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The present study aimed to assess the utility of a less laborious technique for estimating total body protein (TBPro) in young athletes, using a multicomponent model as the criterion method. A total of 88 (49 boys and 39 girls) adolescent athletes (age: 15.2 ± 1.5 years; body mass index: 21.2 ± 2.7 kg/m2) participated. A 6-compartment model was used as the reference method (TBProReference) involving air displacement plethysmography for body volume, dual-energy X-ray absorptiometry (DXA) for bone mineral content, and deuterium dilution for total body water (TBW). Alternatively, DXA TBPro models were used as TBPro = lean-soft mass (LSM) − HFFFM × fat-free mass (FFM) − Ms. − G, where LSM and FFM were assessed using DXA, HFFFM is the hydration fraction of the FFM using measured TBW or assumed TBW (adult fraction of 0.732; Lohman’s constants or mean observed HFFFM), Ms. is soft tissue minerals (Ms = 0.0129 × HFFFM × FFM), and G is glycogen calculated as 0.044 × (LSM − HFFFM × FFM − Ms). The maturation level was determined by self-assessment. TBPro obtained from DXA using the assumed HFFFM explained 73% to 77% of the variance compared to TBProReference. Meanwhile, using the mean values of measured HFFFM, the DXA model explained 53 and 36% for boys and girls, respectively. Larger bias (8.6% for boys and 25.8% for girls) and limits of agreement were found for the DXA model using measured HFFFM (boys for 66.9% and girls for 70%) compared to an assumed HFFFM (bias ranged from 1.5% to 22.5% and limits of agreement ranged from 31.3% to 35.3%). Less complex and demanding TBPro DXA models with the assumed HFFFM are valid alternatives for assessing this relevant FFM component in groups of adolescent athletes but are less accurate for individual results. Though future studies should be conducted to test the usefulness of these models in longitudinal and experimental designs, their potential to provide an estimation of protein mass after exercise and diet interventions in young athletes is anticipated.
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1 Introduction

Protein is the second major component of the fat-free mass (FFM) (1), i.e., on a molecular level of body composition analysis, and plays a central role in many biochemical and physiological processes (2). Total body protein (TBPro) increases during growth and development, as well as in response to exercise programs, specifically strength and resistance training, coupled with adequate levels of dietary protein intake (3, 4).

The evaluation of TBPro in athletes is particularly relevant, namely in tracking the overall nutritional status, but also in calibrating and adjusting the diet to fit their respective whole-body protein needs specific to their respective sport (3, 5). Typically, TBPro assessment in vivo is obtained with complicated and expensive techniques using in vivo neutron activation analysis (IVNA). However, the application of IVNA is limited because it is cost-prohibitive and involves radiation exposure (6).

Traditional methods to assess molecular components are based on a two-component (2C) approach (7), either using hydrostatic weighing or air displacement plethysmography, assuming constant densities for FFM density and hydration based on human cadaver analysis (8) that compromise a valid body composition assessment in the pediatric population (9). Multicomponent models such as the four-compartment molecular model (4C model: fat, water, mineral, and protein/residual) have been used to validate 2C models in pediatric groups (9, 10), providing a protein mass component (or a residual mass) that can be further adjusted for non-protein components typically found in residual mass (11). Therefore, a six-compartment model [6C model: fat, water, protein, bone mineral, soft tissue mineral, and glycogen (G)] can also be employed to accurately assess TBPro by including measurements of body mass, body volume (BV), bone mineral content (BMC), total body water (TBW), and assumptions for soft tissue minerals (Ms) and G (1, 11, 12). Additionally, a model based on whole-body dual-energy X-ray absorptiometry (DXA) (13) can be used to estimate TBPro. The DXA systems allow measurements of BMC and lean soft mass (LSM), which compose the basis of an assessment of TBPro, and are both less expensive and generally more accessible than IVNA. Theoretically, LSM is considered to consist of TBW, Ms., TBPro, and G because other components are quantitatively less significant (14). Hence, TBPro may be estimated by subtracting TBW, Ms., and G from LSM. Dilution techniques are the gold standard for estimating TBW in vivo (15). Alternatively, TBW may be predicted by assuming that FFM, equivalent to the sum of DXA measurements of BMC and LSM, has a constant hydration fraction (approximately 73.2% in adults) (16), which ranges from 69% to 78% in children based on gender and age (17).

Heymsfield et al. (11) presented the comparability of a 6C model, including estimates of Ms. and G, against the reference approach, IVNA, in healthy adults. The authors observed that the TBPro estimation from the 6C model was minimally larger than the IVNA TBPro, though highly correlated and with no significant bias (11). Previous studies using 4C models were conducted on young athletes exploring TBPro without adjusting for Ms. and G and observed an 8% and 13% increase in this component over one season (18). Recognizing the relevance of assessing and tracking changes in TBPro in athletes, simple alternatives, such as the TBPro-DXA-based models, should be explored. Though the accuracy of TBPro estimates by DXA-based models has been studied in children and adults using a 4C model as the reference method for TBPro (19), its accuracy for measuring TBPro is unknown in a sample of adolescent athletes. Therefore, the purpose of the current study was to assess the usefulness of DXA models to estimate TBPro with either measured or assumed TBW constants in adolescent athletes using a 6C model as the reference method.



2 Materials and methods


2.1 Subjects

A total of 88 Portuguese adolescent athletes, 39 girls (age 15.1 ± 1.8 years) and 49 boys (age 15.4 ± 1.1 years), volunteered to participate in this study. Subjects were recruited from five sports clubs in Lisbon, Portugal, and were involved in several professional sports (swimming, basketball, rugby, gymnastics, and judo). The parents/guardians of each participant and the athletes involved in the investigation were given written and verbal instructions regarding the research design and all the procedures required for the study. After informing each participant and their parent/guardian about the investigation protocol, possible risks, and benefits of participating in the study, a signed written consent form was obtained. All procedures and consent forms were approved by the Ethical Committee of the Faculty of Human Kinetics, University of Lisbon.

The inclusion criteria for the athletes were: (i) current participation in competitive sports at national and international levels; (ii) at least 2 h per week of training; and (iii) 3 years or more of training in their respective sport. The exclusion criteria were: (i) athletes taking medication for illness or injuries, (ii) any kind of supplements; (iii) female athletes who reported to be amenorrhoeic; and (iv) athletes who were in the process of gaining or losing weight. Information about each subject’s sports participation, medical history, medication, and diseases was collected through a questionnaire.



2.2 Maturation

The subjects were grouped according to pubertal status, determined by self-assessment using the Tanner stage (20) adapted by Ross and Marfell-Jones (21). A self-evaluation method with figures was used to identify the degree of development of the genital organs, breasts, and pubic hair.



2.3 Procedures

All measurements were performed on the same day, during one visit to the study laboratory, over a 4-h period. The measurements were performed by the same technician. Participants were asked to fast from the previous evening and to avoid moderate or vigorous exercise training intensity in the previous 24 h. After an overnight fast of 8–10 h, the subjects came to the laboratory, where all measurements were carried out. The measurements started with the assessment of body mass and height. Next, the participant received a dose of deuterium oxide for TBW assessment, followed by a whole-body DXA scan and then BV assessment.



2.4 Body composition measurements


2.4.1 Body weight and height

Body weight was measured twice using an electronic scale (SECA model 770; Hamburg, Germany) to the nearest 0.1 kg, and the average was recorded as their weight. Stature was also measured twice, without shoes, to the nearest 0.1 cm, and the average was recorded as their height.



2.4.2 Body volume

BV was assessed using an air displacement plethysmograph (BOD POD®, COSMED, Italy). Each subject wore a swimming suit, and their body mass was measured to the nearest 100 g using an electronic scale connected to a plethysmograph computer. BV was computed based on the initial BV corrected for thoracic gas volume and a surface area artifact was computed automatically (22). Measured thoracic gas volume was measured in all subjects.

All measurements were conducted using the BOD POD® software version 1.68. Based on the test–retest performed on 10 athletes, the CV value in our laboratory for measuring BV is 0.4% (23).



2.4.3 Total body water

TBW was assessed using the deuterium dilution technique with a stable Hydra gas isotope ratio mass spectrometer (PDZ, Europa Scientific, United Kingdom). After completing a 12-h fast, an initial urine sample was collected, at which time the subject was immediately administered deuterium oxide (2H2O) at a dose of 0.1 g/kg of body weight, diluted in 30 mL of water. After a 4-h equilibration period, another urine sample was collected. Abundances of 2H2O in dilutions of the isotope doses were then analyzed. The urine and diluted dose samples were prepared for 1H/2H analysis using the equilibration technique of Prosser and Scrimgeour (24). After the tubes were filled with zinc, they were equilibrated at 20°C ± 1°C overnight for 3 days. The tubes were then introduced sequentially into a helium flow that was dried by magnesium perchlorate and then analyzed using a Hydra gas isotope ratio mass spectrometer set to detect 1H/2H. The enrichments of equilibrated local water standards were calibrated against Standard Mean Ocean Water (SMOW). Based on delta SMOW, TBW was estimated, including a 4% correction due to the dilution of deuterium into non-aqueous space (15). Our laboratory’s CV for measuring TBW, based on a test–retest involving 10 subjects, is 0.3% (23).



2.4.4 TBPro from the multicomponent molecular model

A six-compartment model using assumptions for Ms (Ms = 0.0129 × TBW) (12) and G (G = 0.044 × TBPro) was used as the criterion method to estimate TBPro (1). TBPro was estimated from the reference method as body mass minus fat mass (FM), TBW, Mo, and the assumed calculations for Ms. and G, as described:

[image: image]

where BV is body volume (L), TBW is total body water (kg), Mo is total body bone mineral (kg), Ms. is soft tissue mineral (kg), and BM is body mass (kg).



2.4.5 TBPro estimated from DXA

The BMC, LSM, and FM were estimated using a DXA (Hologic Explorer-W, fan beam densitometer, software QDR for Windows version 12.4, Waltham, MA, United States). A whole-body scan was performed and the attenuation of X-rays pulsed between 70 and 140 kV synchronously with the line frequency for each pixel. Following the protocol for DXA described by the manufacturer, a step phantom with six fields of acrylic and aluminum of varying thickness and known absorptive properties was scanned to serve as an external standard for the analysis of different tissue components. The same laboratory technician positioned the subjects, performed the scans, and executed the analysis according to the operator’s manual using the standard analysis protocol. Considering that BMC represents ashed bone, BMC was converted to Mo by multiplying it by 1.0436 (25). TBPro can be then estimated by:
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where LSM was determined by DXA, HFFFM x FFM is equivalent to either measured TBW or using an assumed TBW fraction of DXA FFM [HFFFM = 0.732 (AdultHFFFM) (26); HFFFM from Lohman’s constants (LohmanHFFFM) (17); and mean measured HFFFM for boys and girls (meanObsHFFFM)], Ms. was calculated as 0.0129 × HFFFM × FFM, and G was assessed as (LSM − HFFFM × FFM − Ms) × 0.044. The CV for BMC in our laboratory based on a test–retest involving 10 subjects was 1.3% (23).



2.4.6 Propagation of measurement error

In this study, the propagation of measurement error associated with TBPro determination from the multicomponent model can be estimated by using the measurement precision of each method involved in the determination of BV, TBW, Mo, and body mass and assuming an average body composition of the whole sample (BV, TBW, Mo, and body mass), as stated throughout this section. Accordingly,
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The test–retest reliability data collected in the present study thus yields a value of ~0.6 kg.




2.5 Statistical analysis

Paired t-tests were used to compare TBPro from the DXA models with the 6C model, for boys and girls. A simple linear regression analysis was performed when comparing TBPro estimates by the DXA models, as the independent variables, with the reference method, as the dependent variable. A multiple regression analysis was performed to test the influence of maturation level alone and in interaction with TBPro obtained by each DXA model, separately. For each TBPro-DXA model, if the maturation level and the interaction term between this factor and TBPro from the DXA models were non-significant, a simple linear regression analysis would be performed to explain TBPro from the reference method without dividing the sample by maturation level. The standard error of estimation (SEE) and the coefficient of correlation (r) were analyzed. The SEE was used as a measure of validation to assess the lack of association between the two methods (TBPro from the reference method vs. TBPro from each DXA model). Agreement between methods was assessed, including the 95% limits of agreement (27). Statistical significance was set at a p-value of <0.05.




3 Results

The means and standard deviation values of body composition results are displayed in Table 1.



TABLE 1 Subject characteristics.
[image: Table1]

The maturation level (as a main effect) and the interaction term between this factor and TBPro from each DXA model were non-significant for girls (p > 0.05) and boys (p > 0.05) in explaining reference TBPro, enabling the use of the whole sample by gender, regardless of the maturation status. For both genders, the prediction of TBPro from using DXA-based models incorporating measured TBW or assuming adult FFM hydration (0.732), the mean measured value of FFM hydration (0.715 ± 0.018) obtained in girls, and Lohman’s FFM hydration constants significantly underestimated TBPro from the reference method (p < 0.05), except when the mean measured value of FFM hydration (0.725 ± 0.019) obtained in boys was used (p > 0.05).

DXA models with an assumed hydration fraction (AdultHFFFM, MeanObsHFFFM, and LohmanHFFFM) explained 77% and 74%, 77% and 73%, and 77% and 74% of the values obtained from the criterion TBPro variance for boys and girls, respectively. However, when measured TBW was incorporated into the DXA model, an explained variance of 53 and 36% was observed, as indicated in Table 2. Furthermore, TBPro estimations from the DXA-based model with measured TBW revealed a higher standard error of measurement (boys: 1.37 kg; girls: 1.26 kg) in predicting TBProReference compared to the other DXA-based models using an assumed FFM hydration, ranging from 0.80 to 0.96 kg.



TABLE 2 Regression parameters for TBPro estimation from DXA-based models against the reference method.
[image: Table2]

Slope and intercept differed from the line of identity (p < 0.05) for DXA with TBW measures, whereas the DXA models assuming FFM hydration did not show significant differences (p > 0.05) for both genders.

At an individual level, larger limits of agreement were found for the DXA model with measured TBW (boys: −4.6 to 2.7 kg; girls: −5.7 to 0.9 kg) compared to the DXA model using the adult FFM hydration value (boys: −2.5 to 1.3 kg; girls: −2.9 to 0.3 kg), the mean observed FFM hydration in our sample (boys: −2.1 to 1.7 kg; girls: −2.2 to 1.0 kg), or when Lohman’s constants were applied (boys: −3.1 to 0.8 kg; girls: −3.7 to −0.5 kg).

For girls, no trend was found between the differences between the methods and the mean of both methods (p > 0.05), while for boys, a significant trend was observed for all TBPro-DXA models (p < 0.05), except when TBPro was estimated using the mean FFM hydration value found in our male adolescent athletes (DXA-MeanObsHFFFM), as illustrated in Figure 1.

[image: Figure 1]

FIGURE 1
 Agreement between the reference method (TBProReference, total body protein using the six-compartment model) and the DXA-based TBPro models (TBProDXATBW, total body protein using measured total body water; TBProDXAadultHFFFM, total body protein using the adult assumed fat-free mass hydration (0.732); TBProDXALohmanHFFFM, total body protein using Lohman’s constants for fat-free mass hydration; TBProDXAmeanObsHFFFM total body protein using mean observed hydration fraction of the reference fat-free mass) for boys (right panels) and girls (left panels). The solid line represents the mean differences between the reference method and each DXA model. The dashed lines represent 95% limits of agreement (±1.96 SD). The trend line represents the association between the differences between the methods and the mean of both methods.




4 Discussion

The main finding about the usefulness of DXA-based models for TBPro mass estimation reveals that when assumed FFM hydration values are incorporated, the accuracy in assessing this FFM component is improved compared to measured FFM hydration in adolescent athletes, though a systematic underestimation is observed, except in boys using the mean observed FFM hydration.

A 6C model was chosen as an appropriate reference method against which to evaluate the DXA model of TBPro. This multicomponent model involves the inclusion of measured values for TBW and Mo, which serves to eliminate uncertainties associated with the assumptions necessary for less complex models (e.g., two-component models) of body composition assessment (28, 29). The 6C model reduced the systematic presence of other body components not taken into account by the 4C model, such as G and non-osseous minerals. Wang et al. (1) proposed accounting for G by assuming that this component constitutes approximately 44 g/kg of TBPro (30). For the Ms. component, a stable relationship was found between Ms. and TBW (12). We anticipate that this is a major strength of this study since fewer assumptions were made. It is generally accepted that DXA-derived FM and LSM are less valid compared to BMC measurements. This is partly because DXA estimates of FM and LSM are assumed to be in the same proportions in pixels containing bone as they are in pixels with no bone and partly due to the confounding effects of tissue thickness (31–33). Similarly, assessments of TBPro by the DXA method are less valid than those for the reference 4C model when measured TBW is taken into account, but slightly more accurate when an assumed constant for FFM hydration is applied (13), by limiting the biological variability in TBW measurements. These authors further indicated that TBPro improves significantly when estimated TBW, rather than measured TBW, is integrated into the DXA model (13). Our findings extend these results, using a 6C model with the assumed stable relationship for G and Ms. It is important to note that our DXA instrument underestimated FFM in female athletes by ~3 kg and more than 1 kg in male athletes.

The estimates obtained using measured TBW in our adolescents are further confounded by the significant relationship between measurement differences and the size of the estimation. The improvement in predicting TBPro using an assumed FFM hydration is possibly explained by the larger biological variability when the individual-measured TBW is incorporated instead of an assumed constant. Nevertheless, even when using an assumed FFM hydration, it should be noted that the difference between TBPro-DXA-based models and the criterion would increase (i.e., increasing the error for calculating TBPro) as the individual FFM hydration deviates further from the assumed constancy. Indeed, as the TBW to FFM ratio increases (17), which is the case when Lohman’s age-adjusted constants were used, the larger the absolute differences between DXA-based models and the reference method for TBProt assessment. Although the present study used a sample of adolescent athletes, with an expected higher contribution of TBW within the FFM, Lohman’s age-adjusted hydration constants were not useful given that the FFM hydration fraction observed in girls was 71.5% and in boys 72.5% (values even below the adult FFM hydration of 73.2%). Therefore, TBPro was markedly underestimated when these constants were used.

In the present study, we have assumed that the 6C models offer the most accurate estimates of TBPro. Wang et al. (25) provide further details on the assumptions for multicomponent model development. However, it is important to note that the gold standard method for TBPro assessment is obtained from total body nitrogen using IVNA (11). Though the current findings may be treated with caution, IVNA systems are costly to construct and expose subjects to ionizing radiation (~0.26 mSv).

Another methodological limitation is the use of a stable relationship between TBPro and G. We assumed that 44 g/kg TBPro is presented in our adolescent sample. Nevertheless, the FFM proportion of the main components observed in our young athletes differed from the common pediatric population (lower FFM hydration), as factors such as nutritional status and exercise may affect this relation (4, 34).

Given that body composition differs between DXA manufacturers and model equipment (35, 36), these results may not be generalized for other DXA manufacturers and models.

Hydration status was not determined, for instance, by using urine-specific gravity, which means that it was not possible to ensure whether athletes were considered euhydrated. Nonetheless, a recent study aimed at comparing body water compartments and hydration status of athletes with different regular amounts of water intake (low vs. high water drinkers with higher and lower urine specific gravity values) found no differences in TBW and FFM hydration between groups for both sexes (37).

Another limitation that should be addressed is the potential impact of the athletic background, specifically, the competitive level, years of experience, volume of training, and even player position, on the between-differences in TBPro assessment.

Finally, while the Tanner stages provide a useful framework for assessing pubertal development, self-assessment is inferior to clinical assessment (such as wrist radiography) due to subjectivity, cultural and individual variability, ethical concerns, and the narrow focus on physical characteristics (38), adding potential inaccuracies in pubertal status determination in this study.



5 Conclusion

Overall, the incorporation of assumed FFM hydration values in the DXA-based models appears to improve its accuracy compared to the inclusion of measured TBW fraction by limiting the biological variability of TBW and its impact on the explained variance of reference TBPro values. The DXA models using assumed FFM hydration have the potential to improve research and clinical practice in group studies of adolescent athletes but are less accurate for individual values. Measurements of TBPro in vivo can provide important information regarding healthy growth and development but also track the effects of exercise and diet interventions toward FFM gains in the pediatric athletic population. Nevertheless, more research is required to assess the accuracy of these models in tracking TBPro changes in young athletes using longitudinal and experimental designs.
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