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Different frequencies to estimate bone mineral content from raw bioelectrical impedance data in adolescent soccer players: a critical analysis
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Introduction: Skeletal muscle mass, body cell mass, total body water (TBW), and bone mineral mass (BMC) are components of fat-free mass (FFM), which conducts electrical energy due to its high water and electrolyte content. Multifrequency bioelectrical impedance analysis (MF-BIA) has been used to predict FFM, and studies have explored its application for quantifying BMC, a subset of FFM. However, the accuracy of the BMC predicted using MF-BIA depends on the methodological rigor of the frequency selection. This study examined the relationships between BMC and raw MF-BIA data at different frequencies.

Methods: The MF-BIA (SECA 515®) device obtained raw bioelectrical data at 5, 50, and 500 kHz. BMC was quantified using dual-energy X-ray absorptiometry (DXA). Multiple linear regression models and bioelectrical impedance vector analysis (BIVA) were applied to evaluate whole-body and segmental BMC relationships.

Results: Male adolescent soccer players (n = 149; 15.6 ± 0.6 years) participated in this study. Whole-body BMC (R2 = 0.522), and upper and lower limb BMC (R2 = 0.349) were best predicted at 5 kHz, while trunk BMC (R2 = 0.301) was best predicted at 50 kHz. BIVA revealed a leftward vector shift in participants with higher BMC quartiles. The calculated phase angle (PhA) was significantly higher in the highest BMC quartile for 5, 50, and 500 kHz in both upper and lower limbs (p < 0.05).

Conclusion: These findings indicate that MF-BIA could be a supplementary tool for studying BMC in adolescent athletes. However, its utility is constrained by prediction and interpretation errors, emphasizing the importance of careful frequency selection.
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1 Introduction

Bioelectrical impedance analysis (BIA) measures impedance, which is the opposition of frequency-dependent current flow. Fat-free mass (FFM) consists of lean soft mass (LSM) and bone mineral content (BMC). It is a compartment that contains water and electrolytes, primary conductors of electrical current in the body (1). Raw bioelectrical impedance data are resistance (R), related to fluids and ionic components; reactance (Xc), related to nonpolar components; and phase angle (PhA), related to cell functionality and integrity. These data are obtained from BIA devices, whether single- or multi-frequency (2–4) However, not all multifrequency devices provide R, Xc, and PhA values across different frequencies, making the critical use of frequency-dependent calculations difficult.

Predictive equations to estimate total body water (TBW), FFM, LSM, and fat mass (FM) have been validated with R and Xc as variables frequently obtained using single-frequency (SF-BIA, at 50 kHz) (5, 6). Multifrequency-BIA (MF-BIA) devices present frequencies ranging from 1 to 1,000 kHz. In frequencies below 50 kHz, the electrical current primarily passes through the extracellular water (ECW), which is adequate to estimate ECW. On the other hand, at frequencies above 50 kHz, the current can pass through the cell membrane, which is sufficient to estimate intracellular water (ICW) and TBW (7). Modern BIA devices estimate total BMC based on a constant proportion of minerals in FFM (8, 9) or calculate total BMC as the difference between predicted FFM and LSM. Unfortunately, many devices do not show the FFM and LSM predictive equations developed and used, making it difficult to validate them on other devices or populations (5, 10).

Adolescent soccer players seem to be a good model for studying bone health data because they are exposed to higher osteogenic stimuli (11–17), and soccer is the most popular sport among adolescents around the world. BMC may increase due to growth and physical training, with different degrees across body segments (18, 19). Athletes build bone mass in different body regions and at different rates depending on the type and intensity of their training (18, 20). BMC is positively correlated to muscle strength and may influence athletic performance and injury prevention (19). For this reason, periodic BMC assessment is advised, although it exposes the adolescents to radiation. Thus, it is important to explore complementary tools to study BMC.

Dual-energy X-ray absorptiometry (DXA) is a reference method for obtaining bone health data, such as BMC and bone mineral density (BMD). Despite its importance in sports, the use of this method involves high costs, trained professionals, and exposure to low-dose radiation (5, 21–23). Some authors have considered BIA as a technology capable of predicting BMC since the bone can conduct electrical current (24, 25). To our knowledge, there are four studies investigating BMC prediction using single frequency-BIA (23, 26–28), two using dual-frequency BIA (20 and 100 kHz) (9, 29), and five using MF-BIA (30–34), but their validity and reliability remain uncertain since the equations and frequencies used are not informed, suggesting that the frequencies may not be suitable for BMC prediction.

The present study aimed to investigate the relationships between BMC and raw MF-BIA data at different frequencies in male adolescent soccer players. To our knowledge, this is the first study to investigate whether different frequency values might be an additional source of bias in interpreting bone information using MF-BIA as a tool.



2 Materials and methods


2.1 Experimental design and participants

This was a cross-sectional study. The sample size was determined a priori using statistical software (G*Power, version 3.1.9.7) assuming: effect size = 0.3; α = 0.05; power (1 − β error probability) = 0.95. The estimated number of participants was 134 individuals. Male adolescent soccer players were recruited from first-division soccer clubs; they were training regularly and participating in competitions. Male adolescent soccer athletes were selected in order to avoid confounding variables due to differences in training sports modalities, such as mechanical loading patterns and sex. A total of 149 healthy male adolescent soccer players (aged 13 to 19.5 y), participated in the study. All participants were multiracial individuals and were considered biologically mature according to age at peak height velocity as described by Moore et al. (35).

Each participant underwent a single session of anthropometric measurements, MF-BIA, and DXA. In order to minimize potential confounding factors and ensure the reliability of the results, before the assessments, participants were advised to come in their training attire, remove all jewelry and metallic items, adhere to a fasting period of water and food for at least 4 h, and empty their bladder. Furthermore, they were instructed to refrain from engaging in physical exercise and consuming stimulant substances on the evaluation day. Participants’ compliance with the pre-study instructions was ensured through close supervision of the technical staff. The staff monitored and confirmed adherence to all preparatory guidelines. No athlete was excluded from the analysis, as all participants adhered to the study requirements.

Recruitment and data collection took place at the State University of Rio de Janeiro between September and November 2022, involving adolescent soccer athletes invited through contact with their technical staff.

All participants and their guardians received detailed explanations regarding the study’s procedures and protocols. Furthermore, they expressed their agreement by completing and signing an informed assent/consent form. The Ethics Committee of the Pedro Ernesto Hospital granted ethical approval for the study (CEP/HUPE 58284021.9.0000.5259), which was conducted by the Declaration of Helsinki.



2.2 Measurements

All measurements were performed between 9:00 AM and 1:00 PM. Participants were assessed by the same trained team, each researcher performing their respective functions.


2.2.1 Anthropometric measurements

Body height (SECA-264® Hamburg, Germany) and weight (SECA-515® Hamburg, Germany) were obtained with an accuracy of ±50 g up to 100 kg for the scale and ± 2 mm for the stadiometer, according to Lohman’s recommendation.



2.2.2 Multifrequency bioelectrical impedance analyses

A reliable hydration status assessment was obtained by instructing the volunteers not to exercise 24 h before the assessment, to go over an overnight fast, and to refrain from drinking 4 h before. BIA measurements were taken after a 5-min rest, with the participants in the supine position, in a thermo-neutral environment of 25°C.

Bioelectrical data (R and Xc) were obtained for whole-body and segments (upper limb, lower limb, and trunk) using octopolar MF-BIA (SECA-515® Hamburg, Germany) in 19 frequencies ranging from 1 to 1,000 kHz. Methodological details including hydration status were described by Cattem et al. (36). Segmental analysis was conducted on the right side of the body. PhA was calculated using the equation PhA = arc tan Xc/R x 180/π (37).

Frequencies below 50 kHz are deemed low and permit exploration of the extracellular environment, whereas those above 50 kHz are deemed high and can penetrate the intracellular environment. The frequencies (<50 kHz and > 51 kHz) were selected according to the following criteria: (1) more correlations among BMC, R, and Xc; (2) higher Pearson correlation coefficient values; and (3) the frequencies most cited in previous studies relating to BMC and raw BIA (Table 1).



TABLE 1 Multifrequency bioelectrical impedance device characteristics used in previous studies on bone mineral content.
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2.2.3 Bioelectrical impedance vector analysis

The BIVA is based on the measurement of the raw bioelectrical data, which are R and Xc, normalized by the height (H) of the participants (R/H and Xc/H) (35–37). The bivariate 95th percentile of confidence limits (confidence ellipsis) of the experimental data is plotted in an R/H versus Xc/H graph (38–40). The correlation between R and Xc determines the ellipsoidal form of the bivariate probability distributions (38–41).

BIVA Software (42) was used to plot RXc graphs and to compare 95th percentile confidence ellipses according to quartiles of BMC for the whole-body, right upper limb, right lower limb, and trunk.



2.2.4 Dual X-ray absorptiometry

BMC (g), FM (kg), and LSM (kg) were obtained for whole-body and segments (upper limb, lower limb, and trunk) using Lunar iDXA device (enCore 2008 version 12.20, GE Healthcare, WI, United States). BMC was used because bioelectrical data are related to quantities (mass) of mineral elements, which are electrical conductors. A skilled radiology technician performed the scan according to the manufacturer’s guidelines and international criteria (43). Participants underwent the scanning procedure supine, aligned with the central table’s longitudinal axis.




2.3 Statistical analysis

Data distribution was tested using the Kolmogorov–Smirnov test, and variables were represented with mean, standard deviation, and 95% confidence interval. Pearson correlations were conducted to examine the associations between bioelectrical data and BMC, considering the whole body and segments. Additionally, multiple linear regression analyses were performed using BMC as an outcome variable, with bioelectrical R and Xc data serving as independent variables.

For whole-body measurements, the models included R, Xc, age, and body mass, whereas for segmental measurements, only age was used as an independent variable. The objective of the multiple linear regression (MLR) was to assess the extent to which bioelectrical data (R and Xc, or R/H and Xc/H) predict variations in BMC, and to examine the strength, direction, and significance of the relationships.

The following MLR indexes were calculated: Beta coefficients (β), which represent the standardized effect of each independent variable; b coefficients, which indicate the change in the dependent variable per change unit in the independent variable; tolerance, which measures the independence of predictors; variance inflation factor (VIF), which assesses multicollinearity; multiple R, which indicates the overall fit of the model; adjusted R2, which accounts for the determination coefficient considering the number of predictors; and standard error of estimate (SEE), which estimates the model’s precision in predicting the dependent variables.

BIVA 95% confidence ellipses were drawn in R-Xc graphs in order to compare quartiles of BMC, using Mahalanobis’ distance (D), and to verify whether R, Xc and PhA could differentiate BMC in whole-body and segments.

PhA values were compared according to quartiles of BMC using one-way ANOVA and Bonferroni post-hoc test. STATISTICA 10 software (Stat Soft. Inc., Tulsa, OK, United States) was used for all analyses, and p < 0.05 was considered significant.




3 Results

The male adolescent soccer athletes were 15.6 ± 0.6 years (95%CI: 15.4–15.9), 67.6 ± 8.9 kg (95%CI: 66.1–69.0), 176 ± 7.3 cm (95%CI: 174.8–177.2), and training volume was 5.0 ± 1.8 h per week.

Body composition and bioelectrical data of participants are shown in Table 2. Pearson correlations (r) between bioelectrical data and BMC in the whole body, right upper limb, right lower limb, and trunk in the full range of frequencies from 1 to 1,000 kHz are presented in Table 3. R showed a consistent negative correlation with BMC and LSM across all frequencies. Considering Xc, 5 kHz was the low frequency with more associations. The high frequencies with more associations were 500, 750, and 1,000 kHz. And 500 kHz showed the highest r values among others.



TABLE 2 Body composition and raw bioelectrical data at 50 kHz for whole body and segments in male adolescent soccer athletes (n = 149).
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TABLE 3 Correlations among raw bioelectrical data at 1 to 1,000 kHz frequencies and bone mineral content in whole-body and segments in adolescent soccer players (n = 149).
[image: Table3]

Multiple linear regression analysis identifying the impact of bioelectrical data, R/H and Xc/H, age, and body mass on BMC in the whole body is shown in Table 4. In models considering R/H and Xc/H, the highest adjusted R2 was observed at 5 kHz, explaining 52.2% of the data variance. The inclusion of age increased the adjusted R2, with the best result at 5 kHz, accounting for 65.0% of the variance, compared to 63.5% at 50 kHz and 64.4% at 500 kHz. The inclusion of body mass increased the adjusted R2 to 86.5%, eliminating the bioelectrical variables in the model, and rendering the differences in frequencies excluded from the model.



TABLE 4 Multiple linear regression analysis models considering whole body bone mineral content (g) as dependent variable and raw bioelectrical data obtained at 5, 50, and 500 kHz frequencies.
[image: Table4]

Multiple linear regression analysis identifying the impact of bioelectrical data, R, and Xc, on BMC in segments is presented in Table 5. In models considering only R and Xc for the right upper limb, the highest adjusted R2 was observed at 5 kHz, explaining 34.9% of the data variance. The inclusion of age increased the adjusted R2, with the best result also at 5 kHz, accounting for 48.5% of the variance, compared to 46.8% at 50 kHz and 47.6% at 500 kHz. In models considering only R and Xc for the right lower limb, the highest adjusted R2 was found at 5 kHz, explaining 15.3% of the data variance. The inclusion of age increased the adjusted R2, with the best outcome at 500 kHz, accounting for 36.4% of the variance, followed by 5 kHz with 32.6% and 50 kHz with 32.6%. For models considering only R and Xc in the trunk, the highest adjusted R2 was observed at 50 kHz, explaining 30.1% of the data variance. When age was included, the best model was at 500 kHz, with an adjusted R2 of 55.9%, followed by 50 kHz at 54.5% and 5 kHz at 52.4%.



TABLE 5 Multiple linear regression analysis models considering limb bone mineral content (g) as the dependent variable and raw bioelectrical data obtained at 5, 50, and 500 kHz frequencies.
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BIVA confidence ellipses comparing quartiles of BMC are drawn for 5, 50, and 500 kHz, considering whole-body (Figure 1A), right upper limb (Figure 1B), right lower limb (Figure 1C), and trunk (Figure 1D). Additionally, the values of R/H and Xc/H for the whole body and R and Xc for the segments are provided according to the BMC quartiles. For all frequencies and segments (except trunk), the PhA value is higher in the fourth group (> BMC values) than in groups I, II, and III (p < 0.05).

[image: Figure 1]

FIGURE 1
 95% confidence ellipses considering (A) whole-body; (B) right upper limb bone; (C) right lower limb, and (D) trunk bone mineral content quartiles at 5, 50, and 500 kHz. BMC, bone mineral content; D, Mahalanobis’ distance; PhA, phase angle. Different letters in the same column indicate significant differences using one-way ANOVA and Bonferroni post-hoc test (p < 0.05).




4 Discussion

This is the first study that used an MF-BIA device to show that BMC values are related to raw bioelectrical data. The highest coefficient of determination of BMC for whole-body (52.2%), upper limb (34.9%), and lower limb (15.3%) was observed at 5 kHz. However, the coefficient of determination for the trunk was higher at 50 kHz (30.1%) than at 5 kHz (23.1%). This result may be related to the trunk’s body composition profile, which is approximately 50% of all LSM, whereas BMC is approximately 30% (8). This difference in proportion leads to the need for a higher frequency to conduct the electrical current.

The use of multiple frequencies allows for a more accurate assessment of the extracellular and intracellular environments, since low frequencies (<50 kHz) pass through the extracellular environment, and high frequencies (>50 kHz) penetrate the intracellular environment more effectively (1, 6, 7). Lower frequencies of electrical and dielectric properties of ex vivo distal femur and proximal tibia bones were investigated and pointed to mechanical properties and microdamage detection (24, 25). Overall impedance and resistivity seem to be better detectable at frequencies between 10 and 100 kHz, especially near the lower limit (44). The use of lower-intensity frequencies seems to be suitable for the assessment of BMC deposited in the bone matrix (24, 25, 44), however, ions in the LSM may be considered as confounding factors in in vivo measurements (8).

Some studies using BIA to investigate BMC prediction used only 50 kHz (23, 27, 28), 20 kHz, and 100 kHz (9, 29), or did not inform the specific frequencies used (30–34). The only study that developed an equation for BMC used the InBody720 analyzer as the reference method, thereby creating an indirect prediction, which accumulated bias (33). The present study demonstrated that the frequencies used are relevant for the BMC prediction and that lower frequencies are more representative of the BMC of the whole body and limbs when considering only bioelectrical data for prediction. Additionally, when age and body mass were included in the statistical model, they increased the coefficient of determination (R2) and removed raw bioelectrical data variables as predictors. Thus, using BIA to assess bone health without considering that the data are frequency-dependent could lead to additional errors in predicting or investigating bone characteristics using BIA.

In the present study, considering only models with bioelectrical data, 5 kHz frequency showed better results in explaining BMC and its classification into quartiles. At 5 kHz, vectors presented a better distinction of 95% confidence ellipses when comparing BMC quartiles, where the quartile with the highest BMC exhibited the highest PhA and the lowest R/H, and the quartile with the lowest BMC exhibited the opposite. These values can be explained by the higher amount of electrolytes in the extracellular environment, which increases electrical conductivity, conceptually opposite to resistance.

The limitations of the present study are related to the use of DXA because it does not provide information about bone quality or microarchitecture, which are critical determinants of bone strength. These parameters are influenced by body size and growth, potentially leading to underestimation or overestimation of BMC in adolescents with varying growth status. However, despite the limitations, DXA remains the preferred method for clinical measurements of bone density in children and adolescents because of its availability, reproducibility, speed, low exposure to ionizing radiation, and robust pediatric reference data.

Besides that, another limitation is that the participants were adolescent male soccer players, making it difficult to extrapolate our results to other populations. However, all participants were biologically mature according to peak height velocity, which reduced possible errors caused by groups with different maturity status.

The strength and most important finding of this study is that it was the first to consider body segment and show that BIA used to predict BMC must be taken with caution since frequency may influence the results. To our knowledge, no studies have a critical look at the use of BIA and its relation to bone variables.

Our results demonstrate a stronger association between the whole body, upper and lower limbs BMC, and bioelectrical impedance data at 50 kHz and 5 kHz, respectively. This reinforces the importance of selecting appropriate low frequencies when using BIA as a complementary tool for BMC studies. However, even with frequency optimization, our study highlights the limitations of BIA as an isolated tool for BMC prediction, further emphasizing the need for accurate methodologies in future research.

BIVA was able to identify the quartiles of BMC, proving its promising use in future studies in athletes from other sports modalities (high or low impact) since bone tissue is positively related to the impact. This approach could help establish MF-BIA as a complementary tool for monitoring bone health in diverse populations.



5 Conclusion

Our findings emphasize that the use of MF-BIA without clearly specifying the frequency could introduce significant bias in BMC estimation. Therefore, we discourage relying on BIA for obtaining BMC values in clinical or research settings, particularly when precise and reliable bone health assessments are required. These limitations highlight the importance of adopting rigorous methodologies and standardizing frequencies in future applications of BIA as a complementary tool in bone studies. Additionally, further research is essential to validate the reliability of BIVA as a complementary tool, particularly across diverse age groups.
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