.177 0.106 1.038 1.096 1.165 1.230 1.293
16 1.220 0.098 1.096 1.154 1.224 1.291 1.356
17 1.261 0.117 1.137 1.194 1.262 1.328 1.394
18 1.290 0.095 1.171 1.224 1.289 1.353 1.417
19 1.298 0.087 1.203 1.252 1.312 1.373 1.433
20 1.318 0.103 1.235 1.280 1.336 1.392 1.448

Females
13 0.994 0.133 0.906 0.972 1.040 1.097 1.147
14 1.143 0.116 0.995 1.057 1.122 1.178 1.227
15 1.143 0.083 1.036 1.094 1.156 1.211 1.259
16 1.180 0.113 1.057 1.116 1.179 1.235 1.284
17 1.192 0.094 1.070 1.130 1.195 1.253 1.305
18 1.220 0.094 1.092 1.155 1.224 1.286 1.342
19 1.241 0.115 1.118 1.186 1.261 1.329 1.391
20 1.339 0.211 1.146 1.219 1.302 1.377 1.445
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Table A3. Basic statistical parameters (mean, SD, and 10th, 25th, 50th, 75th, and 90th percentiles) for
BMC (g) in youth male and female athletes.

Age (year) Mean SD P10 P25 P50 P75 P90

Males
11 1691.0 216.3 1281.4 1446.2 1625.3 1800.8 1956.1
12 1886.5 343.6 1539.6 1720.9 1923.5 2127.3 2311.7
13 2136.9 459.0 1807.7 2003.2 2227.2 2458.0 2671.3
14 2537.4 433.1 2079.2 2285.8 2527.6 2782.4 3022.8
15 2883.5 447.9 2331.8 2545.3 2799.4 3072.3 3334.6
16 3030.0 401.7 2543.0 2759.1 3019.6 3303.1 3579.7
17 3219.2 461.4 2708.0 2924.1 3186.5 3474.8 3758.7
18 3300.5 451.4 2830.5 3045.9 3308.2 3597.4 3883.4
19 3328.7 403.1 2918.7 3134.1 3396.1 3684.7 3969.8
20 3321.2 422.3 2986.0 3203.2 3466.3 3754.8 4038.4

Females
13 2073.0 386.1 1937.0 2135.8 2356.4 2576.8 2775.0
14 2580.8 375.0 2055.7 2258.9 2485.4 2712.6 2917.7
15 2551.6 321.3 2162.6 2368.5 2598.9 2830.9 3041.1
16 2722.9 370.8 2254.9 2461.6 2693.7 2928.5 3141.9
17 2729.8 340.7 2334.6 2540.5 2772.7 3008.4 3223.2
18 2818.1 345.4 2406.0 2610.2 2841.3 3076.6 3291.8
19 2899.2 461.5 2468.0 2669.5 2898.2 3131.9 3346.2
20 2687.9 865.3 2518.5 2716.2 2941.4 3172.0 3384.2
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Abstract: The purpose of this study was to evaluate changes in the estimated body composition of
elite female and male Polish handball players during a five-week preseason training camp. Height
and weight were measured, while body composition was estimated with bioelectrical impedance in
18 male and 17 female handball players before and after the five-week training protocol. Components
of body composition included total body water (TBW), fat-free mass (FFM), muscle mass (MM),
and absolute and relative fat mass (FM). Weight and body mass index (BMI) did not change in
males, but declined in females after five weeks of training. FM and %FM declined, while estimated
TBW, FFM, and MM increased significantly after training in both males and females. In contrast,
comparisons of log transformed ratios for changes in weight, the BMI and body composition in
males and females, respectively, suggested that estimated TBW, FFM, and MM increased relatively
more in females than in males, while FM and %FM decline relatively more in males than females.
Overall, the five-week preseason training program modified the body composition of male and female
handball players. FM and %FM decreased, while estimated TBW, FFM, and MM increased, in both
males and females after the preseason training program. Comparisons of log transformed ratios for
changes in body composition in males and females suggested sexual dimorphism in response to
intensive preseason training.

Keywords: handball; athletes; bioelectrical impedance; preseason training

1. Introduction

Body composition is often viewed as central to success in sport at many levels [1]. Although
the two-compartment model of body composition—body weight = fat-free mass (FFM) + fat mass
(FM)—was used in many early studies of body composition among athletes, often with a specific
focus on estimates of relative FM (FM%), body composition can be approached at several levels [1],
and advances in technology per se and methods have facilitated assessment so that FFM per se and lean
tissue mass (LTM) and bone mineral content (BMC) or bone mineral density (BMD) components can be
readily estimated, in addition to FM [2,3]. Among methodological developments, dual energy X-ray
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absorptiometry (DXA) and bioelectrical impedance analysis (BIA) are increasingly used in studies of
body composition among athletes [4–6]. Nevertheless, no single method is the “gold standard”.

The demands of specific sports vary considerably, and must accommodate variation associated
with the extremes of size and mass in some sports and/or positions within a sport. As such, attention is
commonly focused on endurance sports [7]; strength; speed and power sports [8]; and weight-sensitive
sports, i.e., sports associated with low adiposity, fluctuation in weight, weight categories, dieting,
and/or disordered eating [9]. Team sports are often included among strength, speed, and power sports,
but must accommodate the demands of specific positions within a sport and the overall demands of
the sport, e.g., size and mass variation in American football by position, height per se in basketball, etc.
In addition, attention is often focused on the changes in body composition associated with training for
sport in children and adolescents [10,11] and in young adults [12].

Estimates of the body composition of handball players have been largely based on several
anthropometric protocols [13–20] that are associated with a considerable degree of variability, e.g., inter-
and intra-technician measurement variability per se [21] and errors associated with specific prediction
equations [12]. In contrast, estimates for handball players based on current technology, specifically BIA
and DXA, are limited at present [22–24]. Nevertheless, many of the studies are largely descriptive and
comparative, while few address training effects.

Although training methods have changed over time, often with a focus on specialization,
expectations of athletes and coaches may differ relative to body mass and composition, especially in
the context of absolute and relative fatness. Moreover, changes in estimated body composition prior to
a season are of interest as both players and coaches prepare for the new season. In the context of the
preceding, the purpose of this study is to evaluate changes in the estimated body composition of elite
female and male Polish handball players during a five-week preseason training camp.

2. Materials and Methods

The study was conducted according to the Declaration of Helsinki, and the project was approved
by the Research Bioethics Committee of the Faculty Senate of the University School of Physical
Education in Wrocław, Poland (No. 4/2020; adopted in 05/03/2020; Chairperson prof. Marek Mędraś).
The participants were elite Polish handball players (MKS Zagłębie Lubin Handball Team, Super Liga),
17 women (27.5 ± 4.5 years) with 16±4 years of experience in the sport, and 18 men (24.2 ± 3.3 years)
with 12 ± 5 years of experience in the sport. All athletes provided written informed consent to have
body composition estimated on the first and then on the final day of a five-week preseason training
program, i.e., prior to the competitive season.

2.1. Anthropometry and Body Composition

All athletes were measured under similar conditions in the morning (10 a.m. to 1 p.m.) and
afternoon (2 and 5 p.m.) before and after the preseason training program (see below). Measurements
consisted of body height (anthropometer, GPM, Zurich, Switzerland) and body weight (InBody 230
system, Tanita, Tokyo, Japan). The body mass index (BMI, kg/m2) was calculated. Based on BIA,
InBody 230 system provides estimates of body composition, specifically total body water (TBW),
fat-free mass (FFM), lean body mass (LBM), muscle mass (MM), and absolute and relative fat mass
(kg, FM; %FM).

2.2. Training Protocol

The training program for both males and females began six weeks before the start of the Polish
Superliga season. The training cycle spanned 36 days and included similar daily routines for men and
women, with 5 and 4 free days for women and men, respectively. The program included 56 training
sessions and 12 control games for women, and 50 training sessions and 9 control games for men.
Training sessions were conducted outdoors, in the gymnasium or indoor arena, and/or swimming pool,
and were held twice per day. Sessions were specifically focused on the development of endurance,
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static and dynamic strength, speed, individual techniques, and tactics, and included internal controlled
games and time for recovery. About 38% and 48% of training time was devoted to techniques and
tactics in women and men, respectively. Estimated intensities of the training sessions are summarized
in Table 1. The camp concluded seven days before the start of the league season.

Table 1. Number of training sessions by intensity as noted by the coaches of the respective teams.

Low Moderate High Submaximal Maximal

Women 1 13 27 6 9

Men 1 15 20 6 7

2.3. Analysis

Descriptive statistics (means, standard deviations, and medians) were calculated for body size
and components of body composition before and after the preseason training program. Sex-specific
Student t-tests for dependent groups were initially calculated to evaluate the significance of changes
associated with training. Changes in each component of body composition were also calculated as
ratios using the following formula: log2 (post-training/pre-training value). Transformation of the raw
values at each observation has two advantages: (1) pre- and post-training changes in body composition
are independent of pre-training levels in each individual, and (2) changes in different components are
in turn comparable between sexes and among individuals since they are expressed as ratios and not
as absolute or relative units. The transformed ratio was compared to a “0” value for changes in each
component separately for each sex.

In addition, sex-specific zero order, rank order (Spearman rho), and partial correlations, controlling
for age and for both age and age squared, between preseason indicators of body mass and composition,
and change scores after the training program were also calculated. Given the age range of the samples
(females 19–38 years, males 19–36 years), age per se is an important covariate, and age-squared controls
for the nonlinear distribution of age in the samples.

3. Results

Body mass and the BMI did not change among males, while body mass increased slightly
but significantly and the BMI did not change among females after the five-week training program.
In contrast, the specific components of body composition changed significantly after the training
program (Table 2). FM and %FM declined significantly, while estimated TBW, FFM, and MM increased
significantly after training in both males and females. Consistent with other studies, FM and %FM
were higher in females than males, while TBW, FFM, and MM were higher in males than females.

The transformed values for changes in body mass, the BMI, and specific components of body
composition from pre- to post-training for males and females are presented in Table 3. Body weight
and the BMI did not change, while all estimates of body composition changed significantly with
intensive training among males. In contrast, all variables changed significantly with intensive training
in females. In both sexes, MM and FFM increased, and FM and %FM decreased with training.

Comparisons of the transformed ratios for change in weight, BMI, and body composition in males
and females, respectively (Table 3, far right column), suggested that estimated TBW, FFM, and MM
increased relatively and significantly more in females than in males, while FM and %FM declined
relatively more, though not significantly so, in males than females. By inference, training-associated
changes in weight and the BMI of males were associated with a decline in fatness and a moderate
increase in FFM and MM, while corresponding training-associated changes in weight and the BMI
among females were associated primarily with an increase in FFM and MM and a moderate decline
in fatness.
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Table 2. Descriptive statistics (means [M], standard deviations [SD], and medians [Md]) for body mass
and estimates of body composition among male and female handball players before and after training,
and results of t-tests comparing pre- and post-training measures.

Pre-Training Post-Training

Mean SD # Median Mean SD Median t

Males (n = 18)
Height, cm 188.8 4.9 187
Weight, kg 92 9.8 92.1 91.9 10.2 91.7 0.5
BMI, kg/m2 25.8 2.1 25.1 25.7 2.2 25.1 0.54

TBW, kg 60 5.4 59.9 61.1 6 61 3.49 *
FFM, kg 81.9 7.4 81.7 83.4 8.3 83.3 3.57 *
FM, kg 10.1 4.6 9.4 8.5 4 7.3 4.13 *
FM, % 10.8 4.1 10.5 9.1 3.6 8.4 4.34 *

MM, kg 47.2 4.4 47.1 48.1 4.9 48.3 3.63 *

Females (n = 17)
Height, cm 176.3 7 176.2
Weight, kg 70.6 8.9 69 71.4 8.6 70 3.70 *
BMI, kg/m2 22.6 1.7 22.2 22.9 1.6 22.4 3.73

TBW, kg 41.7 4 40.8 43.4 4 42.8 11.02 *
FFM, kg 56.9 5.4 55.6 59.3 5.5 58.5 11.18 *
FM, kg 13.7 4.1 12.6 12.1 3.9 11.9 8.25 *
FM, % 19.1 3.6 18.9 16.7 3.6 16.6 10.24 *

MM, kg 31.9 3.1 31.5 33.3 3.1 33 11.17 *

* p < 0.01; # standard deviation.

Table 3. Transformed values (M, SD) changes in body mass, body mass index (BMI), and estimates
of body composition after the five week training program among male and female handball players
and results of the t-tests. The transformed values are compared relative to "0". Results for the
comparison of transformed values of males and females are also indicated along with results of t tests
for independent samples).

Males (n = 18) Females (n = 17)

log2(t2/t1) of M SD t M SD t t Sex Comparison

Weight −0.31 2.26 −0.58 1.62 1.74 3.84 ** −2.28 **

BMI −0.31 2.26 −0.58 1.62 1.74 3.84 ** −2.82 **

TBW 2.43 2.90 3.55 ** 5.77 2.23 10.67 *** −3.80 **

FFM 2.43 2.85 3.62 ** 5.89 2.27 10.71 *** −3.95 **

FM −25.69 23.11 −4.72 *** −18.77 9.20 −8.42 *** −1.15

%FM −25.06 21.81 −4.87 *** −20.44 8.93 −9.44 *** −0.81

Muscle 2.65 3.08 3.64 ** 6.52 2.58 10.44 *** −4.02 **

** p < 0.01; *** p < 0.001.

Correlations between pre-training body weight and composition and subsequent changes after five
weeks of intensive training are summarized in Table 4. Among males, changes in FM and %FM were
significantly but negatively correlated with pre-training levels of fatness, i.e., players with higher levels
of fatness at baseline experienced greater declines in FM and %FM after the training program. Among
females, only the partial correlation for body weight is significant, while the other correlations for
weight and those for FM are similar in magnitude but not significant. The direction of the correlations
for females suggests that players with higher levels of body weight and absolute fatness tended to
show larger declines in weight and FM after the training program.
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Table 4. Correlations between pre-training values and respective changes (deltas) in weight and
components of body composition after five weeks of training.

Males (n = 18) Females (n = 17)

Zero Order Partial † Spearman Zero Order Partial † Spearman

Weight, kg 0.22 0.31 0.1 −0.37 −0.44 ** −0.30
Muscle, kg 0.37 0.27 0.34 −0.10 −0.28 −0.21

FFM, kg 0.41 ** 0.31 0.28 −0.00 −0.17 −0.07
FM, kg −0.52 * −0.57 * −0.50 * −0.36 −0.35 −0.27
FM, % −0.47 * −0.54 * −0.44 −0.09 −0.12 −0.11

† Partial correlations controlling for age and age2, * p ≤ 0.05, ** p ≤ 0.10.

4. Discussion

The results highlight changes in body composition associated with an intensive preseason training
program among elite female and male handball players. On average, absolute and relative fat mass
declined significantly and the lean components of body mass increased significantly. The direction of
changes was generally consistent with expectations of coaches and athletes. In contrast, changes in
body mass associated with the five-week training program were negligible and not significant in males,
and relatively small but significant in females. The BMI was not affected by the preseason training
protocol, which was consistent with the literature and highlighted the limitations of the BMI with
among athletes. In males, mean BMIs before and after the training program (Table 2) were in the lower
range of overweight (25.0 ≤ BMI < 30.0 kg/m2), which likely reflected the significant development of
and gains in lean tissue mass associated with training. In females, on the other hand, mean BMIs were
within the normal range and changed negligibly with training. Consistent with the literature [1,6,21,25],
the findings highlight the limited utility of the BMI in female and male handball players.

Studies of changes in body composition associated with systematic training have a relatively
long history [1,11,12], and results of the present study of female and male handball players were
generally consistent with the literature, although corresponding studies of handball players using
current technology are limited. A decline in FM, estimated with BIA, was noted among adolescent
female handball players following eight weeks of high-intensity interval training, whereas players
following a standard training protocol showed no significant change in FM [22]. Compared to a sample
of 85 female players from six teams participating in the Italian national championship, the sample of
Polish players (Table 2, based on BIA) was, on average, older, taller, and heavier, and had a lower FM
of 13.7 kg, compared to 16.7 kg in the Italians sample, which was based on DXA [23].

As noted earlier, many studies of handball players have focused on characteristics of players by
level of competition and by position, and on comparisons of handball players with athletes in other
sports. The current sample of male players was, on average, younger, shorter, and slightly lighter than
the Polish team participating in the 2013 Handball World Championship [26]. Elite male handball
players in several studies were taller and heavier, had a higher lean tissue mass, and had a lower
fat mass, than players at lower competitive levels [13–15]. The estimates of body composition in the
comparative studies were based on anthropometry. Among females, elite players were, on average,
taller and heavier, and had a considerably lower %FM and a higher lean tissue mass, especially of the
upper limbs (based on DXA), compared to sub-elite players [24]. A similar trend was also apparent
among junior (16 years) top elite, elite and non-elite handball players, although body composition was
estimated anthropometrically [16].

The heights, weights, and anthropometric estimates of body composition of female and male
handball players from several teams participating in the 12th Asian games (1994, Hiroshima, Japan)
were compared [17,18]. Among 60 female players, differences among players from China, Japan,
Kazakhstan, and South Korea were relatively small, but players from China were tallest with a larger
estimated muscle mass, while those from Japan were shortest, lightest, and lowest in estimated FM [17].
In the comparison with male players, those from China, Japan, and South Korea (labeled East Asia)
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were, on average, slightly taller and heavier than players from Kuwait and Saudi Arabia (labeled West
Asia), while predicted %FM was slightly less and predicted muscle mass was higher in the East than
the West Asian players [18]. Among the East Asian male players, those from China were significantly
taller, while those from South Korea were lighter.

Several studies of male handball players suggested variation in body size by position [17–30].
Wings were, on average, shortest with one exception, while backs tended to be tallest, though not in all
samples; pivots, though not much shorter than backs, were intermediate. For body weight, pivots
tended to be heaviest with backs slightly lighter; wings, in contrast, were lightest. Overall, there was
considerable overlap between backs and pivots. Although data are less extensive, body size showed
similar variation by position among female handball players [24]. It is likely that the size and the
demands of specific playing positions in handball contribute to variation in body composition and
regional variation in body composition (especially in the upper limbs) among players by position [28].
This is particularly noticeable in female and male pivot players, where greater muscle mass facilitates
direct competition with the defender, allowing, perhaps, for a better position prior to throwing at
the goal.

Compared to elite male basketball players, elite male handball players were, on average, shorter
and lighter, while differences in anthropometric estimates of relative muscle, bone, and fat between
players in the two sports were relatively small [31]. Among male junior players (16–17 years) in four
sports, volleyball and basketball players were, average, tallest heaviest, followed by handball and then
soccer players [32]. In contrast, anthropometric estimates of muscle and bone content overlapped
considerably among players in the four sports, while handball players had, on average, a higher
estimated fatness than players in the three other sports. Among national level Greek female athletes,
volleyball players were, average, tallest, followed by basketball and then handball players. In contrast,
the handball players had a higher anthropometric estimate of FM than players in the other two
sports [20].

Allowing for variation in body size per se and variation among methods for estimating body
composition, it is likely that sport-specific demands, especially by position, and training protocols
contribute to variation in body composition among athletes in the respective sports. Handball is a
sport that involves frequent contact with opponents and many high-intensity actions. Knowledge of
the physical characteristics of players, including body composition, may assist in the identification
individual aptitudes of athletes, which in turn may affect behaviour and effectiveness during play, and
perhaps facilitate a profile for sports training [18].

5. Summary

Weight and BMI did not change during the preseason training program in males, but declined
in females. Estimated MM and FFM increased, while FM and %FM decreased after training in both
males and females. The absolute increases in TBW and MM and the declines in FM and %FM with
five-weeks of intensive training were slightly greater in males than in females. However, comparisons
of log-transformed ratios for changes in weight, BMI, and body composition in males and females,
respectively, suggested that estimated TBW, FFM, and MM increased relatively more in females
than in males. By inference, there appeared to be a sexual dimorphism in response to intensive
preseason training.

The study is not without limitations. The duration of the preseason training program was limited
to five weeks. This was a decision of the coaches. In addition, the number of players was relatively
small, which limited the utility of comparisons of players by position.
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Abstract: The aim of the study was to analyze total and regional body composition in Tai Chi Chuan
(TCC) middle-aged and elderly practitioners. A cross-sectional study on 139 Italian subjects was
realized: 34 TCC practitioners (14 men, 20 women; 62.8 ± 7.4 years) and 105 sedentary volunteers
(49 men, 56 women; 62.8 ± 6.4 years). Anthropometric measurements (height, weight, arm, waist,
and calf circumferences), hand-grip strength, and physical capacity values were collected. Total and
regional (arm, leg, and trunk) body composition was analyzed by means of specific bioelectrical
impedance vector analysis (specific BIVA). TCC practitioners of both sexes were characterized by
a normal nutritional status, normal levels of physical capacity, and normal values of hand-grip
strength. Compared to controls, they showed lower percentages of fat mass (lower specific resistance)
in the total body, the arm, and the trunk, and higher muscle mass (higher phase angle) in the trunk,
but lower muscle mass in the arm. Sexual dimorphism was characterized by higher muscle mass
(total body, arm, and trunk) and lower %FM (arm) in men; sex differences were less accentuated
among TCC practitioners than in the control. TCC middle-aged and elderly practitioners appear to
be less affected by the process of physiological aging and the associated fat mass changes, compared
to sedentary people.

Keywords: ageing; Tai Chi Chuan; specific bioelectrical impedance vector analysis (BIVA); body
composition

1. Introduction

Aging is associated with body composition variations: muscle mass progressively declines, while
fat mass (FM) initially increases, especially in the visceral region, and then levels off or decreases [1].
These variations may lead to sarcopenia, a condition characterized by both low skeletal muscle mass
and low skeletal muscle strength or quality, and to sarcopenic obesity, due to the coexistence of
sarcopenia and fat excess or fat infiltration into muscle [2]. Sarcopenic and sarcopenic obese elderly
have a lower independence and an increased risk of morbidity and mortality [2].

Physical activity has been shown to contribute substantially to the maintenance of the individual
physiological and psychological well-being in all phases of life [3]. In the elderly, physical exercise
can slow down or even reverse the trend towards sarcopenia [4,5]. However, which kind of physical
activity could provide the more beneficial effects is still unclear and needs to be studied in depth [3].
Furthermore, body composition changes in different body districts were still poorly studied in the
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elderly. Instead, regional body composition gives relevant information. In particular, it allows better
understanding of the role of physical activity in different conditions, such as sarcopenia and obesity [6].

Tai Chi Chuan (TCC) is an ancient Chinese martial art. The practice consists of the repetition
of a sequence of slow and harmonious movements, focused on balance and based on respiration
techniques. This discipline is particularly adequate for elderly people, who find difficult to perform
rapid movements, and has been recommended to improve quality of life and to prevent or retard
sarcopenic obesity [4]. TCC practice may help improve coordination and balance [7], retard bone
loss [8], maintain cardiorespiratory fitness and flexibility [9]. It also contributes to promote social and
psychological health [10], and cognitive function [11].

The effect of TCC on total and regional body composition has been poorly studied and the literature
shows a still unclear pattern. Dual-energy X-ray absorptiometry (DXA) has been used to assess bone
mass density in postmenopausal TCC women [8], whereas anthropometric techniques [9,12], equations
based on bioimpedance measures [12–16], or air displacement [17] have been applied to analyze fat
and fat-free mass. The studies on regional body composition have been based on skinfold thickness
distribution only [12]. Specific bioelectrical impedance vector analysis (specific BIVA; [18]) has never
been used. Specific BIVA is based on the analysis of bioelectrical values (resistance, R; reactance, Xc;
Ω), standardized by body height and transversal cross-sections, in order to minimize the effect of
conductor dimensions, that is the effect of anthropometric differences. Bioelectrical vectors can be
projected on the Cartesian plane, where they are defined by their length (impedance: (R2 + Xc2)0.5) and
inclination angle (phase angle: arctan Xc/ R180/π). Specific BIVA has been validated against DXA in a
sample of US adults [19], showing high sensitivity and specificity in the evaluation of %FM (the longer
the vector, the higher the %FM). It has also shown to be highly correlated with DXA results in elderly
subjects [20,21] and young athletes [22]. Furthermore, phase angle, a variable considered a proxy of
muscle mass [23], has shown to be positively correlated with intracellular/extracellular water ratio
(ICW/ECW), when compared to dilution techniques [22,24]. Indeed, specific BIVA has been proposed as
a promising technique for body composition assessment in athletes [25], and has been already applied
in different contexts (e.g., cavers: [26]; various athletes: [22]; soccer players: [27]).

The aim of the present research was to analyze total body and regional body composition in TCC
middle-aged and elderly practitioners by means of specific bioelectrical impedance vector analysis.

2. Materials and Methods

This observational study was realized on a cross-sectional sample of TCC practitioners and an
age-matched group of sedentary subjects. The measurement process flow chart is shown in Figure 1.

2.1. Subjects

The sample was composed of 34 middle-aged and elderly TCC volunteers (14 men and 20 women)
aged 62.8 ± 7.4 years, recruited from the A.S.D. Tai Chi Chuan school of Cagliari and La Porta d’Oriente
of Quartu S.Elena (Italy). At the time of the measurement, the subjects had already been practicing Tai
Chi Chuan for an average of six years and were training three times a week or more. Four of them
participated in other sports too (swimming, walking, yoga, cycling). All the subjects declared to eat a
balanced diet, with a great intake of fruits and vegetables.

The control group was composed of 105 volunteers (49 men, 56 women) of the same mean age
(62.8 ± 6.4 years), and living in the same geographical area, selected for not practicing physical exercise.

Criteria of exclusion were physical handicaps, pathologies that might influence the measurements,
metallic prostheses, pacemakers, or limb amputations.

Data was deposited in the University of Cagliari repository: http://hdl.handle.net/11584/269226.
The research was approved by the Independent Ethical Committee of the A.O.U. of Cagliari

(PG/2017/1700). Each participant was informed about the purposes and methods of the research and
signed consent to participate.
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Figure 1. Measurement process flow chart.

2.2. Measurements

2.2.1. Anthropometry

Anthropometric measurements (height, cm; weight, kg; waist circumference, cm; arm and calf
circumferences of both sides) were taken using international standard procedures [28]. The length
(cm) of each regional district was also recorded: arm length, defined as the acromion-stylion distance;
leg length, as the distance between the great trochanter and the malleolus; trunk length, as the distance
between injector electrodes.

Body mass index BMI was calculated by the formula: weight/height2 (kg/m2). Underweight,
normal weight, overweight and obesity, and visceral obesity were defined according to BMI [29].

2.2.2. Bioimpedance

Whole body and regional bioelectrical impedance measurements (resistance, R, and reactance, Xc,
at 50 kHz and 800 μA) were taken using a single-frequency phase sensitive impedance analyzer (BIA
101, Akern, Firenze, Italy).

Following the European Society for Clinical Nutrition and Metabolism Working Group
guidelines [30], the measurements were taken in the morning and the volunteers were asked to
avoid drinking and eating (3 h before the test; alcohol 24 h), exercising (12 h before the test), and to void
their bladder before the examination. The device was checked before each session with a calibrated
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circuit whose impedance values are known: R = 380 Ω, Xc = 47 Ω (±2% error). The intra-observer
technical error of measurement (TEM) and the %TEM were calculated in a subsample of 25 subjects
(R: TEM = 3.5 ohm, TEM% = 0.6%), that are within the admitted variability of the device. The accuracy
of specific BIVA in evaluating %FM has been showed by Buffa et al. [19] using DXA as a reference
(receiving operator curves, ROC areas: 0.84–0.92), while Marini et al. [22] showed the agreement with
dilution techniques in the evaluation of ICW/ECW.

Bioimpedance measurements were taken with the subject lying supine, on the right side of the
total body and the trunk, the right arm and leg, using two pairs of detector and injector electrodes.
For total body measurements, on the hand, the injector was placed at the distal extremity of the third
metacarpal, and the detector on the dorsal surface of the wrist, at level of the styloid process; on the
foot, the injector was placed at the base of the second and third metatarsals, and the detector on the
dorsal surface, at the median point of the tibial tarsal joint. Regional bioelectrical measurements were
taken using the following procedure. Arm: on the shoulder, the injector was placed at the acromion
process level and the detector at 5 cm distance, following the axillary line [31]; on the hand, the same
position of the total body was used. Leg: on the hip, the injector was placed anterior to the iliac crest
and the detector at a distance of 5 cm [32]; on the foot, the same position of the total body was used.
Trunk: the electrodes already positioned on the shoulder and hip for the regional measures were used.

Specific bioelectrical impedance vector analysis [18] was used to estimate body composition.
Resistance and reactance were multiplied by a correction factor (A/L). For the total body, the A value
was estimated as 0.45 arm area + 0.10 trunk area + 0.45 calf area (cm2); arm, trunk, and calf area were
calculated as C24π, where C (cm) is the circumference of the segment. The length was calculated as
L = 1.1H, where H is the height in cm. In the regional approach, A/L for the arm, leg, and trunk were
calculated considering the cross section of the mid arm, calf, and wrist (A) and the arm, leg, and trunk
length (L), respectively.

Specific impedance (Zsp) was calculated as (Rsp2 +Xcsp2)0.5 (Ω cm) and phase angle as arctan
Xc/R180/π (degree).

2.2.3. Hand-Grip Strength

Hand-grip strength was taken using a Sahean hand dynamometer (Hydraulic Hand Dynamometer
Saehan Corporation, MSD buba Belgium). The volunteers were asked to hold the dynamometer with
the elbow flexed at 90◦ and to squeeze it with maximum isometric effort for a few seconds, three times
with a 1 min interval between each attempt. Only the highest strength value was taken into account.
According to Dodds et al. [33], 27 kg for men and 16 kg for women were considered the diagnostic
threshold for assessing probable sarcopenia.

2.2.4. Mini-Nutritional Assessment

The Mini Nutritional Assessment (MNA®; [34]) is a recommended multidimensional method to
evaluate nutritional status in the elderly, and was applied to the subgroup of subjects over 60 years
old only. It is an 18 item questionnaire considering: dietary habits, living conditions, anthropometry,
cognitive and disability status. A normal nutrition score is 24 or higher, a score between 17 and
23.5 designates risk of malnutrition, and a score lower than 17 indicates a condition of malnutrition.
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2.2.5. Physical Capacity Assessment

Participants underwent a cardiopulmonary test (CPX) with a gas analyzer (ULTIMA CPX,
MedGraphics St. Paul, MN, USA), while pedaling on a mechanically braked cycle ergometer (CUSTO
Med, Ottobrunn, Germany). The test consisted of a linear increase of workload (10 W/min), starting
at 20 W, at a pedaling frequency of 60 rpm, until exhaustion, which was considered the point when
the subject was unable to maintain a pedaling rate of at least 50 rpm. During the CPX, the following
variables were gathered: oxygen uptake (V̇O2), carbon dioxide production (V̇CO2), respiratory
exchange ratio (RER, calculated as V̇CO2/V̇O2), pulmonary ventilation (VE), and heart rate (HR).
The oxygen pulse (V̇O2/HR), a parameter related to stroke volume and cardiac performance [35],
was also calculated. Workloads reached at anaerobic threshold (WAT) and at maximum (Wmax) were
taken into consideration. AT was calculated using the V-slope method, while V̇O2 at Wmax (V̇O2max)
was calculated as the average V̇O2 during the final 30 s of the incremental test. Achievement of V̇O2max

was considered as the attainment of at least two of the following criteria: (1) a plateau in V̇O2 despite
increasing workload (<80 mL·min−1); (2) RER above 1.10; and (3) HR ± 10 beats·min−1 of predicted
maximum HR calculated as 220-age [36].

2.3. Statistical Analysis

The comparison between anthropometric and bioelectrical measurements in the TCC group and
controls, considering sex, was realized using a two-way ANOVA. Cohen’s d [37] for independent
samples was calculated to measure the effect size in the comparison between TCC practitioners
and controls.

Confidence ellipses, representing the area around the sample mean within which the “true mean”
is expected to lie with a probability of 95%, and Hotelling’s T2 test were used to compare total body
composition characteristics in the TCC and control samples, and between sexes.

The SPSS program was used to calculate univariate and bivariate statistics. Specific BIVA was
applied using an ad hoc software available online (www.specificbiva.unica.it).

3. Results

Men and women practicing Tai Chi Chuan showed in mean a normal weight condition, according
to BMI, and were below the threshold for visceral adiposity, according to waist circumference (Table 1).
A good nutritional status was observed also in the individuals aged more than 60 years (MNA: men,
27.3 ± 1.0; women, 27.5 ± 0.6); no subjects were at risk of malnutrition. Compared to the age-matched
control sample, TCC men and women showed higher height, lower circumferences, and lower BMI.
They also showed lower total body and arm specific resistance, higher phase angle in the trunk,
and lower phase angle in the arm (Table 1, Figures 2 and 3). According to specific BIVA, these values
indicate lower %FM in the total body and the arm, and higher ICW/ECW and muscle mass in the trunk,
but not in the arm. Furthermore, among the controls there was a high prevalence of individuals at risk
of malnutrition (18%). Cohen’s d showed large or medium size effects on anthropometric (with the
exception of stature) and on total body and arm bioelectrical comparisons (with the exception of total
body phase angles), while the effect was small on leg and trunk bioelectrical measurements, hand-grip
strength, and age.
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Figure 2. Total body confidence ellipses. Comparison between the Tai Chi Chuan (TCC) group and
controls. Men: T2 = 6.6, p = 0.047; women: T2 = 8, p = 0.023.

Figure 3. Regional confidence ellipses. Comparison between TCC group and controls. Arm (men:
T2 = 9.8, p = 0.001; women: T2 = 11.2, p = 0.007); trunk (men T2 = 2.7, p = 0.285; women T2 = 2.2,
p = 0.340).
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Hand-grip strength (HGS) values were above the cut offs for sarcopenia in both TCC and controls.
Table 2 reports values of cardiopulmonary parameters gathered during the CPX test.
Both TCC and control men showed higher values than women in all anthropometric measurements,

except for BMI, higher values of hand-grip strength and of total body, arm and trunk phase angles,
and lower values of arm specific resistance and impedance (Table 1). Sex differences in bioelectrical
values were less accentuated among TCC practitioners than in the controls. In fact, bioimpedance
mean vectors were significantly different between in the control group only (Figure 4).

Figure 4. Total body confidence ellipses. Comparison between sexes. TCC: T2 = 3, 8, p = 0.177; controls:
T2 = 20.1, p = 0.000.
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4. Discussions

The present research showed that TCC practitioners of both sexes, including the older ones, were
overall characterized by a normal nutritional status, normal levels of physical capacity, and normal
values of hand-grip strength. With respect to a sample of sedentary people of similar age, they showed
lower percentages of fat in the total body, the arm, and the trunk (as indicated by the lower specific
vector length and waist circumferences), and higher muscle mass in the trunk (as indicated by the
higher phase angle), but lower muscle mass in the arm, and similar hand-grip strength. Sexual
dimorphism was characterized by higher muscle mass (total body, arm, and trunk) and hand-grip
strength, and lower %FM (arm) in men; sex differences were less accentuated among TCC practitioners
than in the control.

These results suggest a positive effect of TCC practice on body composition, particularly on fat
mass. Consistently with our results, the literature focused on body composition in TCC suggest a
major effect of TCC on fat mass. Lan et al. [9] observed a lower percentage of body fat among TCC
practitioners. Longitudinal studies on the effect of a 10/12-week Tai Chi program showed a reduction
of %FM [13,15], or of body fat [14,17]. The analysis of regional body composition and anthropometry
confirmed the effect of TCC on %FM. The lower %FM values (lower specific vector length) among
TCC practitioners with respect to controls mainly concerned the arm and the trunk, where a lower
waist circumference, indicative of lower visceral fat accumulation, was also detected. These results are
indicative of a healthy body composition, considering the role of visceral fat in the development of
metabolic disorders and cardiovascular diseases [38]. It should also be noted that such phenotype is
unexpected, considering the increase of abdominal adiposity commonly associated with physiological
aging [39]. The body composition of the legs, instead, was not significantly different from the control.
Conversely, Yu et al. [12] detected lower values of subcutaneous adipose tissue in the thighs of TCC
practitioners than in the control.

Overall, our results also suggest a weak effect of TCC on muscle mass, as indicated by the similar
hand-grip strength and similar or even lower phase angle of TCC practitioners with respect to the
control group. Similarly, Yu et al. [12] and Lai et al. [16] failed to detect differences in the comparison
with a sample of swimmers, nor respect to the control [12], and Kelly and Gilman [4] observed that
TCC was not as effective at building muscle compared to other types of physical exercise. However,
other studies showed an improvement of skeletal muscle mass [13,14], of muscle strength [13], and of
functional performance [40,41], and suggested that TCC would have a similar effect as walking on
parameters related to aerobic metabolism [9,15].

The regional approach of this study also allowed a detailed analysis of sex differences.
The observed larger muscle mass in men and the higher %FM in the women, particularly in the
arm and leg, are coherent with the known pattern of sexual dimorphism [6]. Furthermore, the higher
waist circumference values of men are consistent with their generally greater central fat distribution.
However, mean waist values were below the threshold for visceral obesity in both sexes, consistently
with the results on low visceral adiposity reported among TCC subjects in this study and by other
authors [12]. Furthermore, sex differences were less accentuated among TCC practitioners than in the
control. This finding is not consistent with the low degree of sexual dimorphism detected in young
subjects practicing different kinds of physical activities [42].

On the whole, the results of this study suggest that TCC practitioners do not strictly follow the
trend towards the increase of fat mass, particularly of visceral adiposity, the reduction of hand-grip
strength, and the worsening of nutritional status generally observed among middle-aged and elderly
people [1]. Hence, TCC practitioners appear to be less affected by the process of physiological aging
and the associated fat mass and functional changes. The healthy lifestyle commonly adopted by TCC
practitioners could also contribute to such pattern.

This study has points of strength. In fact, this is the first study on total body and regional body
composition in middle-aged and elderly athletes of both sexes using, phase angle, and specific BIVA,
that is a procedure particularly promising for body composition analysis in sport [25]. The main
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limitation of the study is related to the sample size of TCC practitioners, which is not so large due to
the peculiarity of the age range and the still limited diffusion of the discipline in Western countries.
However, the information on regional body composition, that is scant in middle-aged and elderly
athletes, can be insightful for future research.

5. Conclusions

The present research showed that TCC practitioners were characterized by good nutritional status
(normal values of BMI, MNA, and low levels of fat mass in the total body, in the arm, and in the trunk)
and had normal values of hand-grip strength. The effect on muscle mass was less evident. These
results confirm the positive effect of TCC practice on body composition and functionality. Considering
the suitableness of the practice in late adulthood over other disciplines, TCC represents a safe and
effective way to help improve nutritional status and physical function.

From a methodological point of view, specific BIVA appears a suitable technique to screen and
monitor total body and regional body composition in middle-aged and elderly subjects, in order to
evaluate their nutritional status and risk of morbidity.
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Abstract: Phase angle (PA) is a strong predictor of sarcopenia, fragility, and risk of mortality in obese
people, while an optimal muscular function and handgrip strength (HS) are required to perform
different daily activities. Although there is a general agreement that resistance training improves
health status in obese people, the optimal weekly training frequency for PA and physical performance
parameters is not clear. This study aimed to compare the effects of different weekly resistance training
frequencies performed over a 24 week exercise program on PA and HS in obese people. Forty-two
women (56.2 ± 9.1 years, body mass index (BMI) 37.1 ± 4.9 kg/m2) were randomly allocated to one of
two groups: a group with a high weekly training frequency of three times a week (HIGH, n = 21) and
a group that performed only one weekly session (LOW, n = 21). The groups trained with an identical
exercise intensity and volume per session for 6 months. Before and after the intervention period,
the participants were assessed for anthropometric measures, bioimpedance analysis, and HS. There
was a significant group × time interaction (p < 0.05) for waist circumference, bioimpedance reactance
divided by body height (Xc/H), PA, and HS measures. In addition, only the HIGH group increased
Xc/H, PA, and HS after the intervention period (p < 0.05), even after adjusting for weight loss and
menopausal status. Physical exercise performed three times a week promotes better adaptations in
PA and HS when compared with the same program performed once a week in obese women.

Keywords: bioimpedance; BIVA; body composition; R-Xc graph

1. Introduction

In recent years, obesity has become widely recognized as a growing public issue requiring urgent
action, especially in high-risk groups. Currently, more than 1.5 million people are obese or overweight,
reaching about 25% of the population in Canada and 35% in the United States [1,2]. Moreover, in most
countries of northern Europe, including the UK and Scandinavian countries, as well as southern
European countries, the rate of obesity has more than doubled over the past 30 years [3–5]. Obesity
is associated with increased morbidity, and disability, from cardiovascular disease, diabetes, cancer,
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hypertension, osteoarthritis, and musculoskeletal disorders [6]. Although bariatric surgery remains
the most effective treatment to reduce and maintain weight loss, as well as improve comorbidities and
mortality, physical activity is recommended as the first step to achieving weight loss and reducing
obesity-related comorbidities in subjects with severe obesity [7–9].

The bioimpedance vector analysis (BIVA) is used in clinical and sports fields to study the change in
body fluids and nutritional state [10–13]. It represents the raw bioimpendance parameters (resistance
(R) and reactance (Xc)) as a point on the R–Xcgraph in which both length and slope are considered.
The vector slope represented by the bioelectrical phase angle (PA) is an indicator of cell membrane
integrity and extracellular/intracellular(ECW/ICW) ratio [14,15]. Recent studies on obese people have
taken into consideration PA and its relationship to different health status measurements, suggesting it
as a biomarker to quantify inflammation, which might help in identifying high-risk patients [16,17].
In particular, it has been shown that obese women with a low PA tertile have high fat mass with high
levels of glucose and higher cardiovascular risk factors [18]. On the other hand, in relation to muscle
function, improvements in PA are also associated with increases in strength, in particular that of hand
grip (HS) [19,20]. In this regard, HS and muscle strength, indicators of muscle quality, have shown to
be more significant than muscle mass in estimating mortality risk [21].

Previous studies have shown that the PA can be modulated by exercise. These studies, which have
offered resistance training as physical activity, have been used for training protocols with a frequency
of two or three times a week [22–25]. The World Health Organization (WHO) recommends that all
adults should engage in a minimum of 150 to 300 minutes of moderate-intensity physical activity or
at least 75 minutes of vigorous-intensity exercise throughout the week, involving the major muscle
groups [26].

To the best of our knowledge, no study compared the effects of different training frequencies on
BIVA patterns and muscular function in obese people. Therefore, the aim of this study was to evaluate
the effects of a resistance training program of one or three times a week on PA and HS in obese women.

2. Methods

2.1. Experimental Approach to the Problem

A randomized controlled trial was carried out over a period of 28 weeks. The first 2 weeks
and the last 2 weeks were used for measurements and evaluation. The participants were randomly
divided into one of two groups: a group with a high weekly frequency of three times a week (HIGH)
and a group where participants attended the program with a low weekly rate of one workout per
week (LOW). A blinded researcher was responsible for generating random numbers (random.org)
for group placement. All measures were taken in the hospital department, while the training
program was performed in a contracted sports center (from January to June 2017). Our study was
designed, implemented, and reported per the CONSORT statement [27]. This study was registered at
www.clinicaltrials.gov (registration code: NCT03410329).

2.2. Participants

An a priori power analysis was conducted to determine the sample size for the study (G*Power
3.1.9.2, Germany). The primary outcomes investigated in this research were phase angle, flexibility,
and handgrip strength. The following design specifications were considered: α = 0.05; (1-β) = 0.8;
effect size f = 0.25; test family = F test and statistical test = ANOVA repeated measures. The sample
size estimated according to these specifications was 34 subjects, 17 in each group. Thus, we selected
60 women patients referred to the Lifestyle program from the Department of Endocrinology of the
“Infermi” hospital of Rimini, who volunteered to participate in this study. The inclusion criteria for
participation in the treatment program were as follows: body mass index (BMI) greater than or equal to
30. We did not accept candidates who smoked, had cardiovascular disease or any other major illness,
or were taking medications that could have affected the results.
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All participants gave written informed consent after a detailed description of the study procedures
was provided. The Project was conducted in accordance with the guidelines of the declaration of
Helsinki and was approved by the local Bioethics Committee (approval code: 12012016).

2.3. Procedures

The supervised exercise program was specifically devised to favor a stepwise incremental approach
to exercise. After enrollment, patients exercised in a gymnasium where a trained team supervised
the individual progressive exercise program (120 min, for 24 weeks). At the beginning of each
session, a series of respiratory, proprioceptive, and flexibility exercises were carried out, followed
by progressively increasing resistance training. Resistance training consisted of an isotonic machine
circuit for major muscle groups (four sets of 8–12 repetitions at 10RM for leg press, leg extension,
lat machine, low row, chest press, pectoral machine, and shoulder press, with each set completed
in approximately 30sec with 1min rest), with the 10RM level determined during the initial session
by the exercise physiologist. Starting workload levels for each piece of equipment were tested by
participants and if more than 10 repetitions were achieved, the weight was increased and after a short
rest, the participants tried again. Likewise, if less than 8 repetitions were achieved, the weight was
decreased and after a short rest, the participants tried again. The last part of each session was devoted
to stretching.

The anthropometric traits were weight, height, and waist circumference (WC). All anthropometric
measurements were taken according to standard methods [28]. Height was recorded to the nearest
0.1 cm with a stadiometer, and weight was measured to the nearest 0.1 kg with a high-precision
mechanical scale. BMI was calculated as the ratio of body weight to height squared (kg/m2). WC was
taken to the nearest 0.1 cm with a tape measure.

Bioelectrical impedance was measured with a phase-sensitive impedance plethysmograph (BIA-101
Anniversary Sport Edition, Akern-RJL Systems, Florence, Italy). The device was used to obtain
whole-body R and Xc at a single frequency (50 kHz) and was calibrated every morning, using a
calibration circuit procedure of known impedance (R = 380 Ohm, Xc = 47 Ohm, 1% error) supplied by
the manufacturer. Standard whole-body tetrapolar measurements were taken according to conventional
procedures established in the literature [29]. Participants were instructed to urinate about 30 min
before the measures, refrain from ingesting food or drink in the last 4 hours, avoid strenuous physical
exercise for at least 24 hours, and refrain from consumption of alcoholic and caffeinated beverages
for at least 48 hours. PA was calculated as the arctangent of Xc/R × 180◦/π. Bioimpedance vector
analysis was carried out using the BIVA method, normalizing R and Xc parameters for height (H)
in meters [30]. Fat mass percentage (F%) was predicted using the software Bodygram®(AkernSrl.,
Pontassieve, Florence, Italy).

Left and right handgrip strengths were measured to the nearest 0.5 kg with a mechanical
dynamometer (Takei K.K. 5001, Takei Scientific Instruments, Ltd., Niigata City, Japan) in a sitting
position by holding the dynamometer at a 90degree flexion of their elbow. Maximal readings of three
measurements from both hands were recorded. Dominant handgrip strength (DHS) and total handgrip
strength (THS) were measured. THS was as summed from readings of both hands [31].

2.4. Statistical Analyses

Normality was verified with the Shapiro–Wilk test. The main hypothesis was interpreted
using analysis of variance for repeated measures (ANOVA two-way) for between- and within-group
comparisons. When F-ratio was significant, Bonferroni’s post hoc test was used for the identification
of specific differences in the variables. Effect size (ES) was calculated as post-training mean minus
pre-training mean divided by the pooled standard deviation. The ES values were then classified as
follows: 0.20–0.49 was considered small, 0.50–0.79 was considered moderate, and≥ 0.80 was considered
large. Two-way analysis of covariance (ANCOVA) for repeated measures was applied for comparisons,
using weight loss and menopausal status as covariates. The paired, one-sample Hotelling’s T2test was
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performed to determine if the changes in the mean group vectors (measured at the first and second time
points) were significantly different from zero (null vector). A 95% confidence ellipse excluding the null
vector indicated a significant vector displacement. Statistical significance for all analyses was defined
as p < 0.05. SPSS (SPSS 23.0.0.0; SPSS Inc., Chicago, IL, USA) was used for all statistical calculations.

3. Results

The characteristics of the participants at baseline are shown in Table 1. The flow chart with a
schematic representation of participant allocation is presented in Figure 1.

Figure 1. Flow chart.

Twenty-three women had been randomly assigned to a HIGH group (age 53.7 ± 9.3 years, BMI
37.9 ± 4.1 kg/m2) and 23 to the LOW group (age 58.7 ± 8.5 years, BMI 36.2 ± 5.7 kg/m2).

No significant differences in age (t = −1.540, p = 0.135) and BMI (t = 0.977, p = 0.337) were found
between the two groups before the intervention period.

There was a significant group by time interaction for WC, Xc/H, PA, DHS, and THS. Post hoc
revealed that in both groups, body weight, WC, and F% significantly decreased from before to after
the intervention period, whereas Xc/H, PA, DHS, and THS increased only in the HIGH group after
24 weeks (Table 2). After adjusting for weight loss and menopausal status, as covariates, the group by
time interaction for PA, DHS, and THS remained significant (p < 0.05).

Table 1. General characteristics of participants before the intervention period.

Variable HIGH LOW

Age (years) 53.7 ± 9.3 58.7 ± 8.5
BMI (kg/m2) 37.9 ± 4.1 36.2 ± 5.7

Note: Data are expressed as mean and standard deviation. BMI: body mass index.
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Table 2. Two-way ANOVA for the comparison between the groups before and after the intervention.

Variable
HIGH (n=21) LOW (n= 21)

ES § Interaction
P-Value

SP
Before After Before After

Weight (kg) 96.8 ± 13.1 89.0 ± 12.4 * 88.4 ± 13.7 83.4 ± 10.8 * −0.57 0.12 0.33
WC (cm) 108.4 ± 12.3 99.3 ± 11.5 * 107.9 ± 11.7 103.1 ± 11.3 * −0.91 0.01 0.67
F (%) 39.7 ± 3.0 36.4 ± 3.3 * 39.3 ± 3.8 37.1 ± 3.9 * −0.58 0.12 0.34
R/H (Ω) 299.1 ± 28.4 295.6 ± 28.8 303.3 ± 32.4 309.8 ± 33.8 −0.51 0.16 0.27
Xc/H (Ω) 31.3 ± 3.0 33.7 ± 2.0 * 33.9 ± 6.6 33.8 ± 6.23 0.77 0.04 0.52
PA (degrees) 6.0 ± 0.5 6.5 ± 0.5 * 6.2 ± 0.8 6.4 ± 0.6 0.86 0.02 0.62
DHS (kg) 24.0 ± 5.5 28.1 ± 5.4 * 23.0 ± 5.6 24.0 ± 5.2 1.03 <0.01 0.78
THS (kg) 45.9 ± 52.0 52.0 ± 9.4 * 43.5 ± 10.3 45.6 ± 10.7 0.80 0.03 0.56

Note: Data are expressed as mean and standard deviation. * P < 0.05 vs. before, WC: waist circumference, F: fat mass,
R/H: resistance divided by body height, Xc/H: reactance divided by body height, PA: phase angle, DHS: dominant
handgrip strength, THS: total handgrip strength, SP: statistical power, §: the Hedges’ g effect size was used.

In Figure 2 is illustrated the bioelectrical impedance mean vector displacements against the 95%,
75%, and 50% tolerance ellipses of the reference population [32].

Figure 2. R-Xc graph and vector displacements from before (PRE) to after (POST) the intervention
period using the mean R/H and the mean Xc/H plotted on the reference population tolerance ellipses [32].
HIGH: the group with a high-weekly training frequency of three times a week; LOW: the group that
performed only one weekly session.

The paired one-sample Hotelling’s T2 test indicated a significant difference in the mean vectors
between the first measurement and the second measurement only for the HIGH group (HIGH, T2 = 35.9,
F = 16.7, p = < 0.01, Mahalanobis D = 1.5; LOW, T2= 1.7, F = 0.8, p = 0.5, Mahalanobis D = 0.3) (Figure 3).
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Figure 3. Paired Graph and impedance vector displacements with 95% confidence ellipses from before
to after the intervention period. Continuous and dotted lines for the HIGH group and the LOW group,
respectively. HIGH: the group with a high-weekly training frequency of three times a week; LOW: the
group that performed only one weekly session.

4. Discussion

The aim of this study was to compare the effects of different weekly resistance training frequencies
performed over a 24 week exercise program on PA and HS in obese people. Although both groups had
an improvement trend after 26 weeks of intervention, the major effects on the examined parameters
were measured in the group that performed the training program at a higher weekly frequency. In fact,
although body weight, WC, and F% significantly decreased in both group after the intervention period,
Xc/H, PA, DHS, and THS increased only in the group that performed the training program at a higher
weekly frequency.

In the physical activity prescription, this study was based on the upper limit of the amount
recommended by the American College of Sports Medicine in terms of both frequency and volume per
session [33] and on the minimum frequency of physical activity suggested by WHO [26].Our resistance
training program has led to weight loss and a reduction in fat mass in participants, and this is in line
with the findings of other authors [34,35]. However, there are conflicting reports in the literature on
whether or not resistance training induces fat mass loss. Some studies report a statistically insignificant
trend or no change in fat mass after a resistance training program [22,36]. These discrepancies in the
results may be due to experimental designs that did not include a calorie restriction program or the
fact that they considered fat mass in absolute and non-percentage terms with respect to body weight.

The literature is abundant about resistance training studies, but very little is known regarding
the effects of different frequencies of weekly training on PA and HS. As demonstrated by our results,
the choice of weekly training frequency causes different effects on the examined variables. However,
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it is well known that aging and a sedentary lifestyle cause a decrease in PA and HS [19,37], therefore
even the results obtained by the LOW group, where no significant parameter changes were shown,
are still noteworthy. Ribeiro et al. [37] showed improvements in PA following resistance training
exercises carried out 3 times a week in obese women. In their study, the results after 8 weeks of training
showed a significant reduction in resistance and no change in reactance. In our study, after 24 weeks of
resistance training, even if R tended to decrease in the HIGH group, this change did not reach statistical
significance. On the other hand, our results showed a significant increase in Xc after the intervention
period. Changes in PA are determined by alteration in cellular membrane integrity (Xc) or body fluid
(R) or a combination of both. Theoretically, high Xc values are expected from a BIA measurement in
healthy membranes with higher integrity. The healthy cell membranes act as capacitors by storing the
current and releasing it. In fact, Nescolarde et al. [38] showed that Xc and PA decrease after a muscle
injury. Thus, Xc is proportional to cellmembrane integrity, with Xc and PA decrements occurring when
the cell membrane is compromised. Our hypothesis states that in our study, the increase in PA was
caused by an improvement in cellular membrane integrity, causing increases in Xc and a reduction in
the ECW/ICW relationship, which is inversely proportionate to PA [14,15,39]. Furthermore, since R
is inversely proportional to body fluid content, it could decrease absolutely following a reduction in
body weight, causing a tendency to increase R and to elongate the vector in the R-Xc graph (Figure 2).
On the contrary, increase in PA and therefore in the ICW/ECW ratio could cause a reduction in R,
resulting in no significant variable change. However, as in our case, nutritional habits during the
intervention period have not been monitored by Ribeiro et al. [37] and this may have caused a disparity
of changes in Xc and R, which in both cases led to an increase in AP after a resistance training program
in obese women. Recently, Norman et al. [40] have shown significant correlations between PA with
muscle strength and other physical performance parameters, including the capability to perform daily
activities. HS decreases with inactivity and aging [19], therefore the tendency to increase DHS and
THS measured in the LOW group can be a noteworthy result. Our view is that high-frequency training
is crucial in the development of strength, which plays also an important role in cardiovascular health.
On this point, Lee et al. [41] reported that HS is correlated with cardiometabolic risk factors including
blood pressure, triglyceride, HDL cholesterol, HbA1c, and fasting glucose.

Despite the encouraging results obtained in this study, some limitations are present and should
be considered. First, our results are applicable to BIA equipment using the 50 kHz frequency and to
a similar population. In fact, in a recent study by Silva and colleagues [42], a comparison between
single (50 kHz) and multi-frequency devices was conducted in a highly active population. The authors
found that multi-frequency instruments provided significantly lower values of R and Xc but higher
values of PA at 50kHz.Second, although BIA is used in clinical and sports fields to reflect body
fluids, nutritional state, and phase angle [29,43–45], it is not a direct measurement method of body
composition. In particular, in this study, F% was determined from the bioimpedance raw parameters
rather than by a gold standard method. Third, glucose level and cardiovascular risk factors changes
were not monitored during the experiment. Lastly, we were not able to monitor physical activity levels
outside of the study environment and to track dietary intake throughout the study, though individuals
were asked to maintain their usual lifestyle habits. Further evidence on the subject could be collected,
contributing to this particular field of research and supporting the work of clinicians working with
physical exercise for obese people.

5. Conclusions

Resistance training is effective to induce improvement in body composition, but increases of PA
and HS can only be achieved with a high training frequency. From our observations, a high training
frequency gave greater benefits for the health status than a training program with only one weekly
session. Moreover, BIVA can help to evaluate and monitor health status and effectiveness of physical
activity programs. There is considerable scope for researchers and trainers to contribute to reducing
the problem of obesity and its related consequences.
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Abstract: This study aimed to determine the effects of dehydration on metabolic and neuromuscular
functionality performance during a cycling exercise. Ten male subjects (age 23.4 ± 2.7 years; body
weight 74.6 ± 10.4 kg; height 177.3 ± 4.6 cm) cycled at 65% VO2max for 60 min followed by a
time-to-trial (TT) at 95% VO2max, in two different conditions: dehydration (DEH) and hydration
(HYD). The bioelectrical impedance vector analysis (BIVA) and body weight measurements were
performed to assess body fluid changes. Heart rate (HR), energy cost, minute ventilation, oxygen
uptake, and metabolic power were evaluated during the experiments. In addition, neuromuscular
activity of the vastus medialis and biceps femoris muscles were assessed by surface electromyography.
After exercise induced dehydration, the bioimpedance vector significantly lengthens along the major
axis of the BIVA graph, in conformity with the body weight change (−2%), that indicates a fluid loss.
Metabolic and neuromuscular parameters significantly increased during TT at 95% VO2max with
respect to constant workload at 65% of VO2max. Dehydration during a one-hour cycling test and
subsequent TT caused a significant increase in HR, while neuromuscular function showed a lower
muscle activation in dehydration conditions on both constant workload and on TT. Furthermore, a
significant difference between HYD and DEH for TT duration was found.

Keywords: bioimpedance; BIVA; body composition; hydration status; phase angle; vector length

1. Introduction

Analyzing and monitoring body composition combined with the search for optimal physical
condition and recovery of physiological parameters in high-level athletes have always been topics of
study for researchers, trainers, and coaches [1–3]. For decades, the relationship between hydration
status and performance has been closely evaluated, with hydration status being directly linked with
physical performance. Many studies have reported the consequences of dehydration on physical
and mental levels, highlighting humoral changes and cognitive deficits, which not only compromise
normal daily activities but can negatively affect sports performance [4–6]. More specifically, it has
been shown that the inadequate restoration of fluids during exercise compromises neuromuscular
function, increases fatigue perception, reduces technical skills, affecting metabolic and autonomic
nervous system parameters [7–10].

The National Athletic Trainers’ Association (NATA) recommends using a combination of methods
to assess hydration status, including body mass change, urine color or urine specific gravity (USG) after
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first morning void, as well as thirst level to track hydration status [11]. Studies show that only a loss of
1% to 2% of body mass from sweating is enough to compromise physiological functioning and sport
performance during exercise. On the contrary, maintenance of body water during exercise is thought
to provide protection from thermal injury, reduce physiological strain and maintain or even improve
sport performance [11,12]. Recently, it has been shown that the BIVA method is capable of measuring
changes in body composition in the short and long term, even after exercise [13–16]. This method plots
the impedance parameters [resistance (R) and reactance (Xc)] standardized for the subject’s height
on a graph as a single vector [17], where the shortening or lengthening of vectors represents fluid
loss or gain respectively [18,19]. R arises from Extracellular Water (ECW) and Intracellular Water
(ICW). Conversely, Xc arises from cell membranes and represents the cell membrane’s quality of taking
an electric load and liberate it in a second moment, after a brief delay; it could be compared to a
vessel-capacitance-like property [20].

There is still an incomplete picture regarding the loss of fluids due to exercise and its relationship
with physical performance variables. Despite the importance of maintaining a euhydrated state,
studies have shown individuals are not adequately replacing fluid during exercise [21]. Although
many studies have investigated the physiological responses to dehydration [4–12], to our knowledge,
no research has evaluated the impact of dehydration on both metabolic and neuromuscular variables
during performance in active males. Therefore, the purpose of our study was to investigate the
effects of progressive dehydration on heart rate (HR), oxygen uptake (VO2), energetic cost, and
neuromuscular functionality during both submaximal cycling exercise at a constant work rate and
subsequent time-to-trial (TT) performance.

2. Materials and Methods

2.1. Participants

We recruited ten active male subjects (age 23.4 ± 2.7 years; body weight 74.6 ± 10.4 kg; height
177.3 ± 4.6 cm) who volunteered to participate in this study. The following inclusion criteria were used:
(1) a minimum of 10 hours of training per week; (2) tested negative for performance-enhancing drugs,
and (3) not taking any medications. Subjects were instructed to avoid physical activity in the 48 hours
prior to the tests and to refrain from consuming alcohol and caffeine for at least 24 hours. After being
informed on the objectives and the research procedures, participants signed the consent document.
The study was approved by the Bioethics Committee of the University of Bologna (No. 25027).

2.2. Procedures

The participants visited the laboratory three times. All tests were performed at the same time of
the day (9:00–12:00 AM), in a quiet room with stable temperature (21 ◦C; 52% of humidity). On the
first visit, subjects performed an incremental cycling test to exhaustion on an electronically braked
cycle ergometer (LODE Excalibur, Quinton Instrument, Groningen, the Netherlands) to determine the
VO2max. The expired gas analysis was performed with the Quark CPET device (Cosmed, Pavona, RM,
Italy) while subjects cycled at 30 W for 3 min as a warm-up, followed by an instantaneous increase of 1
W every 2s at a cadence between 70–80 rpm [22] The maximal exercise test lasted until VO2 plateau was
obtained or at least one of the two additional criteria: (i) a plateau of heart rate despite an increased
velocity or (ii) exercise cessation due to substantial fatigue. VO2 plateau was defined as an increase in
VO2 ≤ 50 ml min−1 during the last 30s despite increased power [23]. Heart rate (HR) was collected
using a Polar RS400 downloadable HR monitor (Polar Electro, Lachine, QC). All data collected and
analyzed at visit one was used to individualize the load (at 65 and 95% of VO2max) of each participant.

During the second and third visits, separated by 1 week, the athletes were tested in a randomized,
counterbalanced, crossover design (Figure 1); subjects returned to the laboratory and cycled at
65% VO2max for 60 min followed by a TT at 95% VO2max, in two different conditions: dehydration
(DEH) and hydration (HYD). During the dehydration, subjects completed the trial without ingesting
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fluids [12,24]. Instead, during the hydration condition, the athletes drank 1 L of water subdivided in 4
steps interspersed by 15 min each other, removing the metabolimeter mask and consuming 0.250 mL
of water [25].

Figure 1. Graphical overview of the testing protocol with the timeline of events.

At the early morning, before eating breakfast, subjects were weighed (SECA model, Chino,
California, USA) 874 with precision to 0.01 kg); then, two hours prior to the cycling, they ingested a
meal of 790 kcal; 144 g carbohydrate, 35 g fat, 19 g protein. Additionally, they drank as they normally
would the night before and drank 300 mL of water 90 and 45 min before the trial to ensure they were well
hydrated before cycling [12]. After the TT, subjects were weighed again to determine their body mass
loss over the trial. In addition, to assess fluid loss, bioelectric impedance was measured before cycling
(T1) and after 10-minute of shower (T2) according to the procedures reported by Campa et al. [26].
The impedance measurements were performed with a bioimpedance analyzer (BIA 101 Anniversary,
Akern, Florence, Italy) using a phase-sensitive device with alternating current at a frequency of 50 kHz.
The accuracy of the bioimpedance instrument was validated before each test session following the
manufacturer’s instructions. Bioimpedance values were analyzed according to the BIVA method [17].
Bioelectrical phase angle was calculated as the arc tangent of Xc/R × 180◦/π, while the vector length as
the hypotenuses of individual impedance values.

Electromyographic (EMG) data were acquired by a Free-EMG (BTS Bioengineering Corp, MA,
USA) using Ag/Ag Cl disposable electrodes 32 × 32 mm in a bipolar configuration (RAM Apparecchi
Medicali s.r.l., GE, Italy) Electrodes had an active area of 0.8 cm2 with an inter-electrode distance of
about 2 cm. The skin was shaved and cleaned with ethanol before placing the electrodes to improve
the contact with the skin. Electrodes were positioned on the muscular belly of the following muscles
of the right leg: vastus medialis (RVM) and biceps femoris (RBF). After placing the electrodes, we
acquired the maximum voluntary contraction (MVC) in which each subject had to perform, for 5 s,
an isometric contraction against a maximum load using isotonic machines (Technogym, Cesena, FC,
Italy). Data was recorded at a sample rate of 1000 Hz and stored for analysis. All raw EMG signals
were band pass filtered (20–450 Hz), positively rectified and resampled at 500 Hz. The EMG signals
were normalized to the peak of the MVC. Onset and offset times were determined using the double
threshold method [27]. The first threshold occurred when the value of the signal exceeded 3SD above
the baseline signal, and the second threshold required the signal to remain above this value for at least
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30 ms [28]. The criteria used for the first threshold was based on a minimum threshold of 3 SD above
the resting baseline signal and a minimum burst duration of 100 ms. The normalized root mean square
(RMS) values were calculated in a time window of 100 ms using Matlab (The Mathworks Inc., Natick,
Massachusetts, USA).

In both cycling trials, the energetic cost (EC) was calculated considering data when a metabolic
steady state was reached by all subjects [29,30]. The breath-by-breath net oxygen uptake (VO2NET,
expressed in ml/min/kg), calculated by subtracting the resting VO2 (assumed equal to 3.6 ml/min/kg)
from VO2 values, and the respiratory exchange ratio (RER) were used to determine the instantaneous
metabolic power (expressed in W/kg) as VO2NET [(4.94 · RER + 16.04)/60] [30].

2.3. Statistical Analysis

Descriptive statistics including means ± SD and data distribution were calculated for all outcome
variables. The normal distribution of the data was checked using the Shapiro–Wilk test; thus, the
following parametric tests were used: A 2 (condition: hydration/dehydration) × 2 (Time: T1/T2 for
bioimpedance and constant workload/Time-to-trial for metabolic and neuromuscular variables) for
repeated measure ANOVA was performed. Effect sizes were calculated using partial eta squared (ηp2).
The paired one-sample Hotelling’s T2-test was performed to determine if the changes in the mean
group vectors (measured between T1 vs. T2) were significantly different from zero (null vector). A
95% confidence ellipse excluding the null vector indicated a significant vector displacement. Data
was analyzed with IBM SPSS Statistics version 24.0 (IBM, Chicago, IL, USA), BIVA software [31], and
Bodygram TM software (Akern, Florence, Italy). For all tests, statistical significance was set at p < 0.05.

3. Results

3.1. Bioimpedance d-Data

Table 1 shows the changes in the bioelectric values. R/H, Xc/H (where H represents height
measured in meters) and vector length significantly changed (p < 0.05) in T2 compared to T1 in the
DEH condition. On the contrary, when the athletes performed the trial in the HYD condition, the same
values did not change.

Table 1. Bioimpedance parameters before and after the exercise in both tests.

T1 T2 ANOVA

Mean ± SD Mean ± SD Time Effect Time x Condition

R/H (Ω/m) HYD 259.9 ± 36.4 260.4 ± 36.9 F = 79.1; p = <0.001;
η2

p= 0.82
F = 67.8; p = <0.001;

η2
p = 0.79DEH 255.6 ± 35.8 267.4 ± 36.1 *

Xc/H (Ω/m) HYD 35.2 ± 5.4 35.3 ± 5.4 F = 56.3; p = <0.001;
η2

p= 0.76
F = 50.1; p = <0.001;

η2
p = 0.73DEH 34.7 ± 6.9 36.9 ± 4.9 *

Vector length
(Ω/m)

HYD 262.3 ± 36.7 262.8 ± 37.2 F = 82.8; p = <0.001;
η2

p = 0.82
F = 71.1; p= <0.001;

η2
p = 0.79DEH 257.9 ± 36.1 269.9 ± 36.4 *

Phase angle (◦) HYD 7.7 ± 0.5 7.8 ± 0.4 F = 3.7; p = 0.07;
η2

p = 0.17
F = 3.8; p = 0.67;

η2
p = 0.17DEH 7.7 ± 0.4 7.9 ± 0.4

Note: HYD: hydration condition; DEH: dehydration condition; * = p < 0.05 vs. T1.

The averages of body weight of athletes in T0 were 74.7 ± 10.4 kg and 74.9 ± 10.3 kg in HYD
and DHE conditions, respectively. After both trials body weight showed a significant decrease by
measuring 74.5 ± 10.5 kg in HYD (p = 0.005) and 73.5 ± 10.3 kg in DEH (p < 0.001). When the athletes
performed the DEH trial, their body weight decreased by 1.76% ± 0.39%, while when they performed
the HYD trial their body weight decreased by 0.3% ± 0.27%.

Figure 2 shows the vector displacements (on the left side) and the Hotelling’s T2 test results (on
the right side) for DEH and HYD conditions, panel A and B, respectively.
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Figure 2. On the left side mean impedance vectors, plotted on the 50%, 75%, and 95% tolerance ellipses
of the male athlete’s endurance reference population [32] are displayed both for DEH and HYD trial.
On the right side, mean vector displacements and results of the Hotelling’s T2 test.

3.2. Cardiometabolic Data

Table 2 shows the comparisons of exercise duration, power output and cardiometabolic parameters
between HYD and DEH on both exercise condition. We found significant differences on time main
effect (p < 0.001) for all parameters, in which mean values were higher during TT with respect to
constant workload at 65% of VO2max. Moreover, we found a condition mean effect for duration (F1,8 =

8.24; p = 0.021; np
2 = 0.51; 95%CI = 5.3–48.9) and for HR (F1,8 = 55.21; p< 0.001; np

2 = 0.87; 95%CI =
2.9–5.5). Post-hoc analysis showed significant differences between HYD and DEH for duration on TT
and for HR during both constant workload and TT (Table 2).
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Table 2. Comparison (mean ± SD) of the exercise duration, power output, and cardiometabolic
parameters between hydration status on both exercise conditions.

Variable
Constant Workload (65% VO2max) Time-to-Trial (95% VO2max)

HYD DEH
Mean
Diff

p d HYD DEH
Mean
Diff

p d

Duration (min) - - - - - 3.19 ± 0.60 2.39 ± 0.61 0.80 * 0.027 1.32
VO2 (ml/Kg/min) 31.41 ± 4.28 31.70 ± 4.88 −0.29 0.616 −0.06 43.79 ± 6.51 43.59 ± 8.89 0.21 0.904 0.03

RER 0.93 ± 0.06 0.94 ± 0.04 −0.01 0.400 −0.26 1.10 ± 0.10 1.07 ± 0.07 0.04 0.344 0.43
EC (W/Kg) 9.55 ± 1.40 9.68 ± 1.64 −0.14 0.436 −0.09 14.26 ± 2.41 14.21 ± 3.11 0.05 0.925 0.02
HR (bpm) 136.22 ± 8.75 139.53 ± 8.12 −3.31 * 0.005 −0.39 166.56 ± 8.91 171.65 ± 7.89 −5.09 * 0.002 −0.60

Power (Watt) 147.56 ± 29.64 147.56 ± 29.64 0.00 - - 280.67 ± 56.24 280.67 ± 56.24 0.00 - -

Note: HYD: hydration condition; DEH: dehydration condition; RER: respiratory exchange ratio; EC: energetic cost;
HR: hear rate; p-value and Cohen’s d; *= significant differences between hydration status on each exercise condition
(p < 0.05).

3.3. Neuromuscular Data

Table 3 shows the comparison of the normalized RMS values of RVM and RBF muscles between
the two-hydration status on both exercise condition. During cycling, significant differences were
observed for time and condition main effect on both RVM (Time: F1,7 = 96.45; p < 0.001; np

2 = 0.93;
95%CI = 10.8–17.8; Condition: F1,7 = 13.16; p = 0.008; np

2 = 0.65; 95%CI = 2.7–13.2) and RBF muscles
(Time: F1,7 = 33.46; p = 0.001; np

2= 0.83; 95%CI = 4.0–9.6; Condition: F1,7= 28.30; p= 0.001; np
2 = 0.80;

95%CI = 2.8–7.5). RVM and RBF showed higher sEMG activity during the HYD condition on both
constant workload at 65% of VO2max and on Time-to-Trial at 95% of VO2max (Table 3).

Table 3. Comparison (mean) of the muscle activation between hydration status on both exercise condition.

Constant Workload (65% VO2max) Time-to-Trial (95% VO2max)

HYD DEH
Mean
Diff

p d HYD DEH
Mean
Diff

p d

RVM-RMS (%MVC) 41.96 ± 10.39 34.92 ± 6.53 7.4 0.011 * 0.81 57.30 ± 10.98 48.29 ± 6.13 9.00 0.014 * 1.01
RBF-RMS (% MVC) 20.40 ± 3.88 14.91 ± 2.55 5.49 0.003 * 1.67 26.97 ± 4.41 22.05 ± 4.04 4.92 0.021 * 1.16

Note: HYD: hydration; DEH: dehydration; RVM: right vastus medialis; RBF: right biceps femoris; MVC: maximum
voluntary contraction; RMS: root mean square; p-value and Cohen’s d; *= significant differences between hydration
status on each exercise condition (p < 0.05).

4. Discussion

The aim of the present study was to investigate the effects of dehydration on metabolic and
neuromuscular functionality and TT performance during a cycling exercise. This study demonstrated
that physiological parameters along with HR and neuromuscular function were altered during a
moderate intensity exercise and subsequently TT performance when subjects did not restore fluid loss.
Additionally, all metabolic and neuromuscular parameters investigated significantly increased during
TT with respect to constant workload at 65% of VO2max.

Fluid loss and therefore dehydration during the DEH session was evaluated by BIVA, which
identified a significant vector displacement along the major axis of the ellipses; on the contrary,
when the athletes restored the fluids lost during the HYD trial, no vector displacement was detected
Lengthening of vectors in R-Xc graph represent a decrease in body fluids [16,18]. This evaluation
was also supported by the body weight change measured after the DEH trial. Our results showed
that although the bioimpedance vectors lengthen as a result of body fluid loss, the slope and phase
angle does not change, implying that the ICW/ECW ratio remains unchanged. In this regard, different
studies have shown how the phase angle which determines the vector slope of the R-Xc graph, is
directly proportionate to the ICW/ECW ratio [33–35]. Similar results have been found by Gatterer
et al. [16] in regard to dehydration after a running test. No significant difference was observed for
metabolic parameters (e.g., VO2, RER and EC) between the two trials in both phases of the cycling
exercise. However, TT duration and HR variation observed during the cycling performance at 65% and
95%VO2max was significantly different between the two conditions; in fact, a higher HR and a shorter
TT performance during DEH session was observed. Our hypothesis was that HR increases during
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dehydration because of the blood flow redistribution, which causes a high body temperature and a
consequent decrease in the stroke and blood volume and consequently compensatory increase in HR.
In line with these results, previous studies have documented the resultant tachycardia and diminished
stroke volume during dehydration. Our results are similar to those obtained by Logan-Sprenger et
al. [12] in an experiment in which 9 subjects who completed two cycling trials lasting 60 minutes at 65%
VO2max followed by a TT; as in our study, the subjects showed an increase in HR during dehydration
condition compared to when the subjects were hydrated. Furthermore, VO2 kinetics, RER, and EC
showed tendentially higher values during DEH, although not statistically significant. Probably, a
greater percentage of fluid loss is necessary to have significant effects on cardiometabolic parameters
during a cycling exercise carried out below the ventilatory threshold (65% VO2max).

The RVM and RBF muscle activity was significantly reduced during the two parts of the DEH test,
suggesting that fluid loss compromises the muscle power expression during dehydration. The effects
of dehydration on muscle performance have been studied using different protocols and measurement
techniques. Studies vary in the percentage of lost fluids achieved from 1.7% to 5.8% of body mass
reduction [36–39]. After a literature review, [40] concluded that dehydration consistently attenuates
muscle power by approximately 3%. The origin of these reductions has been speculated to reside on
alterations in cardiovascular, metabolic or buffering functions. In fact, heat stress, with or without
dehydration, compromises blood flow to active muscles and skin during strenuous exercise as the
systemic circulation [41].

In a meta-analysis conducted by Goulet [42], it was showed that levels of exercise induced
dehydration, similar to those in the present study, did not reduce cycling TT performance. Additionally,
in response to a similar hydration status (progressive loss to 2% body weight loss), no significant
differences were reported when trained men completed a 40 km cycling TT performance as measured
by power output and mean finish time [43]. These records of data suggest the influence of dehydration
may, in part, be protocol specific. In our study, athletes cycled for 60 min at 65% VO2max and performed
a 95% VO2max TT in two different tests. During the HYD session, in order to restore the fluids
lost during exercise, the athletes ingested 0.5 ml of water every 15 min to maintain a body weight
similar to that recorded at the baseline. However, to the best of our knowledge, this is the first
experiment to use this experimental protocol to ensure a well-hydration status of the athletes during
the exercise, and therefore, it is not possible to compare our results with other researches. One of the
most common potential limitations is the inherent difficulty in blinding subjects to the fact that they are
dehydrating versus rehydrating during a given trial. Another possible limitation in the present study
is the participant sample, which may compromise detectable differences among the two hydration
conditions in the examined parameters. Nonetheless, other studies evaluating exercise performance
and dehydration/rehydration have used samples ranging from n = 6 to 11 [37,44,45].

A strong point of this study is demonstrating how BIVA can be used to monitor the changes in
fluids by identifying dehydration. In addition, new evidence regarding the effects of dehydration on
physical performance have been provided and these should also be considered in non-athletes because
health could be compromised during sports practice.

From the discussion above it is clear that more research is needed to address several remaining
questions regarding the potential impact of dehydration on sports performance. Valid and reliable
protocols should be developed and used in future studies to ensure that tests are able to detect the
effects of fluid loss on central and peripheral parameters. Lastly, future studies should also include
female participants to study the impacts of dehydration on both metabolic and neuromuscular variables
in subjects of different gender.

5. Conclusions

Neuromuscular and metabolic function were altered during a cycling performance when subjects
dehydrated versus maintaining a well-hydration status through drinking. The practical application of
this study demonstrated that athletes exercising in a dehydrated state significantly decreased physical

129



Int. J. Environ. Res. Public Health 2020, 17, 1161

performances; therefore, attention needs to be paid to strategies to maintain a good-hydration status
during exercise. In addition, this study confirms the ability of BIVA to assess body fluid changes even
in sports practice.
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Abstract: The present study examined the effects of an exhaustive exercise on executive functions by
using the Stroop Color Word Test (SCWT), Trail Making Test (TMT), A and B, and simple Reaction
Time (RT). Thirty adults agreed to participate; 15 participants had a mean age of 24.7 years ± 3.2
Standard Deviation (SD, Standard Deviation) (group YOUNG), while the remaining 15 had a mean
age of 58.9 years ± 2.6 SD (group OLD). Each subject performed the cognitive tasks at rest and blood
lactate was measured (pre); each subject executed the acute exhaustive exercise and, immediately after
the conclusion, executed the cognitive tasks and blood lactate was again measured (end). Cognitive
tests were repeated and blood lactate measured 15 min after its conclusion of the exhaustive exercise
(post). We observed: (1) a significant positive correlation between blood lactate levels and RT levels;
(2) a significant negative relationship between levels of blood lactate and the SCWT mean score;
(3) no significant correlation between blood lactate levels and TMT scores (time and errors), both A
and B; (4) variations in blood lactate levels, due to exhaustive exercise, and parallel deterioration
in the execution of RT and SCWT are significantly more pronounced in the group YOUNG than
in the group OLD. The present study supports the possibility that high levels of blood lactate
induced by an exhaustive exercise could adversely affect the executive functions pertaining to the
prefrontal cortex.

Keywords: executive functions; young sport; blood lactate; exhaustive exercise; fatigue; elderly sport

1. Introduction

The effects of acute physical exercise on the cognitive performances of an adult individual are still
under discussion [1–18]. The existing literature tends to highlight a positive relationship if the exercise
is of sub-maximal intensity, while the effects seem to be negative for exhaustive exercises [19–26].

Within cognitive processes, there are few studies on the effects of an exhaustive exercise on
executive functions. [27–32]. This term indicates a set of cognitive processes that allow us to plan,
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regulate, control, and evaluate behaviors that are useful for achieving a goal [17]. Executive functions
include planning, problem solving, flexibility, inhibition, multitasking, and working memory [18].
A negative effect of high blood lactate levels induced by an exhaustive exercise or with an intravenous
infusion of a lactate solution has been found for attentional processes [3,5,6,8,10,19]. Regarding the
working memory, a negative effect of exhaustive exercise on both non-spatial working memory and
motor working memory was found [9]. Concerning other executive functions, a study that used
a combination of a Spatial Delayed-Response task and a Go/No-Go task found no correlation between
blood lactate levels and cognitive functions [12].

The purpose of the present study was to examine the effects of an exhaustive exercise on executive
functions by using the Stroop Color Word Test (SCWT), correlated with cognitive flexibility and
resistance to interference from external stimuli [25], and Trail Making Test (TMT), associated with
visual attention and task switching [28]. Simple Reaction Time (RT), as basic measure of processing
speed [33], was also evaluated.

2. Materials and Methods

2.1. Participants

In this study, 30 adults agreed to participate; 15 participants had a mean age of 24.7 years ± 3.2 SD
(group YOUNG), while the remaining 15 had a mean age of 58.9 years± 2.6 SD (group OLD). All participants
had practiced amateur sports for at least one year and had medical authorization to practice non-competitive
sports. Table 1 illustrates the anthropometric characteristics of the participants. The T-test showed that there
were no statistically significant differences in height, weight, and Body Mass Index (BMI).

The study was approved by the Ethical committee of the University of Milan (number 15/16).
All participants were informed about the trials of the study and the anonymity of their answers before
providing their written consent to participate, in accordance with the Declaration of Helsinki.

Table 1. The anthropometric characteristics of the participants

Subject

YOUNG OLD

Age
(years)

Height
(cm)

Weight
(kg)

BMI *
Age

(years)
Height

(cm)
Weight

(kg)
BMI

1 28 169 71 24.86 60 168 73 25.86

2 24 178 77 24.30 55 171 73 24.96

3 27 168 69 24.45 58 166 70 25.40

4 20 170 71 24.57 65 173 71 23.72

5 29 175 74 24.16 59 178 80 25.25

6 22 174 79 26.09 60 174 78 25.76

7 23 181 83 25.34 58 162 65 24.77

8 28 171 78 26.67 59 174 79 26.09

9 25 166 69 25.04 61 169 72 25.21

10 23 177 80 25.54 57 171 76 25.99

11 21 173 78 26.06 55 171 69 23.60

12 20 170 73 25.26 59 170 73 25.26

13 25 176 74 23.89 60 168 70 24.80

14 27 168 70 24.80 61 167 70 25.10

15 29 173 71 23.72 56 176 72 23.24

Mean 24.73 172.60 74.47 24.98 58.87 170.53 72.73 25.00

SD ** 3.17 4.26 4.42 0.85 2.59 4.12 4.06 0.87

* BMI = Body Mass Index; ** SD = Standard Deviation.
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2.2. Experimental Design

The tests were executed between 9 am and 1 pm, with participants who had eaten breakfast before
8 am [5]. Each subject performed the cognitive tasks at rest and blood lactate was measured (pre).
Each subject executed the acute exhaustive exercise and, immediately after the conclusion, performed
the cognitive tasks and blood lactate was again measured (end). Finally, cognitive tests were repeated
and blood lactate measured 15 min after the exhaustive exercise (post). The overall duration of the
cognitive tests did not exceed 6 min.

2.3. Exercise

The participants performed a maximal multistage discontinuous incremental cycling test
on a mechanically braked cycloergometer (Monark, Sweden), at a pedaling rate of 60 rpm,
while an electrocardiogram was monitored. Each subject started with unloaded cycling during
3 min, and the load was increased by 30 W every 3 min until volitional exhaustion or the required
pedaling frequency of 60 rpm could not be maintained [17].

2.4. Blood Lactate

Blood lactate was measured before as well as at the end and 15 min after the conclusion of the
exercise, using a “Lactate Pro 2” portable lactate analyzer (Arkray Inc., Kyoto, Japan), since this
automated lactate analyzer has a good reliability [1].

2.5. Simple Reaction Time

The procedure for measuring RT was the same one as the one that was used previously [3].
The subject must press the bar-space of the computer to appearing on the screen of the symbol target
“star.” This is a RT task that demands an intense simple attention; in order to avoid settling habituation,
the target presentation was randomized with intervals comprised between 1 and 3 s.

2.6. Stroop Colour Word Test

In the present study the golden version of the SCWT was used [25]. The test comprises three
parts. In the first part, the subject reads a list of 50 names printed with black ink. In the second
part, the subject observes 50 circles of different colors and must indicate their color. In the third part,
the subject receives a list of 50 words with the names of the colors written with an incongruent color
ink; the subject must indicate the color of the ink, ignoring the written word. The number of correct
answers in 45 s in the third part is considered to be representative of the “interference” component of
the SCWT.

2.7. Trial Making Test

TMT was chosen for evaluating information processing speed and executive functioning [28].
The TMT consists of two parts. In TMT-A, the subject had to draw lines sequentially connecting
25 numbered circles distributed on a sheet of paper. In TMT-B, the subject must alternate between
numbers and letters distributed on the sheet. The score on each part represents the number of seconds
required to complete the task and the number of errors.

2.8. Statistical Analysis

Data was collected and averaged, and then compared with the paired t test (2-tailed) or 1-way
repeated measures analysis of variance (ANOVA; Friedman test), followed by Dunn’s Multiple
Comparison Test. Correlation analysis was carried out using one-tailed Pearson’s correlation.
Significance was set at p < 0.05. All descriptive statistics are reported as mean ± SD. All analyses
were performed by using GraphPad Prism version 6.03 for Windows (GraphPad Software, San Diego,
CA, USA).
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3. Results

As can be seen in Figure 1, in both YOUNG and OLD groups the blood lactate increased
significantly at the end of the exhaustive exercise, and returned to the pre-exercise values 10 min after
its end. In particular, in the group YOUNG, blood lactate levels increased from 1.63 mmol/L (±0.57 SD)
before the exercise, to 9.58 mmol/L (±2.08 SD) at its end, and returned to pre-exercise values after
15 min (2.1 mmol/L ± 0.48 SD).

Figure 1. Blood lactate values of the 15 subjects of group YOUNG (a) and of the 15 subjects of group
OLD (b) performing an exhaustive exercise. In both cases, blood lactate mean values measured before
the exercise (pre), at its conclusion (end), as well as 15 min after its end (post) are illustrated. Symbols
from ANOVA with Dunn’s multiple comparison test: *** p < 0.001.

However, the level reached by blood lactate at the end of the exercise in the group YOUNG was
significantly lower with respect to the value measured in the same moment in the group OLD (t-test:
p < 0.05).

In Figure 2, it can be seen that, in both YOUNG and OLD groups, the RT augmented significantly
at the end of the exhaustive exercise, and returned to the pre-exercise values 15 min after its end.
In particular, in the group YOUNG, RT increased from 237.7 ms (±17.40 SD) before the exercise,
to 265.6 ms (±19.14 SD) at its end, and returned to pre-exercise values after 15 min (241.6 ms ± 17.15
SD). In the group OLD, RT increased from 254.7 ms (±11.30 SD) before the exercise, to 284.60 ms
(±12.80 SD) at its end, and returned to pre-exercise values after 15 min (264.40 ms ± 8.58 SD).

Figure 2. Values of RT exhibited by the 15 subjects of group YOUNG (a) and by the 15 subjects of group
OLD (b) performing an exhaustive exercise. In both cases, RT mean value measured before the exercise
(pre), at its conclusion (end), as well as 15 min after its end (post) are displayed. Symbols from ANOVA
with Dunn’s multiple comparison test: * p < 0.05, ** p < 0.01, *** p < 0.001.
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It is interesting to note that the mean values of RT measured in the group YOUNG were significantly
inferior to that of the group OLD before the exercise (t-test: p < 0.01), at its end (t-test: p < 0.01) and
15 min after its completion (t-test: p < 0.001).

In Figure 3, it can be observed that, in both YOUNG and OLD groups, the performances at SCWT
worsened significantly at the end of the exhaustive exercise, and returned to the pre-exercise values 15 min
after its end. In particular, in the group YOUNG, the SCWT mean score decreased from 38.0 (±1.96 SD)
before the exercise, to 35.33 (±1.54 SD) at its end, and returned to pre-exercise values after 15 min
(37.80 ± 1.41 SD). In the group OLD, SCWT mean score reduced from 38.9 (±1.19 SD) before the exercise,
to 33.67 (±1.45 SD) at its end, and returned to pre-exercise values after 15 min (35.13 ± 0.99 SD).

Figure 3. Values of SCWT mean score exhibited by the 15 subjects of group YOUNG (a) and by the
15 subjects of group OLD (b) performing an exhaustive exercise. In both cases, SCWT mean score
measured before the exercise (pre), at its conclusion (end), as well as 15 min after its end (post) are shown.
Symbols from ANOVA with Dunn’s multiple comparison test: * p < 0.05, ** p < 0.01, *** p < 0.001.

It is worth noting that the mean values of SCWT mean score measured in the group YOUNG were
significantly higher than that of the group OLD before the exercise (t-test: p < 0.01), at its end (t-test:
p < 0.01) and 15 min after its completion (t-test: p < 0.001).

In Figure 4, there are shown, for both YOUNG and OLD groups, the performances (time and
errors) at TMT-A before the exhaustive exercise (pre), at the conclusion (end) and 15 min after its end
(post). As can be seen, the only statistically significant variation (t-test: p < 0.05) was observed in the
YOUNG group where a reduction of the test execution time was detected at the end of the exercise
compared to the pre-exercise values.

It should be noted that the time taken by the YOUNG group for the execution of the TMT-A was
significantly lower than for the OLD group, both at the end of the exercise (t-test: p < 0.001) and after
15 min prior to its end (t-test: p < 0.001). Similarly, the number of errors made by the YOUNG group
during the execution of the TMT-A was significantly lower than the OLD group both at the end of the
exercise (t-test: p < 0.01) and after 15 min prior to its completion (t-test: p < 0.01).

Figure 5 shows for both YOUNG and OLD groups, the performances (time and errors) at TMT-B
before the exhaustive exercise (pre), at the conclusion (end), and 15 min after its end (post). As can be
seen, the only statistically significant variation (t-test: p < 0.001) was observed in the YOUNG group
where a reduction of the execution time was detected at 15 min after its end of the exercise compared
to the pre-exercise values.
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Figure 4. TMT-A. Execution time (a,b) and number of errors (c,d) found in the 15 subjects of group
YOUNG (a,c) and in the 15 subjects of group OLD (b,d) performing an exhaustive exercise. Mean
values measured before the exercise (pre), at its conclusion (end), as well as 15 min after its end (post)
are shown. Symbols from ANOVA with Dunn’s multiple comparison test: * p < 0.05.

It should be noted that the time taken by the YOUNG group for the execution of the TMT-B was
significantly lower than the OLD group both at the end of the exercise (t-test: p < 0.01) and after 15 min
from its end (t-test: p < 0.001). Similarly, the number of errors made by the YOUNG group during
the execution of the TMT-A was significantly lower than the OLD group both before the exercise
(t-test: p < 0.01) and during the last 15 min before its end (t-test: p < 0.001).

Figure 5. TMT-B. Execution time (a,b) and number of errors (c,d) found in the 15 subjects of group
YOUNG (a,c) and in the 15 subjects of group OLD (b,d) performing an exhaustive exercise. Mean
values measured before the exercise (pre), at its conclusion (end), as well as 15 min after its end (post)
are shown. Symbols from ANOVA with Dunn’s multiple comparison test: * p < 0.001.
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Finally, the correlations between blood lactate levels and the performance of the participants in
the various tests were analyzed and results are summarized in Figure 6.

Figure 6. Correlations between blood lactate levels and performances at RT, SCWT, TMT-A and TMT-B
in the 15 subjects of group YOUNG (a) and in the 15 subjects of group OLD (b).
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First of all, the statistical analysis showed a strong positive correlation between blood lactate
levels and RT values, both in the group YOUNG (R square = 0.3445; p < 0.001) and in the group OLD
(R square = 0.5288; p < 0.001).

A significant negative correlation was also found between blood lactate levels and SCWT mean
score, both in the group YOUNG (R square = 0.2963; p < 0.001) and in the group OLD (R square =
0.2878; p < 0.001).

Regarding the possible correlations between blood lactate levels and TMT-A and TMT-B tests,
only a slight negative correlation between lactate and time was found for TMT-A in the group YOUNG
(R square = 0.0915; p = 0.044). No other statistically significant correlation was detected in both
YOUNG and OLD groups.

4. Discussion

The results of this study can be summarized as follows:

1) A significant positive correlation was observed between the levels of lactate in the blood and the
levels of RT;

2) A significant negative relationship was observed between blood lactate levels and the average
SCWT score;

3) No significant correlations between blood lactate levels and TMT scores (time and errors), both A
and B were observed;

4) The comparison between the group YOUNG and the group OLD showed that the variations in
blood lactate levels, due to exhaustive exercise, and parallel deterioration in the execution of RT
and SCWT are significantly more pronounced in the former than in the latter.

The effects of acute physical exercise on the cognitive performances of an adult individual are still under
discussion. The existing literature tends to highlight a positive relationship if the exercise is of sub-maximal
intensity while the effects seem to be negative for exhaustive exercises [2–7,9–11,14,15,18–21,24,27,30].

The present study confirm results previously observed for working memory [20], since the
increases in blood lactate levels, deriving from exhaustive exercise, are associated with a worsening of
executive functions [34–36].

However, in this study, not all the domains that fall within the executive functions were
systematically analyzed. In fact, having used only RT, SCWT, and TMT were essentially explored
processing speed, cognitive flexibility, resistance to interference from external stimuli, visual attention,
and task switching.

Therefore, high levels of blood lactate are associated with a deterioration of processing speed,
cognitive flexibility, and resistance to interference, with no significant influences on visual attention
and task switching. These results support the idea that the tasks for executive functions may show
differential results in different conditions of health and functional stages or levels of physical activity,
even in normal subjects. Therefore, it is possible to conclude that, under physiological conditions,
executive functions are not cognitive abilities stable over time, but rather are capable of quantitatively
changing in relation with psycho-physical modifications.

Why an exhaustive exercise influences only certain executive functions is unclear. One possibility
is that the high blood lactate levels, induced by the exercise, may affect some areas of the cortex and not
others. In this way, functions supported by the prefrontal cortex, as processing speed [26], cognitive
flexibility [34], and resistance to interference [12] seem to be affected, while those supported by more
posterior cortical areas, such as visual attention [22] and task switching [29], are not.

This possibility seems to be in agreement with what reported by Sudo et al. [27] which
found that exhaustive exercise did not alter the performance in a Go/No-Go task and in a Spatial
Delayed-Response task.

Sudo and coworkers [27], in their study, conclude that an exhaustive exercise would be able to
influence the executive functions, studied through a Go/No-Go task and in a Spatial Delayed-Response
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task, for changes in oxygenation of the cerebral cortex and not for the increase in blood lactate; in this
way a direct action of lactate on brain tissue is excluded,

The possibility that the effects of exhaustive exercise on cognitive processes may also depend on
metabolic, vascular, or thermal phenomena cannot be excluded.

However, a negative effect on attentional processes of high blood lactate levels induced with
an intravenous infusion of a lactate solution was found [3] and a negative correlation between CSF
lactate levels and cognitive capabilities was observed [37–40]. Moreover, lactate receptors were found
in the brain [16] and a role as a neural regulator for lactate was proposed [23].

Among the limitations of the present study, it is necessary to report the training level of each
group of subjects that might influence the final results.

5. Conclusions

In conclusion, the present study supports the possibility that high levels of blood lactate induced
by an exhaustive exercise could adversely affect the executive functions pertaining to the prefrontal
cortex. These influences, even if reduced in quantity, remain present even in older people.
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Abstract: The aims of this study were to analyze the usefulness of raw bioelectrical impedance (BI)
parameters in assessing water compartments and fluid distribution in athletes. A total of 202 men
and 71 female athletes were analyzed. Total body water (TBW) and extracellular water (ECW) were
determined by dilution techniques, while intracellular water (ICW) was calculated. Fluid distribution
was calculated as the ECW/ICW ratio (E:I). Phase angle (PhA), resistance (R) and reactance (Xc) were
obtained through BI spectroscopy using frequency 50kHz. Fat (FM) and fat-free mass (FFM) were
assessed by dual-energy X-ray absorptiometry. After adjusting for height, FM, FFM, age and sports
category we observed that: PhA predicted ICW (females: β = 1.62, p < 0.01; males: β = 2.70, p < 0.01)
and E:I (males and females: β = −0.08; p < 0.01); R explained TBW (females: β = −0.03; p < 0.01;
males: β = −0.06; p < 0.01) and ECW (females: β = –0.02, p < 0.01; males: β = −0.03, p < 0.01) and
ICW (females: β = –0.01, p < 0.053; males: β = –0.03 p < 0.01); and Xc predicted ECW (females: β =
−0.06, p < 0.01; males: β = −0.12, p < 0.01). A higher PhA is a good predictor of a larger ICW pool and
a lower E:I, regardless of body composition, age, height, and sports category. Lower R is associated
with higher water pools whereas ECW expansion is explained by lower Xc. Raw BI parameters are
useful predictors of total and extracellular pools, cellular hydration and fluid distribution in athletes.

Keywords: phase angle; resistance; reactance; bioimpedance; health

1. Introduction

Assessing fluid balance to monitor the hydration status in athletes has received substantial interest
over the last years for maximizing performance [1–3].

Bioelectrical impedance analysis (BIA) has been widely used as a rapid, safe and non-invasive
method for monitoring active adults performing recreational exercise and elite athletes [4–6] and in
estimating body composition and nutritional status in healthy non-athletes and adults with clinical
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conditions [7–9]. Alternating current is introduced into the body by bioimpedance electronic devices
at single or multiple frequencies. Passive bioelectrical measurements can be related to physiological or
body composition parameters.

In addition, this test is important because it enables the use of resistance (R), reactance (Xc) and
phase angle (PhA) as indices of biological variables. The resistance (R) arises from body fluids, i.e.,
extra and intracellular fluids behave as resistive components and resistance is inversely proportional to
fluid volume and Reactance (Xc) arises from cell membranes [8]. PhA has been studied as an indicator
of nutritional status and disease prognosis, mortality and cellular vitality [10,11]. Its assessment
may be valuable for coaches, physicians, nutritionists, and exercise physiologists to provide specific
recommendations to improve athletic performance and to avoid compromising health status.

For example, from the wide range of conditioning factors of an athlete’s career, muscle injuries
can be decisive in limiting participation in training or competitions. Muscle injuries cause marked
reductions in R, Xc and PhA [12]; these changes indicated cell membrane disruption and may suggest
alteration of fluid compartments. Further, in disease status, the PhA is sensitive to electrical changes
in tissues [13]. In a recent study the authors verified that PhA was negatively correlated with fluid
retention evaluated using the extracellular water (ECW): total body water (TBW) ratio in patients with
advanced cancer [14]. Bioimpedance analysis also has been the focus of previous studies involving
patients with hemodialysis [15] and acute heart failure [16].

Thus, because of its relevance, it is pertinent to understand the role of PhA and raw bioelectrical
impedance (BI) parameters on water compartments and fluid distribution for potentially provide
strategies to promote an adequate fluid balance and cellular hydration.

To our knowledge, only one study analyzed the relation between raw BI variables and fluid
compartments in athletes [17]. Marini and colleagues [17] observed that higher values of PhA were
related to lower values of the E:I ratio, commonly used as an indicator of fluid distribution. However,
the authors did not explore the magnitude of the correlation between raw BI parameters and the water
compartments considering the potential impact of body composition. Indeed, the PhA is associated
with fat free mass (FFM) and fat mass (FM) and therefore, these variables should be accounted for
when exploring the association between this BI marker and fluid-related compartments [10]. However,
this analysis is yet to be determined.

Moreover, simple methods are required to assess water compartments and fluid distribution in
athletes. Raw BI measure may provide relevant information related to reference methods, i.e., dilution
techniques. Therefore, the aim of this study was to investigate the usefulness of raw bioelectrical
impedance spectroscopy (BIS) parameters (R, Xc and PhA) at frequency 50kHz on water compartments
and fluid distribution, assessed through dilution techniques, in athletes, adjusting for the potential
effect of confounding variables such as height, age, body composition, and sports category.

2. Material and Methods

2.1. Participants

A total of 202 males (21.5 ± 4.5y) and 71 females (20.4 ± 5.2y) participated in this observational
cross-sectional study. The inclusion criteria were: 1) Tanner stage V or greater [18]; 2) >10 hours of
sport specific training per week; 3) have negative anti-doping results, and 4) currently not taking any
medication or dietary supplements. Prior to participation, all athletes (parental or guardian) gave their
written informed consent, with all procedures approved by the Ethics Committee of the Faculty of
Human Kinetics, Technical University of Lisbon and conducted in accordance with the declaration
of Helsinki

2.2. Anthropometric Measurements

Height and weight were measured while the subject wore a swimsuit and standardized procedures
were used [19].

146



Int. J. Environ. Res. Public Health 2020, 17, 759

2.3. Fat Mass (FM) and Fat-Free Nass (FFM)

Whole body FFM and FM were determined by dual-energy X-ray absorptiometry (Hologic
Explorer W, QDR for Windows version 12.4, Waltham, MA, USA). In our laboratory, in ten healthy
adults, the test-retest CV for FFM and FM are 0.8% and 1.7%, respectively. The technical error of
measurement (t.e.m.) is 0.4kg.

2.4. Hydration Status

After a fasting baseline urine sample was collected, the specific gravity (USG) was determined
using a refractometer (Urisys 1100, Roche Diagnostics, Portugal) to ensure that all athletes were
euhydrated (USG < 1.010) [20]. The coefficient of variation (CV) of the urine specific gravity procedure
in our laboratory based on 10 adults is 0.1% [21].

2.5. Total Body Water

Total body water (TBW) was measured by deuterium dilution using a Hydra stable isotope ratio mass
spectrometer (PDZ, Europa Scientific, UK). After a 12h fast, the first urine sample was collected. Each
participant was given an oral dose of 0.1g of 99.9% 2H2O per kg of body weight (Sigma-Aldrich; St. Louis,
MO). After a 4 h equilibration period, during which no food or beverage was consumed, a urine sample
was collected. Urine and diluted dose samples were prepared for 1H/2H analysis using the equilibration
technique of Prosser and Scrimgeour [22], using procedures described elsewhere [23]. The CV based on 10
repeated measures for TBW with the stable isotope ratio mass spectrometry in this laboratory is 0.3% [21].

2.6. Extracellular Water

Through dilution of sodium bromide (NaBr) was determined extracellular water (ECW). After
collection of a saliva sample, each participant was asked to drink 0.030 g of 99.0% NaBr (Sigma-Aldrich;
St. Louis, MO) per kg of body weight, diluted in 50 mL of distilled-deionized water, using procedures
described elsewhere [23]. Saliva samples were collected into salivettes. Then, the samples were
centrifuged and frozen for posterior analyses. The CV in our laboratory based on 10 repeated measures
for ECW using high-performance liquid chromatography is 0.4% [23].

2.7. Intracellular Water

Intracellular water (ICW) was determined as the difference between TBW and ECW using the
dilution techniques (ICW = TBW − ECW).

2.8. Raw BIA Parameters

Whole body PhA, R and Xc were obtained using bioelectrical impedance spectroscopy (BIS)
analyzer (model 4200, Xitron Technologies, San Diego, CA) at frequency of 50kHz. Measurements
were performed after a 10-minute period of rest with the participant in a supine position with a leg
opening of 45◦ compared to the median line of the body and the upper limbs positioned 30◦ away
from trunk. Four electrodes were placed on the dorsal surfaces of right foot and ankle and right wrist
and hand, as described elsewhere [24]. The biological reliability determined in six participants in our
laboratory for R and Xc at 50kHz was 0.6 and 1.5%, respectively [25].

2.9. Statistical Analysis

Descriptive analysis including means ± standard deviations were calculated. Normality was
evaluated using Shapiro–Wilk test. Since the data showed a normal distribution a person’s correlation
was performed between independent (PhA, R and Xc), and dependent variables (ICW, ECW, TBW
and E:I ratio) and an independent sample t test was used to compare males and females. Multiple
regression analysis was used to assess the association between each of the dependent variables and
each independent variable using the unstandardized beta coefficient and adjusting for the confounding
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variables height, sports category, FFM, FM and age. The variable “sports category” was created to
differentiate athletes from modalities of (1) ‘endurance’ where athletes of swimming, pentathlon,
triathlon and sailing were included, (2) ‘velocity/power’ that encompassed modalities of judo, karate,
taekwondo and athletics and (3) ‘team sports’ which included basketball, handball, volleyball, rugby
and soccer.

Significance level was set at P < 0.05. The data was analyzed with IBM SPSS Statistics program
(TM 24.0 for MacOS). If more than one variable was a predictor in the model, a calculated to evaluate
multicollinearity, and values below five were considered not to have multicollinearity issues.

3. Results

Table 1 shows the main characteristics of the athletes included in the sample and identifies the
differences between males and females.

Table 1. Body composition, water compartments and raw bioelectrical impedance (BI) parameters at
50 kHz frequency.

Variable
WOMEN (N = 71) MEN (N = 202)

Minimum Mean ± SD Maximum Minimum Mean ± SD Maximum

Age(y) 15 20.4 ± 5.2 35 15 21.5 ± 4.5 38
Body Mass (kg) 48.5 63.9 ± 8.8 81.9 56.5 77.6 ± 13.0 § 130.3

Height (cm) 152.2 170.8 ± 8.0 195.0 164.4 181.4 ± 9.2 § 204.7
BMI (kg/m2) 17.7 21.9± 2.1 26.0 18.6 23.7 ± 4.1 § 58.7

FM (kg) 8.3 15.6 ± 4.3 26.5 4.8 11.2 ± 5.8 § 45.2
FFM (kg) 35.4 48.0 ± 6.1 60.4 49.5 65.6 ± 8.7 § 91.7

Resistance (Ω) 435.1 561.2 ± 65.9 720.1 305.6 456.0 ± 56.5 § 582.1
Reactance (Ω) 48.8 67.3 ± 8.5 87.1 43.5 62.9 ± 7.9 § 85.2

Impedance (Ω) 438.1 565.1 ± 68.3 724.4 120.6 459.5 ± 62.1 § 587.9
R/H ((Ω/m) 246.0 329.0 ± 39.6 432.5 164.6 251.8 ± 31.8 § 319.7
Xc/H (Ω/m) 27.4 39.5 ± 5.4 52.9 23.4 34.8 ± 4.9 § 46.9
Z/H (Ω/m) 247.7 331.4 ± 39.9 435.7 166.3 254.5 ± 32.2 § 321.9

Phase Angle (◦) 5.8 6.9 ± 0.6 8.7 5.8 7.9 ± 0.7 § 10.0
Intracellular Water (kg) 14.4 20.5 ± 3.5 29.9 18.1 30.3 ± 6.2 § 56.5
Extracellular Water (kg) 11.0 14.9 ± 1.9 19.25 12.7 19.3 ± 2.9 § 29.0
Total Body Water (kg) 25.6 35.4 ± 4.9 45.9 34.5 49.5 ± 7.8 § 76.3

ECW/ICW ratio 0.5 0.7 ± 0.1 0.9 0.3 0.6 ± 0.1 § 0.9

Abbreviations: BMI, body-mass index; FM, fat mass; FFM, free fat mass; E:I, extracellular:intracellular water ratio;
R/H, resistance standardized for height; Xc/H, reactance standardized for height; Z/H, vector length standardized
for height; SD, standard deviation. § P < 0.01 (independent sample t test).

Body mass and height were higher in the male group (p < 0.01). Male sample present higher
values of FFM (p < 0.01). Whereas the female sample presents FM values significantly greater than
the males (p < 0.01). R, Xc, R/H and Xc/H were higher in the female group (p < 0.01), while the PhA
was higher in the male group (p < 0.01). Men presented higher ICW, ECW and TBW values (p < 0.01),
while women had higher E:I ratio values (p < 0.01).

The association between the raw BIA parameters and the water compartments (ICW, ECW and
TBW) and fluid distribution (E:I ratio) is presented in Table 2.

For PhA, the strongest correlation was shown with E:I ratio. The PhA was inversely related with
E:I ratio in females (r = −0.52, p < 0.01) and males (r = −0.55, p < 0.01). While R/H was negatively
associated with TBW (r = −0.84, p < 0.01 for females and r = −0.87, p < 0.01 for males). For Xc,
an association was found with ECW (r = −0.76, p < 0.01 for females and r = −0.68, p < 0.01 for males).
Additionally, for FFM we observed the strongest correlation with TBW for males (r = 0.91, p < 0.01)
and females (r = 0.92, p < 0.01). For FM, the strongest correlation was observed with TBW for men
(r = 0.64, p < 0.01) and with ECW in women (r = 0.55, p < 0.01).

As described in Table 3, the PhA was a significant predictor of ICW for both sexes (β = 1.62;
p < 0.01 for females and β = 2.70; p < 0.01 for males), regardless of height, sports category, FFM, FM
and age. PhA explained alone (without adjustment to covariables) 12% and 17% of the ICW values,
respectively for females and males.
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PhA was also considered a significant predictor of TBW in males (β = 2.01; p < 0.01), explaining
alone about 9% of TBW values. In both sexes, PhA explained 27% and 30% of E:I, respectively. When
adjusted to covariables, the PhA presented a negative β value (β = −0.08; p < 0.01 for both), which
means that it is inversely related to the fluid distribution in females and males.

R explains alone (the unadjusted r2, i.e., the predictive power of R in explaining the variability of
the ICW values without adjusting for confounding variables) about 33% and 45% of the ICW values in
females and males, respectively. When adjusted to covariables (Table 4) the R is inversely related to the
ICW for females (β = −0.01, p = 0.053) and males (β = −0.03, p < 0.01).

In both sexes, R was also considered a significant predictor of ECW (β = −0.02, p < 0.01 for
females and β = −0.03, p < 0.01 for males) explaining alone 32% and 24% of ECW values, respectively
(the unadjusted r2). When adjusted to covariables the R was considered a significant predictor in
females (β = −0.03, p < 0.01) and males (β=−0.06, p < 0.01) of TBW values. R explained alone (without
adjustment for covariables) about 39% in females and 51% in males.

As described in Table 5, Xc was considered a significant predictor of ECW (β = −0.06, p < 0.01 for
females and β = −0.12, p < 0.01 for males) and is directly related to the ICW (β = 0.06, p = 0.069 for
females and β = 0.08, p = 0.010 for males).

The Xc explains without adjustment for confounding variables 35% and 32% of ECW values and
9% and 14% of ICW values in females and males, respectively.

The associations between BI parameters and fluid-related variables assessed through dilution
techniques are displayed in Figure 1.
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Figure 1. The independent association of BI parameters with fluid-related variables assessed through
dilution techniques. Panel (A): PhA vs ICW; Panel (B): PhA vs E:I ratio; Panel (C): R/H vs ICW; Panel
(D): R/H vs ECW; Panel (E): Xc/H vs ICW; Panel (F): Xc/H vs ECW. Abbreviations: PhA, phase angle;
R/H, ratio between resistance and height (m); E:I ratio, ratio between extra-to-intracellular water; Xc/H,
ratio between reactance and height (m); ECW, extracellular water; ICW, intracellular water.

4. Discussion

The main findings of this study conducted in athletes included: (i) athletes with higher PhA values
were those presenting higher values of TBW, particularly at the ICW compartment and, consequently,
lower E:I ratio (representing body fluid distribution); (ii) higher Xc values predicted lower ECW
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and higher ICW; and (iii) R is strongly associated with water compartments. The role of these BI
parameters on fluid compartments remained significant regardless of FM, FFM, age, height and sports
category. The adjustment for the covariates was performed since FM, FFM, age, height [11], and sport
category [26] were shown to have an impact on the variables under study.

In a recent study, a strong association between E:I ratio and PhA in healthy people was observed [11].
Few studies [4,17] explored associations between BI measurements and reference determinations
of fluid volumes in athletes using tracer dilution methods. Marini and colleagues [17] confirmed
in athletes that PhA detected E:I differences in both sexes, with lower PhA values in subjects with
higher E:I ratio, independently of age and sports category. However, the authors did not adjust these
associations for body composition.

Regarding R, in this study, it was found that the males presented significantly lower values than
the females (329.0Ω/m ± 39.6 and 251.8Ω/m ± 31.8, respectively). These values extend results observed
in other studies performed in athletes [6,17]. R refers to the opposition offered by the human body to
the passage of an electric current. In short, the conductivity of the tissues is proportional to the amount
of body water and electrolytes [8]. Men presented significantly higher values of TBW than women,
which means that the electric current flows more freely in the male body than in the female body. In
addition, women presented higher FM values than men. FM has a poor conducting ability due to its
low water constitution. In both sexes, as expected, the lowest R values are found in athletes who have
higher TBW, ICW and ECW after adjusting for covariates.

Reactance has been associated with cellular integrity. Theoretically, in biological conductors, high
reactance values are expected from a BI measurement in healthy membranes with higher integrity.
The healthy cell membranes act as capacitors by storing the current and releasing it. For example,
it was found a Xc decrease after muscle injury (greater decline in major lesions) attributable to the
muscle cell damage [12]. As a result, PhA also decreased. Thus, Xc is proportional to cell membrane
integrity with Xc and PhA decrements occurring when the cell membrane is compromised. According
to Liedtke [27], Xc is a measure of the volume of cell membrane capacitance and an indirect measure of
the intracellular volume. In our study, higher Xc values explained higher ICW values in both sexes,
regardless of height, FFM, FM, age and sports category.

In addition, we observed that Xc was a predictor of ECW values in males and females. Marini and
colleagues [17] found similar results. The negative relationship between Xc and ECW in both sexes
may be a possible biological justification for the high values of Xc in this study when compared to a
clinical population [28,29]

Concerning PhA, in this study males presented a mean value of 7.9◦ ± 0.7 and females a mean
value of 6.9◦ ± 0.6. These values are similar to those found in other studies conducted in athletes or
active young population [6,17,24,30,31]. However, the values found in present study are slightly below
those proposed by Barbosa-Silva and colleagues [32] according to gender and age for healthy adult
population. As shown previously, men have higher PhA values than women [11,17,24,32], despite in
the present study the Xc values were higher in females than in males (39.5 Ω/m ± 5.4 and 34.8 Ω/m ±
4.9, respectively), the lower R in the male group may be part of the explanation for a larger PhA in men
relative to women. Indeed, PhA is a significant predictor of ICW in females and males, regardless
of the covariates. It is sufficiently clear how important ICW is in increasing performance in athletes.
For example, Silva and colleagues [2] observed in elite judo athletes that there is a decrease in the
upper limbs power, in athletes that decreased the ICW compartment. In addition, ICW appears to be
a good predictor of the risk of lower grip strength in elite judo athletes [3], essential for attack and
defense techniques. It has long been postulated that a larger intracellular volume is an anabolic signal
promoter according to "The Cell Swelling Theory" and consequent increase in cell volume. In fact,
cell swelling leads to anabolism, whereas cell shrinkage promotes catabolism [33,34]. Considering the
above-mentioned information, it seems plausible that PhA a predictor of ICW in athletes.

PhA was also considered a significant predictor of TBW in males. There is currently robust
scientific evidence regarding the importance of TBW in biological performance, and only a small
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reduction in the hydration state may limit some of the body’s physiological processes, namely, power,
muscular strength and endurance [2,35]. Although the amount of TBW is of extreme importance,
focusing on this parameter alone can be limiting. Ribeiro and colleagues [30] in a study conducted
in a non-athletic population, found that despite unchanged TBW, strength training contributed to
a greater expansion of ICW, resulting in a reduction of the E:I ratio and an increased PhA. A better
understanding of how TBW is distributed through its water compartments is required.

The E:I ratio has previously been studied in a healthy non-athletic adult population [10] by using
labeled tritium dilution (3H2O) to determine TBW, total body potassium for ICW and ECW estimated
by the difference between TBW and ICW. The authors verified that E:I was considered a predictor of
PhA. Our results extend the aforementioned findings as the PhA was considered a strong predictor of
the E:I ratio in athletes independently of height, FM, FFM, age and sports category.

Lower E:I values are often found in athletes. For example, Marini and colleagues [17] found E:I
values of 0.6 ± 0.1 in men and 0.7 ± 0.1 in women. On the other hand, higher values were found in a
study by Gonzales and colleagues [11] conducting in healthy non-athletic adults. These authors found
E:I values of 1.03 in women and 0.79 in men. We can speculate that athletes have well-defined water
regulation mechanisms at the level of cell membranes preserving a greater amount of ICW.

In Marini’s study the raw parameters of the BIA were evaluated by means of a single BIA frequency
(BIA 101 Anniversary, Akern, Florence, Italy). This method utilizes a phase-sensitive impedance that
introduces a constant, low-level alternating current, enabling direct measurement of PhA and Z and
then R and Xc can be calculated. In our study BIS was used to measure resistance R and reactance Xc
while impedance and PhA were calculated at each measured frequency (in this case 50kHz which is
reported as a standard constant current condition, commonly used by most studies). In a recent study
by Silva and colleagues [25], a comparison between single and multi-frequency devices (Akern and
BIS) was conducted in a highly active population. The authors found that the both devices were highly
related in measuring raw BIA parameters at a frequency of 50kHz but a lack of agreement was observed
at the individual level. In the aforementioned study, the BIS instrument provided significantly lower
values of R and Xc but higher values of PhA at 50kHz.

Thus, we should address as a limitation of this study the fact that the use of a non-phase sensitivity
BIA equipment may not be free of a latent model error prediction in the calculation of PhA, though
reference techniques were used to determine water and its compartments. In addition, this study
presented a cross-sectional design limiting the inference for longitudinal relationships. Thus, further
studies should be carried out using a longitudinal approach to explore how raw BIA measures impact
fluid-related changes, especially in light of the high physical damage resulting from a large volume of
training and competitions during the sport season.

In conclusion, athletes with higher values of PhA have a lower value of E:I ratio and a higher
value of ICW and TBW, regardless of height, body composition, sports category, and age. As expected,
R values were predictors of TBW, ECW and ICW. Lower R values are observed in athletes who present
higher TBW and its extra and intracellular water compartments. In both sexes, higher values of Xc are
associated with a lower ECW expansion and with a higher ICW pool. The practical applicability of this
study is clear for coaches, physicians, nutritionists, and exercise physiologists: new methods to assess
hydration status that are time-efficient, simple, safe, precise, accurate and reliable are needed and the
usefulness of raw BI parameters in the assessment water compartments and fluid distribution of elite
athletes was highlighted in this study.
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Abstract: The aim of the study is to establish a simple and low-cost method that, associated with Body
Mass Index (BMI), differentiates overweight conditions due to a prevalence of lean mass compared
to an excess of fat mass during the evaluation of young athletes. 1046 young athletes (620 male,
426 female) aged between eight and 18 were enrolled. Body composition assessments were performed
with anthropometry, circumferences, skinfold, and bioimpedance. Overweight was established with
BMI, while overfat was established with the percentage of fat mass: 3.5% were underweight, 72.8%
were normal weight, 20.1% were overweight, and 3.5% were obese according to BMI; according to the
fat mass, 9.5% were under fat, 63.6% were normal fat, 16.2% were overfat, and 10.8% were obese.
Differences in overfat prediction were found using BMI alone or with the addition of the triceps fold
(area under the receiver operating characteristics curve (AUC) for BMI = 0.867 vs. AUC for BMI
+ TRICEPS = 0.955, p < 0.001). These results allowed the creation of a model factoring in age, sex,
BMI, and triceps fold that could provide the probability that a young overweight athlete is also in an
overfat condition. The calculated probability could reduce the risk of error in establishing the correct
weight status of young athletes.

Keywords: Triceps skinfold; overweight; youth; obese; child; adolescent

1. Introduction

The definition of overfat is necessary in order to accurately specify the problem of excess body fat
that directly affects health and physical fitness [1]. Excess body fat is a public health problem and is
considered an independent risk factor for several non-communicable chronic diseases [2]. Body Mass
Index (BMI, expressed in kg/m2) is the main parameter in clinical practice of classifying the subject’s
weight status. However, the limitation of this method is clearly established. In order to establish the
overfat condition, the use of adequate tools for the evaluation of the fat mass (FM) in addition to the
BMI value is recommended [3]. This aspect should be considered in particular during the evaluation
of an athlete due to greater muscle mass with the same body weight [4].

In the pediatric population, the assessment of weight status is an aspect that the World Health
Organization is continuously evaluating, because childhood obesity is associated with a higher chance
of obesity, premature death, and disability in adulthood [5]. In addition, for pediatric ages, BMI has
low sensitivity to establish excess adiposity, and 25% of children fail to identify their own correct
weight status [6]. This difference is particularly evident in the evaluation of young athletes’ obesity [7].
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There are numerous techniques and equations in order to quantify FM [8]. The reference methods
in this field have some inherent problems, such as the time needed for evaluations, the financial costs
involved, or the unnecessary exposure to radiation, in particular with young people [9].

During clinical practice or in sports fields, a simple and low-cost procedure is required to
discriminate overweight with low levels of FM from overweight with overfat. For this reason,
Junior [10] recommended the use of waist circumferences (WC) and waist-to-height ratio (WTHR) in
addition to BMI in order to body fat discriminators in children and adolescents in both sexes.

However, to date it is unknown whether these parameters can be used with the same efficacy even
in young athletes. Therefore, the purpose of the present study is to establish a simple and low-cost
method that, associated with BMI, provides the discriminating factor between overweight conditions
due to a prevalence of lean mass compared to that due to an excess of FM during the evaluation of
young athletes.

2. Materials and Methods

2.1. Subjects

A group of young athletes was enrolled before pre-participation screening for sport eligibility in
the Sports Medicine Department. In Italy, the sport eligibility certification is 12 months long but may
not coincide with the start of the competitive season; therefore, the athletes were evaluated during the
regular season.

We have analyzed data from 1046 young athletes (620 male and 426 female) aged between 8 and
18 years (mean age 13.9 ± 2.4 years for male and 12.7 ± 2.3 years for female). Inclusion criteria for
the subjects included being Caucasian, practicing sports at a competitive level, and not having any
contraindications to sports eligibility. Exclusion criteria in the analyses were age outside the range
of ±6 months compared to the average age of its own stratum, and abnormal values for weight and
height (5 kg below the third or 30 kg above the 97th percentile; 5 cm below the third or 5 cm above the
97th percentile) [11].

Written informed consent from both parents or guardians was retrieved for children under the
age of 18. After receiving consent, all subjects underwent a voluntary assessment of body composition.
The study was carried out in conformity with the ethical standards laid down in the 1975 declaration of
Helsinki and was approved by the local ethics committee. This study is part of a project of the Tuscany
Region called “Sports Medicine to support regional surveillance systems”; it was approved by the
Regional Prevention Plan 2014–2018 with the code O-Range18. Informed consent was obtained from
all the participants before inclusion in the study.

2.2. Body Composition Assessment

Technical staff trained in data integration of anthropometry, circumferences, skin fold thickness,
and bioelectric impedance analysis (BIA) [12] performed total body composition assessments.

Anthropometry and circumferences.
Weight was measured to the nearest 0.1 kg and height to the nearest 0.1 cm (Seca GmbH & Co.).

BMI was calculated as body mass divided by height squared (kg/m2). Circumference measures were
made with a tape metric (Holtain Limited, 1.5 m Flexible Tape) at waist, hip, and biceps:

1. Waist is taken at the narrowest level, or if this is not apparent, at the midpoint between the lowest
rib and the top of the hip bone (iliac crest).

2. Hip is taken over minimal clothing at the greatest protrusion of the gluteus muscles. The subject
stands erect with their weight evenly distributed on both feet and legs slightly parted without
tensing the muscles.

3. Bicep circumference, with the arms relaxed, is taken at the level of the midpoint between the
acromion and the olecranon processes.
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Skin fold thickness.
Skin fold measurements are widely utilized to assess body FM. Measurements were taken in

eight different anatomical sites around the body using calipers (Holtain, Limited Tanner/Whitehouse
Skinfold Caliper): triceps, biceps, sub scapula, supra ilium, mid axilla, pectoral, abdominal, and
quadriceps (expressed as mm). In addition to the values of the single folds, the sum of all eight folds
and the FM percentages derived from skinfold thickness were reported [12,13].

Bioelectric impedance analysis (BIA).
Body impedance is generated in lean tissues as an opposition to the flow of an injected alternate

current. Bioelectrical impedance was measured with a phase-sensitive impedance plethysmograph
(BIA 101 Sport Edition, Akern, Florence, Italy). The device emits an alternating sinusoidal electric
current of 800 mA at an operating single frequency of 50 kHz; standard whole-body tetra polar
measurements were performed according to manufacturer guidelines [14]. Resistance (Rz, Ω) is the
opposition to the flow of an injected alternating current; reactance (Xc, Ω) is the dielectric or capacitive
component of cell membranes and organelles; and phase angle (PA, in degrees) is defined as the ratio
between Rz and Xc or between intra and extracellular volumes [15]. In addition, the percentages of FM
(FM%) as suggested by McCarthy were recorded [16].

2.3. Statistical Analysis

In order to establish underweight, normal weight, overweight, or obese conditions, a subdivision
according to BMI, age, and gender was adopted with the International Obesity Task Force (IOTF)
guidelines for children and adolescents [17]. In order to establish under fat, normal fat, overfat, or
obese conditions, a subdivision according to FM percent, age, and gender was adopted with the body
fat reference curves for children developed by McCarthy [16].

The Shapiro–Wilk test was used to assess the normal distribution of variables. The Chi-square
test with Yate’s continuity correction was used for comparisons of categorical variables, and the
Mann–Whitney’s U-test was used for comparisons of non-normally distributed continuous variables.
Multivariate logistic regression models were fitted for the prediction of the dichotomized FM (under
fat/normal fat = 0; overfat/obese condition = 1), incorporating to the base model (age, gender, BMI)
one at a time in separate models and all the anthropometric variables. To decrease the overfit
bias and internally validate our results, all regressions were subjected to 200 bootstrap resamples,
and the goodness-of-fit of logistic models were checked using the Hosmer and Lemeshow test. The
predictive accuracy of logistic regression models was quantified as the area under the receiver operating
characteristics (ROC) curve (AUC), and AUCs were compared using the DeLong method [18]. Odds
ratios (ORs) with 95% confidence intervals were also calculated. Furthermore, multivariate logistic
regression coefficients were used to develop an FM-based nomogram (Orange software, version 3.4.2,
2017; https://orange.biolab.si/) [19].

All statistical analyses were performed using IBM-SPSS® version 23.0 (IBM Corp., Armonk, NY,
USA, 2015). In all analyses, a two-sided p-value < 0.05 was considered significant.

3. Results

Anthropometrics, skin fold, and bioelectric impedance parameters of the sample with a gender
comparison are shown in Table 1.

The prevalence of the weight status of the 1046 subjects depends on which classification is used.
Following the IOTF classification (based on BMI) 3.5% were underweight, 72.8% were normal weight,
20.1% were overweight, and 3.5% were obese, compared to 9.5% under fat, 63.6% normal fat, 16.2%
overfat, and 10.8% obese, according to the FM. Figure 1 shows the prevalence of the weight status
differences between sexes based on the subdivision by BMI or by FM. The division into weight classes
carried out by the BMI shows no differences between genders (p = 0.375); FM stratification shows a
different prevalence (p < 0.001), in particular for the overweight condition.
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Table 1. Anthropometrics, skin fold and bioimpedance parameters of the whole sample of young
athletes. Data for reading simplicity are expressed as mean ± SD.

Variable Male (n = 620) Female (n = 426) p Value

Age (y) 13.87 ± 2.42 12.74 ± 2.33 <0.001
Height (m) 1.64 ± 0.14 1.55 ± 0.12 <0.001
Weight (kg) 55.71 ± 15.24 48.97 ± 13.19 <0.001
BMI (kg/m2) 20.23 ± 3.33 20.04 ± 3.33 0.076

Waist circ. (cm) 68.34 ± 8.88 64.22 ± 8.67 <0.001
Hip circ. (cm) 85.18 ± 10.07 83.85 ± 13.41 0.057

Hip/waist 0.807 ± 0.14 0.809 ± 0.46 <0.001
WHR 0.52 ± 0.04 0.54 ± 0.07 <0.001

Biceps Circ. (cm) 24.40 ± 4.30 25.08 ± 29.41 0.001
Biceps fold (mm) 6.07 ± 3.50 8.54 ± 3.87 <0.001
Triceps fold (mm) 11.57 ± 5.48 16.47 ± 5.74 <0.001

Subscapular fold (mm) 9.16 ± 5.18 12.28 ± 8.11 <0.001
Supra iliac fold (mm) 11.08 ± 7.06 15.10 ± 7.37 <0.001

Axilla fold (mm) 8.06 ± 5.25 10.68 ± 6.81 <0.001
Pectoral fold (mm) 7.85 ± 4.96 11.03 ± 5.05 <0.001

Abdomen fold (mm) 12.51 ± 8.02 17.14 ± 7.98 <0.001
Quadriceps fold (mm) 15.29 ± 9.54 22.10 ± 6.51 <0.001

Sum fold (mm) 81.58 ± 42.66 91.25 ± 38.95 <0.001
Fat Mass from Skinfold (%) 16.85 ± 7.22 23.62 ± 7.56 <0.001

RZ (Ω) 566.85 ± 89.97 623.62 ± 69.18 <0.001
XC (Ω) 61.62 ± 8.07 66.22 ± 25.74 <0.001
PA (◦) 6.29 ± 0.92 6.08 ± 2.17 <0.001

Fat Mass from BIA (%) 18.25 ± 7.00 25.11 ± 6.34 <0.001
Fat Mass (Kg) 10.43 ± 6.20 12.92 ± 6.35 <0.001

Free Fat Mass (Kg) 45.28 ± 11.79 36.08 ± 7.72 <0.001

Figure 1. Differences in prevalence weight status between gender in the sample of young athletes
based on the subdivision by Body Mass Index (BMI) or by fat mass (FM).
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The results of the logistic regression analysis considering the parameters of age, sex, and BMI
show a coverage of the AUC equal to 0.867 ± 0.013. Table 2 shows the results of the AUC in the case
of the addition of a fourth anthropometric variable to the BMI, age, and gender variables. Triceps,
abdominal fold, and skinfold sum have achieved the highest results.

Table 2. Area under the curve (area under the receiver operating characteristics curve (AUC) ±
SE) results with the addition the fourth anthropometric variable to the BMI, age and gender in
young athletes.

Anthropometric Variable Area under the curve (%)

Waist circumference 0.877 ± 0.011
Waist/height 0.882 ± 0.013

Waist/hip 0.867 ± 0.013
Biceps circumference 0.867 ± 0.013

Triceps fold 0.955 ± 0.008
Sub scapula fold 0.920 ± 0.010
Supra ilium fold 0.938 ± 0.009
Mid axilla fold 0.944 ± 0.009
Pectoral fold 0.946 ± 0.008

Abdominal fold 0.960 ± 0.007
Quadriceps fold 0.938 ± 0.008
Skinfolds sum 0.976 ± 0.006

Differences in overfatness prediction were found using BMI alone or with the addition of the triceps fold value
(AUC: 0.867 vs 0.955, p < 0.001, Figure 2).

Figure 2. Receiver operating characteristics (ROC) curve, assessment of the accuracy of overfatness
prediction using BMI alone (AUC = 0.867) or with the addition of the triceps fold value (AUC = 0.955)
in young athletes. Statistical difference were found p < 0.001.

This result allowed the authors to create a model with age, sex, BMI, and triceps fold variables
that could provide the probability that an overweight child is also in an overfat condition (Figure 3).
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4. Discussion

The objective of this study was to provide a practical and simple solution, applicable in a clinical
or in a field setting, to differentiate the excess weight due to FM from that due to muscle mass in
young athletes.

The review performed by Junior [10] concludes that BMI, waist circumference, and waist-to-height
ratio are body fat discriminators in children and adolescents with low operational costs. Another
study performed by Sardinha [20] suggests that triceps fold gives the best result in order to define the
relationship between BMI and percentage of body fat in healthy boys and girls aged 10 to 15 years,
whereas BMI and upper arm girth are reasonable second choices. Both studies suggest specific cutoffs
by age group and sex; however, these parameters should be utilized with caution in the evaluation of
young athletes [10].

Athletes are subjected to remodeling of the proportions of FM compared to the whole body;
these modifications are particularly evident when young athletes are compared to untrained young
people [21]. This process occurs due to the different movements and training regimens required by
the sport practiced. Therefore, body shape of the athletes could be classified into three categories:
muscular and well-balanced type (running, volley, soccer, cycling, and swimming); rich muscular and
large-built type (canoeing and rugby); and rich muscular and long-torso type (weight lifting) [22].
Our study enrolled exclusively young athletes. The waist circumference, waist-to-height ratio, and
biceps circumference results reached lower statistical power compared to skinfold parameters. Our
results suggest using only the triceps fold in order to simplify the assessment: upper arm is easily
accessible for detection purposes, and the difference in comparison with abdominal fold (that gave a
higher AUC value) is not statistically significant. The evaluation of adiposity in young athletes, unlike
non-sporting young people, should include the use of more specific tools that allow a direct assessment
of the concerned body compartment.

Currently, the main clinical techniques for the measurement of adiposity in youth are BMI and
circumferences, which enable the use of growth centile charts [23]. Skinfold thickness measurement
and the use of standardized equations involve some limitations in the estimation of the adiposity in the
pediatric population. These biases were particularly high with increasing fatness and were affected by
age [24], reaching an error rate of over 5% [25]. Our study did not use any equation for FM estimation
but only the triceps fold value [26], expressed in mm.

The prediction model proposed by this study does not provide an absolute certainty of the
overfatness condition of a young overweight athlete. However, it provides a probability that further
action to promote the health of the young athlete should be considered starting from the value of 50%.
Figure 3 describes the procedures that health professionals should follow after pinching the tricep
folds of young athletes. This value should be recorded in addition to the age, sex, and BMI values; each
value corresponds to a score at the top of the figure. At the bottom of the figure, there is the sum of the
scores that provides a probability that the subject is in an overfat condition in addition to overweight.

The skinfold technique requires measurement expertise, and in order to achieve the best results
possible, health professionals should undergo training in this technique before carrying it out in order
to reach a good reliability and accuracy [27].

Data concerning anthropometrics and body composition, as well as the percentage of body fat, of
the present study are in agreement with well-documented sex-related differences in body composition
between males and females [28].

The prevalence of overweight and obesity is in line with previous studies [29,30]. However, the
weight status analyzed with FM results shows some differences in comparison with BMI results. In
particular, the prevalence of the obesity rises from about 3–4% to around 10% in both sexes. In males,
the status of overweight is transferred into obesity status, while in females there is a transfer from the
state of normal weight in favor of obesity. This differentiation also affects an adequate assessment of
cardiorespiratory fitness of young athletes, which in fact is mainly influenced by the FM rather than
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by the BMI [31]. This is significant because high levels of cardiorespiratory fitness may attenuate the
association between excessive adiposity and risks of cardiovascular and metabolic diseases.

The present study shows some strengths. Firstly, the number of subjects that underwent the
body composition assessment is in line with those present to date. Secondly, all subjects regularly
perform organized sport. Finally, the same expert operator in young athlete evaluation carried out all
the anthropometric and skinfold assessments.

The authors are aware that a limitation of the study is the use of BIA to evaluate the percentage of
FM, but they followed the study by McCarthy et al. [16] to establish the prevalence of weight status
based on FM in a sample of athletes aged eight to 18 of both sexes. This study did not distinguish
children and adolescents by maturation phase; it could be inferred that the sample heterogeneity could
alter the accuracy of the results. However, the objective of the study does not predict the evaluation
following stages of growth, because this aspect involves a further variable that would not allow the
creation of a simple tool applicable in a clinical setting or in the field.

This paper should be considered as a preliminary proposal for a new work tool that needs
validation on a larger population. At the same time, a future study direction could be extending the
possibility of this evaluation to other races as well.

5. Conclusions

In summary, obesity during youth is a public health problem that is constantly on the rise
worldwide. Participation in organized sports during youth is a widely used activity in western
countries because it brings many benefits to children. Among these advantages, there is also weight
control. However, it has been shown that BMI has some inherent limitations in assessing adiposity,
especially in young athletes. The authors therefore suggest a new predictive model to determine when
excess weight is due to excess fat mass. This practice could be used as an additional assessment of
young athletes during physical examinations conducted by the sports medicine physicians or physical
fitness evaluations conducted by the athletic trainers.
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Abstract: Bioimpedance standards are well established for the normal healthy population and in
clinical settings, but they are not available for many sports categories. The aim of this study was to
develop reference values for male and female athletes using classic bioimpedance vector analysis
(BIVA). In this study, 1556 athletes engaged in different sports were evaluated during their off-season
period. A tetrapolar bioelectrical impedance analyzer was used to determine measurements of
resistance (R) and reactance (Xc). The classic BIVA procedure, which corrects bioelectrical values
for body height, was applied, and fat-free mass, fat mass, and total body water were estimated.
In order to verify the need for specific references, classic bioelectrical values were compared to the
reference values for the general male and female populations. Additionally, athletes were divided
into three groups: endurance, velocity/power, and team sports. In comparison with the general
healthy male and female populations, the mean vectors of the athletes showed a shift to the left on
the R–Xc graph. Considering the same set of modalities, BIVA confidence graphs showed that male
and female endurance athletes presented lower body fluids, fat mass, and fat-free mass than other
sets of modalities. This study provides BIVA reference values for an athletic population that can be
used as a standard for assessing body composition in male and female athletes.

Keywords: BIVA; confidence ellipses; phase angle; R–Xc graph; tolerance ellipses

1. Introduction

The analysis of body composition (BC) is a critical component in the sports field, given its
relationship to physical performance [1]. Several techniques are used to assess BC in athletes. These
include underwater weighing (densitometry), dual energy X-ray absorptiometry (DXA), bioelectrical
impedance analysis (BIA), and anthropometric measurements. Although densitometry and DXA are
the most accurate methods to evaluate BC, they are expensive and impractical for field use because
they require large, specialized equipment. In recent years, bioimpedance vector analysis (BIVA) has
received attention in the sports science field as a method to obtain a qualitative assessment of BC [2].

BIA data (i.e., resistance (R) and reactance (Xc)), through BIVA, are used to evaluate cellular
function and body fluid content. This method plots the impedance parameters standardized for
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the subject’s height as a single vector on the R–Xc graph [3,4]. Recently, different studies compared
BIVA, dual X-ray absorptiometry, and body fluid measurements obtained by dilution technique.
The studies demonstrated the ability of BIVA to evaluate BC changes in athletes by studying the vector
displacements and BC variables (i.e., total body water (TBW), percentage of fat mass (%FM), and
the intracellular/extracellular water (ICW/ECW) ratio) [5,6]. The ICW/ECW ratio is identified by the
bioelectrical phase angle (PA), which is calculated as the arctangent of Xc/R × 180◦/π [5–7]. An increase
in ICW/ECW can be a consequence of gain in muscle mass due to physical activity [8–11]. However,
the analysis of only the PA leads to interpretation errors. In fact, groups of athletes characterized by a
similar PA may show different TBW or %FM. BIVA goes beyond this limitation because it takes into
consideration the relationship between ICW and ECW (determined by the vector slope in the R–Xc
graph) in addition to the TBW amount (which is represented by the vector length) [5].

Recent studies conducted on athletes have highlighted the need for sport-specific BIVA references
by establishing data from sets of sports such as soccer, volleyball, or cycling [12–14]. In the absence
of appropriate references for each sport category, researchers continue to use reference values from
the general healthy population [15–18]. A characteristic and innovative aspect of BIVA is that it
provides soft tissue classification (under, normal, and over) and ranking (more or less than before
intervention), comparing the position of an individual vector to a reference population. For this reason,
the application of BIVA can be compromised if inappropriate reference R–Xc graphs are used, leading
to evaluations that are difficult to interpret. Furthermore, to the best of our knowledge, no reference
values are available for female athletes.

The use of appropriate R–Xc graphs allows for the correct interpretation of BIVA patterns in the
assessment of BC, adding useful information regarding the influence of BC on somatic maturation in
young athletes [19]. While specific references do not exist for every single sport, establishing BIVA
references for the general male and female athlete populations may be useful even if values may
differ slightly between individual sports. Considering the importance of the use of BIVA for the
athletic population, the present study aimed to generate bioimpedance reference values for male and
female athletes.

2. Materials and Methods

2.1. Subjects

This was a cross-sectional observational study on 1556 athletes (men: n = 1116, age 23.1 ± 6.8 y;
women: n = 440, age 26.9 ± 6.6 y). The athletes participated in 23 sport modalities: athletics (men = 78
and women = 19), badminton (men = 5 and women = 4), basketball (men = 117 and women = 53),
boxing (women = 9), cross-country skiing (men = 4), CrossFit (men = 26 and women = 33), cycling
(men = 15), field hockey (men = 12), handball (men = 43 and women = 4), judo (men = 78 and
women = 28), karate (men = 29 and women = 5), kick boxing (men = 48 and women = 20), marathon
(men = 49 and women = 24), pentathlon (men = 33 and women = 21), rowing (women = 13), rugby
(men= 102), rhythmic gymnastics (women= 28), soccer (men= 67), short-distance swimming (men= 85
and women = 49), tennis (men = 26 and women = 15), triathlon (men = 64 and women = 18), volleyball
(men = 176 and women = 79), and water polo (men = 59 and women = 17).

The control groups were represented by the healthy male and female general populations [20].
The athletes were sorted into three groups: endurance (cycling, marathon, pentathlon, cross-country
skiing, rowing, and triathlon), velocity/power (athletics including jumping, throwing, short-distance
running; badminton; boxing; CrossFit; judo; karate; kickboxing; rhythmic gymnastics; swimming
including short-distance swimming; and tennis), and team sports (basketball, field hockey, handball,
rugby, soccer, volleyball, and water polo).

Medical screening indicated that all subjects were in good health. The following inclusion criteria
were used: (1) a minimum of 10 to a maximum of 13 h of training per week; (2) tested negative for
performance-enhancing drugs; and (3) not taking any medications. All subjects were informed of the
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study procedures before they gave written consent to participate. All procedures were approved by
the Bioethics Committee of the University of Bologna and were conducted in accordance with the
Declaration of Helsinki for human studies (Ethical Approval Code: 25027; dated 13.03.2017).

2.2. Procedures

All measurements were performed in resting conditions during the off-season period (9:00 a.m.)
at the athletes’ training centers. The impedance measurements were performed with BIA (BIA 101
Anniversary, Akern, Florence, Italy), which applies an alternating current of 800 μA at a single
frequency of 50 kHz. Measurements were made using four electrical conductors. The subjects were
in the supine position with a leg opening of 45◦ compared to the median line of the body and the
upper limbs positioned 30◦ away from the trunk. After cleansing the skin with alcohol, two Ag/AgCl
low-impedance electrodes (Biatrodes, Akern Srl, Florence, Italy) were placed on the back of the right
hand and two electrodes on the corresponding foot, with a distance of 5 cm between each other [4,21]
(Figure 1). To avoid disturbances in fluid distribution, athletes were instructed to abstain from food
and drink for ≥4 hours before the test.

Figure 1. Hand and foot electrode positioning.

The bioelectrical PA was calculated as the arctangent of Xc/R × 180◦/π. Total body water (TBW),
fat-free mass (FFM) and fat mass (FM) were determined according to Kotler et al. [22]. The vector
length (Z/H) was calculated as the hypotenuses of individual impedance normalized values. Height
was measured to the nearest 0.1 cm using a stadiometer. Body weight was determined to the nearest
0.1 kg using a mechanical scale. Body mass index (BMI) was calculated as total body mass (kilograms)
divided by height (meters) squared.

2.3. Statistical Analysis

Results are presented as mean ± SD. Normal distribution of data was evaluated using the
Shapiro–Wilk test. A univariate analysis of variance (ANOVA) with Bonferroni post-hoc tests for
multiple comparisons was performed. The two-sample Hotelling T2 test was used to compare the
differences in the mean impedance vectors between groups. The 50%, 75%, and 95% tolerance ellipses
were generated using the BIVA software [23]. Statistical significance was predetermined as p < 0.05.
IBM SPSS 23.0 (SPSS, Chicago, IL, USA) was used for all statistical calculations.

3. Results

Characteristics of the athletes, sorted into three groups by sex and ANOVA results, are reported in
Table 1. Male team-sports athletes showed higher values of height, weight, BMI, FM, FFM, and TBW
than those for male endurance and male velocity/power athletes (p < 0.01). Female team-sports athletes
showed higher values of weight, FFM, and TBW than female endurance and female velocity/power
athletes (p < 0.01). FM was higher in female team-sports athletes than in female velocity/power athletes.
For both sexes, bioelectrical variables were lower in team-sports athletes, except for PA, which was
similar for all groups.
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Figure 2 shows the mean impedance vectors with the 95% confidence ellipses for all athletes
compared to the 95% ellipses for the general healthy reference populations [20]. Compared to the
general populations, the vectors of both male and female athletes shifted to the left.

Figure 2. Mean impedance vectors with the 95% confidence ellipses for athletes and the general healthy
populations. The Hotelling T2 test results are included.

The mean impedance vectors of the three categories of athletes showed significant differences
between each other (p < 0.01). Similarly, male and female endurance athletes showed longer impedance
vectors than the athletes included in the velocity/power and team-sports groups, which were respectively
lower in the R–Xc graph (Figure 3B,D).
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Figure 3. Scattergrams of the individual (A,C) and mean (B,D) impedance vectors, divided by sports
categories and plotted on the new tolerance ellipses, for male (A,B) and female (C,D) athletes. The
Hotelling T2 test results are included.

The new 50%, 75%, and 95% tolerance ellipses calculated for all athletes and for the three groups
are shown in Figure 4 for males and in Figure 5 for females.
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Figure 4. New 50%, 75%, and 95% tolerance ellipses of the entire male athlete population and for the
endurance, velocity/power, and team-sports categories with the single athletes’ vectors. r = correlation
coefficient between R/H and Xc/H. ICW/ECW: intracellular/extracellular water ratio.
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Figure 5. New 50%, 75%, and 95% tolerance ellipses of the entire female athlete population and for the
endurance, velocity/power, and team-sports categories with the single athletes’ vectors. r = correlation
coefficient between R/H and Xc/H.

The 95% confidence ellipses for the mean impedance vectors of elite male soccer players [12]
(n = 219, R/H = 252.1, SD = 23.1, Xc/H = 33.9, SD = 4.1, r R/H; Xc/H = 0.69), volleyball players [14]
(n = 75, R/H = 232.1, SD = 24.1, Xc/H = 31.5, SD = 4.3, r R/H; Xc/H = 0.81), and cyclists [13] (n = 79,
R/H = 284.5, SD = 31.4, Xc/H = 34.9, SD = 4.1, r R/H; Xc/H = 0.56) plotted on the new reference tolerance
ellipses are shown in Figure 6. Separate 95% confidence ellipses indicate a significant vector difference
(p < 0.05).
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Figure 6. The 95% confidence ellipses for the mean impedance vectors of elite male soccer players [12],
volleyball players [14], cyclists [15], and for the general population [19] plotted on the new reference
tolerance ellipses.

4. Discussion

The present study, for the first time, generates BIVA reference data for the male and female athlete
populations and for endurance, velocity/power, and team-sports athletes. The different distributions
of the athletes’ bioelectrical values compared to the general population is indicative of the athletes’
BC peculiarities and shows the need for athlete-specific reference values. The differences in the BIVA
distributions between athlete groups and the general healthy population might reflect the sport- and
training-specific adaptation of body masses and composition. In fact, the athletes’ lower R/H and
higher Xc/H values compared to the general population indicate a higher ICW/ECW ratio and FFM,
which is typical for athletes [24,25].

Additionally, the comparison of the 95% confidence ellipses of the mean impedance vectors of
the three groups (endurance, velocity/power, and team sports) shows that each athlete group had a
slightly different vector distribution on the R–Xc graph. As previously noted, in addition to having
morphological and BC differences compared to the general population [24,25], athletes also differ
according to the sport that they practice [26–28]. In particular, compared to the velocity/power and
team-sports athletes, endurance athletes showed a longer mean impedance vector on the R–Xc graph,
indicating less body fluids, which is most likely due to lower body weight. On the contrary, athletes
practicing in team sports are positioned at the lowest points on the R–Xc graph compared to the other
two group categories.

Our results show that there were no existing PA differences among the three groups of athletes.
Recently, a literature review conducted by Di Vincenzo et al. [29] suggested that the PA is a reliable
indicator of the ICW/ECW ratio, and that it decreases with age and varies by sex [30]. However, the
authors highlighted that it is still uncertain to what extent the PA varies between different sports.
Our results show significant differences among the three groups of athletes assessed by BIVA, in both
sexes. The BIVA vector position, whose slope is determined by the PA and whose length is determined
by the TWB amount, improves the categorization of athletes practicing different sports by overcoming
the limitation of evaluating only the PA. In fact, the reference data of the elite categories of soccer [12],
volleyball [14], and cycling showed different vector displacements on the R–Xc graph when assessed
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by BIVAR–. In particular, if we consider the reference values of the PA in soccer players and volleyball
players, they were closely similar (7.7 ± 0.6 and 7.7 ± 0.7, respectively). However, as shown in the R–Xc
graph (Figure 6), the vector length was lower in volleyball players than in soccer players. This indicates
an increased quantity of fluids due to a heavier body mass with similar ICW/ECW ratio. In this regard,
as shown in a cross-sectional study by Campa et al. [31], high-level volleyball and soccer players
present similar calf and thigh muscle areas, but upper muscle area and body mass are greater in athletes
who play volleyball. As studied previously, BIVA has already shown effectiveness in discriminating
between division levels within the same sport [12–14]. This is due to the fact that athletes competing at
elite levels, in addition to better technical abilities, have a different BC with higher muscle masses and
a lower %FM [12,31,32].

A strength of this study is the large sample size of 1116 males and 440 female athletes (in
comparison to the 354 male and 372 female subjects proposed as reference for the general population by
Piccoli et al. [20]). Additionally, subjects considered in this study were measured in the same conditions
and during the same off-season period. This is noteworthy when comparing BIVA measurements
because vector changes occur during the competitive season [6,15,33]. Future research should provide
sport-specific BIVA references, including samples of different division categories, with a focus on the
vector changes throughout the competitive period.

Some limitations of this study should also be acknowledged. Our results are only applicable when
using bioimpedance devices operating at a single frequency of 50 kHz. Additionally, the proposed
references are specific to the population that was tested in this study. Even though using these BIVA
references might constitute an advantage to the use of the general population data, it still might not be
the optimal solution for each individual sport.

5. Conclusions

This study proposes new BIVA references that will be useful in assessing BC in male and female
athletes. The research shows that vector distributions of endurance, velocity/power, and team-sport
athletes differ from the general healthy population and among themselves, due to their different
BCs. The BIVA vector, whose position is due to the PA and vector length values, provides additional
information with respect to the interpretation of the PA alone. This allows for the assessment of soft
tissues (e.g., ICW/ECW) in relation to TBW.
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