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Abstract

:

This study aimed to compare the use of the bioelectrical impedance device (BIA) seca® mBCA 515 using dual X-ray absorptiometry (DXA) as a reference method, for body composition assessment in adults across the spectrum of body mass indices. It explores the utility of simple anthropometric measures (the waist height ratio (WHtR) and waist circumference (WC)) for the assessment of obesity. In the morning after an overnight fast (10 h), 30 participants underwent a body composition DXA (GE iDXA) scan, BIA (seca 515), and anthropometric measures. Compared to the DXA reference measure, the BIA underestimated fat mass (FM) by 0.32 kg (limits of agreement −3.8 kg, 4.4 kg); overestimated fat free mass (FFM) by 0.43 kg (limits of agreement −8.2 kg, 4.3 kg). Some of the variation was explained by body mass index (BMI), as for FM, the mean difference of the normal range BMI group was smaller than for the overweight/obese group (0.25 kg and 0.35 kg, respectively) with wider limits of agreement (−4.30 kg, 4.81 kg, and −3.61 kg, 4.30 kg, respectively). There were significant differences in visceral adipose tissue (VAT) volume measurements between methods with BIA systematically overestimating VAT compared to DXA. WC was more strongly correlated with DXA FM (rho = 0.90, p < 0.001) than WHtR (rho = 0.83, p < 0.001). BIA had some agreement with DXA; however, they are not equivalent measures for the range of BMIs explored, with DXA remaining the more informative tool. WC is a useful and simple assessment tool for obesity.
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1. Introduction


In Australia, 63.4% of adults are overweight or obese, according to their body mass index (kg/m2, BMI), [1]. With growing obesity rates comes an increase in lifestyle diseases, such as type 2 diabetes mellitus and cardiovascular disease [2,3]. It is widely accepted that the risk of developing an obesity-related disease is more closely associated with body fat distribution than an individual’s body fat percentage [4]. Central adiposity is of particular concern, which tends to be associated with excess subcutaneous adipose tissue and visceral adipose tissue (VAT) [5]. VAT is a highly metabolically active tissue which stimulates lipolytic activity, increasing circulating levels of free fatty acids. Through this and other mechanisms, it orchestrates a switch from an anti-inflammatory to a pro-inflammatory profile of cytokines in circulating plasma [6,7,8]. This drives metabolic dysregulation, and as such, those with a central deposition of VAT are at a higher risk of several obesity-related diseases which is often independent of overall obesity [9,10,11,12,13].



BMI is a widely used method for the assessment of obesity, with a cut-off of ≥25 kg/m2 utilized to discriminate individuals of normal weight from overweight and obese individuals [14]. Although BMI is well-accepted at a group level for the assessment of metabolic risk and the risk of premature death, at an individual level, as a surrogate measure of body fatness, it is unable to provide an indication of body fat distribution. Optimal use of other body composition assessment tools depends upon whether the individual is of a normal weight or is overweight, as defined by BMI. Simple anthropometric measures, such as waist circumference (WC) and its ratio with height (WHtR) are used to determine risks associated with central adiposity. The development and validation of WHtR as a tool to identify those at risk of metabolic complications of obesity has been well-established for adults and children [15,16].



Assessment of body composition is used in a variety of settings, from weight management clinics to sports performance, and screening at a population level for risk of obesity complications [17]. Therefore, methods for body composition assessment must be able to detect clinically relevant changes quickly and robustly. Owing to the wide range of applications for body composition assessment, an instrument must be accurate and precise for a range of body sizes; or where such an instrument is not available, it must be determined which method of body composition is most suitable for a particular population, as defined by their body size. Consequently, establishing agreement and/or equivalence between different methods is necessary to understand the appropriate use and setting for each instrument.



Dual X-ray absorptiometry (DXA) is a commonly used method for the assessment of body composition, especially bone density and soft tissue [18]. The GE Lunar iDXA uses a fan beam system to measure bone density and total cell mass, and it can also estimate fat mass (FM) and fat-free mass (FFM). DXA is a well-accepted reference method of body composition assessment (FM and FFM) in adults and children and the GE Lunar iDXA, with its proprietary CoreScan software, also estimates VAT. This measure, although not directly measured, has shown good agreement with computer topography (CT) and magnetic resonance imaging (MRI) [18,19,20]. DXA machines are expensive, large, and are not readily portable. They require specialist staff, and present a radiation hazard, albeit a low one, to participants. This makes them unsuitable as a method for screening large numbers of potentially at-risk patients in the community.



Bioelectrical impedance devices (BIA) are smaller, some being hand-held, and faster, and require little training for their use. They use a harmless electrical current, rather than radiation, to assess body composition. BIA measures the opposition (impedance or resistance) to the flow of an electric current through the body, and uses this information to predict total body water (TBW). Predictions are made via the use of algorithms, often empirically derived and device-specific, in order to quantify FFM, calculated as TBW/0.732 where 0.732 is an assumed hydration fraction of the FFM. FM is obtained by subtracting FFM from total mass. The seca® mBCA 515 Analyser (seca®, Hamburg, Germany) offers the additional calculation of VAT volume through an in-house developed proprietary algorithm [21].



Current literature suggests that BIA could be a viable alternative to DXA for determining body composition, with BIA offering an inexpensive, faster, and less invasive option. However, to date, studies have not investigated its utility across a wide spectrum of body sizes (BMI) [22,23]. Shafer et al. (2009) found that BIA significantly overestimated FM and FFM compared to DXA. The magnitude of the overestimation was dependent on BMI [24]. Contrastingly, a study by Anderson et al. (2012) demonstrated good agreement between BIA and DXA for FM and lean body mass in a range of BMIs [25]. Other studies have reported small errors in FM measurements [23,26] and even smaller errors in FFM measurements [27,28] in various BIA analyzers. This highlights that the validity of BIA instruments varies across manufacturers and, as such, each new BIA model should be independently assessed against accepted reference methods, such as DXA.



There is a clear need for a better understanding of the strengths and weaknesses of different techniques of body composition instruments, which is particularly true when proprietary algorithms are incorporated into simple devices but with little explanation, such as with the seca 515 mBCA Analyzer. Often, BIA devices are used interchangeably with other body composition methods, and so there is a need to explore whether this is appropriate. Other simple measures include WHtR and WC, which are quick and simple anthropometric measures often used to assess central adiposity, and can be surrogate indicators of disease risk in both adults and children [16,29]. The BIA and DXA instruments tested here offer detailed body composition assessment, including the quantification of VAT. With multiple options for the assessment of body composition, it is important to be able to provide evidence for the optimal use of these tools, and to define their accuracy and inter-changeability in terms of body sizes.



There is a need to quantify VAT, as it is potentially a more precise screening measurement for identifying those at risk of metabolic disorders associated with obesity. The reference methods for the quantification of VAT is MRI or CT scanning. The GE iDXA with CoreScan technology is widely used for body composition assessment, and also reports the quantification of VAT; this has been confirmed against CT scanning [19]. Between BIA devices themselves, variability in agreement with the reference methods of either DXA or MRI have been observed. Few BIA devices give a quantified measurement of VAT, with many reporting risk scores [30,31]. Some BIA devices, such as the seca mBCA 515 Analyzer, offer the ability to measure VAT. In order to gain a greater understanding of the potential benefit of different body composition analyzers as a screening tool, they must be compared across a range of BMIs to assess their appropriate use and determine the strengths and weaknesses of different methods.



The aims of this study were: to compare the use of the seca mBCA 515 Analyzer for body composition (FM and FFM) against a body composition scan, using the GE Lunar iDXA as a reference method; to explore the VAT measures across both instruments; and to assess the utility of WHtR and WC as indicators of body fatness.




2. Materials and Methods


2.1. Participants


Thirty participants enrolled in this observational study. Recruitment commenced in October 2015 and concluded in September 2016. Participants were recruited through online staff and student forums and poster advertisements at Monash University, Melbourne, Australia. Inclusion criteria were: healthy adults, who were able to comprehend and consent to the study in English; being aged between 18 and 65 years; having a BMI between 18.5 kg/m2 and 50 kg/m2; and those who reported to have a stable weight and were not actively attempting to lose or gain weight. Exclusion criteria included: pregnant women; anyone who had exposure to radiation three months prior to study enrolment; and those with standard exclusions for DXA and/or BIA, such as those with implanted defibrillator devices or prostheses.



Participants were required to attend one three-hour session in the morning after an overnight fast. All subjects gave their full informed consent for inclusion before participation in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol and supporting documents were approved by the Monash University Human Research Ethics Committee (CF15/2790-2015001139).




2.2. Anthropometric Measurements


Height was measured using a Holtain fixed stadiometer (Holtain Ltd., Crosswell, Wales, UK) to the nearest 0.1 cm [32]. Weight was measured using stand-on digital scales (seca, Hamburg, Germany) to the nearest 0.1 kg. Anatomical WC was measured at the mid-point between the top of the iliac crest and the bottom of the lowest rib, to the nearest 0.5 cm [33]. All measurements were repeated twice using standard operating procedures, and all assessors were trained by a single level 2 certified anthropometrist. WHtR was calculated as WC divided by height, and BMI was calculated as body weight (kg) divided by height, squared (m2).




2.3. Dual-Energy X-Ray Absorptiometry


The DXA scan was conducted on a GE Lunar iDXA (GE Healthcare, Software Lunar DPX enCORE 2012 version 14.0, Madison, WI, USA). Each participant received a total body scan, conducted by a single qualified radiographer (AE) who was experienced in DXA scanning. Participants were scanned in the supine position and VAT was estimated using the android region (from the ribs to the iliac crest) via the inbuilt CoreScan software (GE Healthcare, Software Lunar DPX enCORE 2012 version 14.0, Madison, WI, USA). FFM was determined by the sum of bone mineral content and lean soft tissue values, and FM was also determined. The coefficient of the variations were 0.74% for FM, 0.48% for lean mass, and 11.84% for VAT volume.




2.4. Bioelectrical Impedance Analysis


The seca mBCA 515 (seca, Hamburg, Germany) uses multi-frequency 8-point stand-on bioelectrical impedance analysis to measure TBW by applying an electrical current of 100 µA to the body. The drop in voltage between sensor electrodes at the hands and feet is used to determine total body water. The manufacturer’s operating instructions and proprietary software calculated FM, FFM, and VAT volume from total body water, weight, WC, height, age, and gender [21]. The BIA device measures at 20 frequencies, ranging from 1 kHz to 1000 kHz. Participants were scanned once in the standing position, with four electrodes at the feet and four electrodes at the hands. Participants were instructed to remain stationary for the duration of the scan, which lasted 60 s.




2.5. Statistical Analysis


All statistics were analyzed using IBM SPSS Statistics 24 (IBM, New York, NY, USA). The sample was analyzed as a whole group and then split into those with a weight within the normal range (BMI < 18.5 kg/m2 and <25 kg/m2) and those with a weight in the overweight or obese range (BMI ≥ 25 kg/m2), as defined by BMI. Descriptive characteristics are displayed as means ± the standard deviation for the total sample, both males and females. For FM, FFM, and VAT, one-sample t-tests were performed to initially assess the variation from zero for the difference between methods. If the variation was not significantly different from zero, a Bland-Altman plot was created to assess the agreement between methods and determine the limits of agreement for each variable [34]. Linear regression was used to determine the proportional bias in differences between the methods. Two one-sided T tests (TOST) were used to determine clinically significant equivalence between BIA and DXA measures of body composition [35]. The delta was set to 5% of the average, as measured by DXA, the reference method in this instance. These data were not normally distributed; therefore, correlations between BIA, DXA, and WHtR were analyzed using Spearman’s Rank correlation. Concordance between DXA and BIA measurements of FM, FMM, and VAT were assessed using Lin’s concordance [36]. All graphs were created using GraphPad Prism 7.01 (GraphPad Software, La Jolla, CA, USA).





3. Results


Descriptive characteristics of the population are displayed in Table 1. The average age of the sample population was 29.9 ± 11.2 years, and the average BMI was 29.2 ± 7.3 kg/m2 with a range from 18.8 kg/m2 to 48.9 kg/m2, where 73% were of Caucasian descent. Of the total sample, 33% had a BMI in the normal weight range (n = 10), 47% were classified as overweight (n = 14), and 20% were obese (n = 6), as defined by the World Health Organization’s cutpoints for BMI. Height (cm) and weight (kg) were significantly different between males and females (Table 1).



Table 2 displays FM, FFM, and VAT, as measured by the DXA and BIA, and Table 3 displays the corresponding correlations between BIA, DXA, WHtR, and WC for FM, FFM, and VAT. FM and VAT measures were significantly correlated for the total sample. WC and BIA FFM (kg) were significantly correlated (rho 0.972, p < 0.001), as well as BIA FFM (kg) and WHtR (rho 0.500, p < 0.01). There was a strong correlation between BIA and DXA for FM (kg), (rho 0.981, p < 0.001) and between WC and BIA VAT (cm3) (rho 0.944, p < 0.001). For each variable, BIA and DXA were more strongly correlated with WC than WHtR; in the normal weight group, there were no significant relationships between these variables (Table 3). For the overweight/obese group, all measures were significantly correlated for FM and VAT. For FFM, BIA was significantly correlated with WC and WHtR (rho 0.823, p < 0.001 and rho 0.470, p < 0.05, respectively). Again, in this group, BIA and DXA were more strongly correlated with WC than WHtR for all measures. Concordance was strong between BIA and DXA for FM and FFM (0.992 and 0.947, respectively); however, concordance was poor for VAT measured by BIA and DXA (−0.016).



A one-sample t-test demonstrated that the difference between methods for VAT measurement was significantly different from zero (t = −6.4, p < 0.001) for the total sample and when the sample was split into normal weight and overweight/obese groups; therefore, it was not appropriate to construct Bland-Altman plots for this variable. Linear regression analysis showed that BIA significantly overestimated VAT compared to DXA (t = −13.0, p < 0.001). A Bland-Altman plot determined the level of agreement for FM measurements (Figure 1) and FFM measurements (Figure 2).



BIA underestimated FM by 0.32 kg (limits of agreement −3.77 kg, 4.40 kg, ±27.6%) compared with DXA. For the normal weight group, BIA underestimated FM by 0.25 kg (limits of agreement: −4.30 kg, 4.81 kg, ±34.4%) compared with DXA, and for the overweight and obese group, BIA underestimated fat mass by 0.35 kg (limits of agreement: −3.61 kg, 4.30 kg, ±25.4%) compared with DXA. There was good agreement between the methods for FM, and whilst the mean difference was smaller for the normal weight group, the limits of agreement were narrower for the overweight and obese group (Figure 1).



Regression analysis showed that there was no proportional bias between measures of FM or FFM for the whole group or either of the normal weight or overweight/obese groups (data not shown). BIA overestimated FFM by 0.43 kg, and whilst the limits of agreement were larger, this represented a smaller proportion of mean FFM (−8.2 kg, 4.3 kg, ±21.7%) than for FM (Figure 2). The mean difference between the methods for FFM was larger for the normal weight group, as were the limits of agreement compared to the overweight/obese group (Figure 2). Clinically acceptable equivalence (5%) was not demonstrated for both FM and FFM for the total sample, nor when split into normal weight and overweight groups. Equivalence was demonstrated at 25.8% for FM and 11% for FFM for the whole group.




4. Discussion


This study aimed to better understand the strengths and weaknesses of two relatively new instruments that purport to measure body composition, as well as VAT in adults across the spectrum of the BMI range. Both devices, the GE iDXA and seca BIA instruments, incorporate proprietary algorithms into simple-to-use instruments, but with little explanation as to their measurement derivation. A strength of the seca 515 BIA is its non-invasive nature and ease of use; however, our results indicate that the seca BIA device showed greater agreement with DXA for FM measurements, especially in individuals with larger amounts of FM. The two methods did not demonstrate clinically relevant equivalence for measures of FM or FFM; this highlights that different devices for body composition are not interchangeable.



VAT volume is an independent risk factor for a host of lifestyle-related diseases [9,10]. Quantification achievable in a clinical setting could help to prioritize patients for intervention and further characterize their risk. Finding an inexpensive and faster alternative to MRI or CT scans for the quantification of VAT volume remains a challenge. GE iDXA and seca BIA may provide practical alternatives to quantify VAT, albeit that the seca BIA systematically and significantly overestimated VAT compared to the iDXA. Pietiläinen et al. (2013) found other impedance devices have also shown poor agreement between BIA and DXA for assessment for VAT, and the specially designed BIA device, ViScan, has limited VAT prediction ability [18,37]. Previous studies have shown good agreement between DXA and MRI, or CT measures of VAT [19,38]. Concordance was also found to be low, suggesting that the two methods were not measuring the same parameter. Indeed, it is difficult to see how segmental impedance analysis, in which the trunk is measured as a whole rather than the visceral compartment per se, can specifically predict VAT. Impedance techniques with a focus on measuring the impedance of the central abdominal region would appear to hold more promise, although current devices have not shown good clinical performance to date [39,40]. Alternatively, the seca mBCA 515 Analyzer demonstrates good agreement with DXA for the quantification of total body FM, itself a helpful indicator of lifestyle disease risk, independent of VAT [41].



Waist circumference is a valuable tool in assessing central adiposity and, as such, this simple anthropometric measure should not be overlooked, as it is an informative indicator of obesity and risk of related diseases [42,43]. Although anthropometric measures were found to be significantly correlated with DXA measurements of FM and VAT (especially for the overweight and obese participants), anthropometry and BIA may not be an informative measure of body composition for individuals within the normal weight range, due to the smaller proportion of FM seen in this group. Thus, DXA may be preferred to BIA or anthropometry for body composition analysis in normal-weight individuals.



The limitations of this study were the small sample size, especially in the normal weight group, with the majority of the participants being of Caucasian descent; and not being able to draw conclusions on the generalizability of the instruments for use in body composition assessment across other ethnic groups, due to body composition variability observed between ethnicities [44]. However, the large range of BMIs explored in this study was a strength, as it allowed assessment of agreement and equivalence of measures across a wide range of body sizes. Future work should focus on validating the seca mBCA 515 Analyzer in a larger sample with a range of BMI and different ethnicities.



The limits of agreement were larger than those previously reported [25,28], with the overweight and obese group showing narrower limits of agreement than the normal weight group. These differences in mean error and limits of agreement could be attributed to a range of factors, including: (1) the use of different proprietary algorithms by each device, and; (2) the large range of BMIs explored in this study. These findings strongly suggest that for consistency, any repeated or longitudinal measures on any individual should be performed using the same device or technique.



WC and WHtR are quick, simple, and cheap methods of assessing body fatness [45]. WC is an especially good indicator of body fatness for individuals who are overweight or obese, but cannot provide information on body composition. In busy clinic settings, WC should not be overlooked as a quick and simple assessment of a patient’s risk of obesity. BIA may be able to provide more detailed information on body composition than anthropometry, and has demonstrated good agreement with DXA for FM, particularly for those who are overweight or obese, as defined by BMI. However, the seca mBCA 515 Analyzer and DXA are not equivalent techniques for the range of BMIs explored in this study; thus, DXA remains more informative for body composition than the seca mBCA 515 Analyzer.







Author Contributions


Formal analysis, K.D., K.H., L.C.W. and H.T.; Investigation, K.D., A.K., A.E. and F.M.; Methodology, F.M., A.V.-G. and H.T.; Project administration, H.T.; Supervision, A.V.-G. and H.T.; Writing-original draft, K.D. and H.T.; Writing-review & editing, K.D., A.K., A.E., F.M., A.V.-G., K.H., L.C.W. and H.T.




Funding


This research received no external funding.




Acknowledgments


A.K. is in receipt of an Australian Government Research Training Program (RTP) Scholarship.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Australian Institute of Health and Welfare. A Picture of Overweight and Obesity in Australia 2017; Australian Institute of Health and Welfare: Canberra, Australia, 2017.

	



Bastien, M.; Poirier, P.; Lemieux, I.; Després, J.-P. Overview of Epidemiology and Contribution of Obesity to Cardiovascular Disease. Prog. Cardiovasc. Dis. 2014, 56, 369–381. [Google Scholar] [CrossRef] [PubMed]

	



Guariguata, L.; Whiting, D.R.; Hambleton, I.; Beagley, J.; Linnenkamp, U.; Shaw, J.E. Global estimates of diabetes prevalence for 2013 and projections for 2035. Diabetes Res. Clin. Pract. 2014, 103, 137–149. [Google Scholar] [CrossRef] [PubMed]

	



Britton, K.A.; Massaro, J.M.; Murabito, J.M.; Kreger, B.E.; Hoffmann, U.; Fox, C.S. Body fat distribution, incident cardiovascular disease, cancer, and all-cause mortality. J. Am. Coll. Cardiol. 2013, 62, 921–925. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.J.; Beretvas, S.N.; Freeland-Graves, J.H. Abdominal adiposity distribution in diabetic/prediabetic and nondiabetic aopulations: A meta-analysis. J. Obes. 2014, 2014, 697264. [Google Scholar] [CrossRef] [PubMed]

	



Ali, A.H.; Koutsari, C.; Mundi, M.; Stegall, M.D.; Heimbach, J.K.; Taler, S.J.; Nygren, J.; Thorell, A.; Bogachus, L.D.; Turcotte, L.P.; et al. Free fatty acid storage in human visceral and subcutaneous adipose tissue: Role of adipocyte proteins. Diabetes 2011, 60, 2300–2307. [Google Scholar] [CrossRef] [PubMed]

	



Catalán, V.; Gómez-Ambrosi, J.; Ramirez, B.; Rotellar, F.; Pastor, C.; Silva, C.; Rodríguez, A.; Gil, M.J.; Cienfuegos, J.A.; Frühbeck, G. Proinflammatory cytokines in obesity: Impact of type 2 diabetes mellitus and gastric bypass. Obes. Surg. 2007, 17, 1464–1474. [Google Scholar] [CrossRef] [PubMed]

	



Samaras, K.; Botelho, N.K.; Chisholm, D.J.; Lord, R.V. Subcutaneous and visceral adipose tissue gene expression of serum adipokines that predict type 2 diabetes. Obesity 2010, 18, 884–889. [Google Scholar] [CrossRef] [PubMed]

	



Coutinho, T.; Goel, K.; Corrêa de Sá, D.; Carter, R.E.; Hodge, D.O.; Kragelund, C.; Kanaya, A.M.; Zeller, M.; Park, J.S.; Kober, L.; et al. Combining body mass index with measures of central obesity in the assessment of mortality in subjects with coronary disease: Role of “normal weight central obesity”. J. Am. Coll. Cardiol. 2013, 61, 553–560. [Google Scholar] [CrossRef] [PubMed]

	



Feliciano, E.M.C.; Kroenke, C.H.; Meyerhardt, J.A.; Prado, C.M.; Bradshaw, P.T.; Dannenberg, A.J.; Kwan, M.L.; Xiao, J.; Quesenberry, C.; Weltzien, E.K.; et al. Metabolic dysfunction, obesity, and survival among patients with early-stage colorectal cancer. J. Clin. Oncol. 2016, 34, 3664–3671. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.; Chung, G.E.; Kwak, M.-S.; Seo, H.B.; Kang, J.H.; Kim, W.; Kim, Y.J.; Yoon, J.-H.; Lee, H.-S.; Kim, C.Y. Body fat distribution and risk of incident and regressed nonalcoholic fatty liver disease. Clin. Gastroenterol. Hepatol. 2016, 14, 132–138. [Google Scholar] [CrossRef] [PubMed]

	



Dolinková, M.; Dostálová, I.; Lacinová, Z.; Michalský, D.; Haluzíková, D.; Mráz, M.; Kasalický, M.; Haluzík, M. The endocrine profile of subcutaneous and visceral adipose tissue of obese patients. Mol. Cell. Endocrinol. 2008, 291, 63–70. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kershaw, E.E.; Flier, J.S. Adipose tissue as an endocrine organ. J. Clin. Endocrinol. Metab. 2004, 89, 2548–2556. [Google Scholar] [CrossRef] [PubMed]

	



Panel, N.O. On the identification, evaluation, and treatment of overweight and obesity in adults. Clinical guidelines on the identification, evaluation, and treatment of overweight and obesity in adults—The evidence report. Obes Res. 1998, 6 (Suppl. 2), 51S–209S. [Google Scholar]

	



Nambiar, S.; Truby, H.; Abbott, R.A.; Davies, P.S. Validating the waist-height ratio and developing centiles for use amongst children and adolescents. Acta Paediatr. 2009, 98, 148–152. [Google Scholar] [CrossRef] [PubMed]

	



Ashwell, M.; Gunn, P.; Gibson, S. Waist-to-height ratio is a better screening tool than waist circumference and BMI for adult cardiometabolic risk factors: Systematic review and meta-analysis. Obes. Rev. 2012, 13, 275–286. [Google Scholar] [CrossRef] [PubMed]

	



Albanese, C.V.; Diessel, E.; Genant, H.K. Clinical applications of body composition measurements using DXA. J. Clin. Densitom. 2003, 6, 75–85. [Google Scholar] [CrossRef]

	



Pietiläinen, K.H.; Kaye, S.; Karmi, A.; Suojanen, L.; Rissanen, A.; Virtanen, K.A. Agreement of bioelectrical impedance with dual-energy X-ray absorptiometry and MRI to estimate changes in body fat, skeletal muscle and visceral fat during a 12-month weight loss intervention. Br. J. Nutr. 2013, 109, 1910–1916. [Google Scholar] [CrossRef] [PubMed]

	



Kaul, S.; Rothney, M.P.; Peters, D.M.; Wacker, W.K.; Davis, C.E.; Shapiro, M.D.; Ergun, D.L. Dual-energy X-ray absorptiometry for quantification of visceral fat. Obesity 2012, 20, 1313–1318. [Google Scholar] [CrossRef] [PubMed]

	



Marinangeli, C.P.; Kassis, A.N. Use of dual X-ray absorptiometry to measure body mass during short- to medium-term trials of nutrition and exercise interventions. Nutr. Rev. 2013, 71, 332–342. [Google Scholar] [CrossRef] [PubMed]

	



Bosy-Westphal, A.; Schautz, B.; Later, W.; Kehayias, J.; Gallagher, D.; Müller, M. What makes a BIA equation unique? Validity of eight-electrode multifrequency BIA to estimate body composition in a healthy adult population. Eur. J. Clin. Nutr. 2013, 67, S14. [Google Scholar] [CrossRef] [PubMed]

	



Verney, J.; Metz, L.; Chaplais, E.; Cardenoux, C.; Pereira, B.; Thivel, D. Bioelectrical impedance is an accurate method to assess body composition in obese but not severely obese adolescents. Nutr. Res. 2016, 36, 663–670. [Google Scholar] [CrossRef] [PubMed]

	



Faria, S.L.; Faria, O.P.; Cardeal, M.D.; Ito, M.K. Validation study of multi-frequency bioelectrical impedance with dual-energy X-ray absorptiometry among obese patients. Obes. Surg. 2014, 24, 1476–1480. [Google Scholar] [CrossRef] [PubMed]

	



Shafer, K.J.; Siders, W.A.; Johnson, L.K.; Lukaski, H.C. Validity of segmental multiple-frequency bioelectrical impedance analysis to estimate body composition of adults across a range of body mass indexes. Nutrition 2009, 25, 25–32. [Google Scholar] [CrossRef] [PubMed]

	



Anderson, L.J.; Erceg, D.N.; Schroeder, E.T. Utility of multifrequency bioelectrical impedance compared with dual-energy X-ray absorptiometry for assessment of total and regional body composition varies between men and women. Nutr. Res. 2012, 32, 479–485. [Google Scholar] [CrossRef] [PubMed]

	



Leahy, S.; O’Neill, C.; Sohun, R.; Jakeman, P. A comparison of dual energy X-ray absorptiometry and bioelectrical impedance analysis to measure total and segmental body composition in healthy young adults. Eur. J. Appl. Physiol. 2012, 112, 589–595. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.-G.; Zhang, Y.; Chen, H.-E.; Li, Y.; Cheng, X.-G.; Xu, L.; Guo, Z.; Zhao, X.-S.; Sato, T.; Cao, Q.-Y.; et al. Comparison of two bioelectrical impedance analysis devices with dual energy X-ray absorptiometry and magnetic resonance imaging in the estimation of body composition. J. Strength Cond. Res. 2013, 27, 236–243. [Google Scholar] [CrossRef] [PubMed]

	



Lim, J.S.; Hwang, J.S.; Lee, J.A.; Kim, D.H.; Park, K.D.; Jeong, J.S.; Cheon, G.J. Cross-calibration of multi-frequency bioelectrical impedance analysis with eight-point tactile electrodes and dual-energy X-ray absorptiometry for assessment of body composition in healthy children aged 6–18 years. Pediatr. Int. 2009, 51, 263–268. [Google Scholar] [CrossRef] [PubMed]

	



Nambiar, S.; Truby, H.; Davies, P.S.; Baxter, K. Use of the waist–height ratio to predict metabolic syndrome in obese children and adolescents. J. Paediatr. Child Health 2013, 49, E281–E287. [Google Scholar] [CrossRef] [PubMed]

	



Bosy-Westphal, A.; Later, W.; Hitze, B.; Sato, T.; Kossel, E.; Glüer, C.-C.; Heller, M.; Müller, M.J. Accuracy of bioelectrical impedance consumer devices for measurement of body composition in comparison to whole body magnetic resonance imaging and dual X-ray absorptiometry. Obes. Facts 2008, 1, 319–324. [Google Scholar] [CrossRef] [PubMed]

	



Pateyjohns, I.R.; Brinkworth, G.D.; Buckley, J.D.; Noakes, M.; Clifton, P.M. Comparison of three bioelectrical impedance methods with DXA in overweight and obese men. Obesity 2006, 14, 2064–2070. [Google Scholar] [CrossRef] [PubMed]

	



National Health and Nutrition Examination Survey (NHANES). Anthropometry Procedures Manual. Available online: http://www.cdc.gov/nchs/data/nhanes/nhanes_09_10/BodyMeasures_09.pdf (accessed on 10th September 2018).

	



Neamat-Allah, J.; Wald, D.; Hüsing, A.; Teucher, B.; Wendt, A.; Delorme, S.; Dinkel, J.; Vigl, M.; Bergmann, M.M.; Feller, S.; et al. Validation of anthropometric indices of adiposity against whole-body magnetic resonance imaging—A atudy within the German European Prospective Investigation into Cancer and Nutrition (EPIC) Cohorts. PLoS ONE 2014, 9, e91586. [Google Scholar] [CrossRef] [PubMed]

	



Martin Bland, J.; Altman, D. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986, 327, 307–310. [Google Scholar] [CrossRef]

	



Schuirmann, D.J. A comparison of the two one-sided tests procedure and the power approach for assessing the equivalence of average bioavailability. J. Pharm. Biopharm. 1987, 15, 657–680. [Google Scholar] [CrossRef]

	



Lawrence, I.; Lin, K. A concordance correlation coefficient to evaluate reproducibility. Biometrics 1989, 255–268. [Google Scholar]

	



Thomas, E.L.; Collins, A.L.; McCarthy, J.; Fitzpatrick, J.; Durighel, G.; Goldstone, A.P.; Bell, J.D. Estimation of abdominal fat compartments by bioelectrical impedance: The validity of the ViScan measurement system in comparison with MRI. Eur. J. Clin. Nutr. 2010, 64, 525. [Google Scholar] [CrossRef] [PubMed]

	



Neeland, I.; Grundy, S.; Li, X.; Adams-Huet, B.; Vega, G. Comparison of visceral fat mass measurement by dual-X-ray absorptiometry and magnetic resonance imaging in a multiethnic cohort: The Dallas Heart Study. Nutr. Diabetes 2016, 6, e221. [Google Scholar] [CrossRef] [PubMed]

	



Scharfetter, H.; Brunner, P.; Mayer, M.; Brandstatter, B.; Hinghofer-Szalkay, H. Fat and hydration monitoring by abdominal bioimpedance analysis: Data interpretation by hierarchical electrical modeling. IEEE Trans. Biomed. Eng. 2005, 52, 975–982. [Google Scholar] [CrossRef] [PubMed]

	



Alvero-Cruz, J.R.; García-Romero, J.C.; de Albornoz-Gil, M.C.; Jiménez, M.; Correas-Gomez, L.; Peñaloza, P.; López-Fernández, I.; Carnero, E.A. Longitudinal validity of abdominal adiposity assessment by regional bioelectrical impedance. Eur. J. Clin. Nutr. 2018, 72, 1055–1057. [Google Scholar] [CrossRef] [PubMed]

	



Festa, A.; D’Agostino, R., Jr.; Williams, K.; Karter, A.J.; Mayer-Davis, E.J.; Tracy, R.P.; Haffner, S.M. The relation of body fat mass and distribution to markers of chronic inflammation. Int. J. Obes. Relat. Metab. Disord. 2001, 25, 1407–1415. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Janssen, I.; Katzmarzyk, P.T.; Ross, R. Waist circumference and not body mass index explains obesity-related health risk. Am. J. Clin. Nutr. 2004, 79, 379–384. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, A.E.; Ebrahim, S.; Ben-Shlomo, Y.; Martin, R.M.; Whincup, P.H.; Yarnell, J.W.; Wannamethee, S.G.; Lawlor, D.A. Comparison of the associations of body mass index and measures of central adiposity and fat mass with coronary heart disease, diabetes, and all-cause mortality: A study using data from 4 UK cohorts. Am. J. Clin. Nutr. 2010, 91, 547–556. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Deurenberg, P.; Yap, M.; Van Staveren, W.A. Body mass index and percent body fat: A meta analysis among different ethnic groups. Int. J. Obes. 1998, 22, 1164. [Google Scholar] [CrossRef]

	



Hsieh, S.D.; Yoshinaga, H.; Muto, T. Waist-to-height ratio, a simple and practical index for assessing central fat distribution and metabolic risk in Japanese men and women. Int. J. Obes. Relat. Metab. Disord. 2003, 27, 610–616. [Google Scholar] [CrossRef] [PubMed][Green Version]








[image: Nutrients 10 01469 g001 550] 





Figure 1. Bland-Altman plot of the difference between fat mass, as measured by dual energy X-ray absorptiometry (DXA) and bioelectrical impedance (BIA), against the mean fat mass (kg) for the whole group. ●  BMI ≥ 25 kg/m2, ▲ BMI < 25 kg/m2. 
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Figure 2. Bland-Altman plot of the difference between fat-free mass (kg), as measured by DXA and BIA, against the mean fat-free mass (kg) for the whole group. ● BMI ≥ 25 kg/m2, ▲ BMI < 25 kg/m2. 
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Table 1. Participant characteristics (mean ± standard deviation).
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	Male (n = 14)
	Female (n = 16)
	Total (n = 30)





	Age (years)
	32.3 ± 12.9
	27.9 ± 9.4
	29.9 ± 11.2



	Height (cm)
	177.7± 3.6 *
	170.0 ± 8.9 *
	173.6 ± 7.9



	Weight (kg)
	99.7 ± 26.9 **
	79.9 ± 25.4 **
	89.1 ± 27.6



	BMI (kg/m2)
	31.6 ± 8.4
	27.2 ± 5.8
	29.2 ± 7.3



	Range
	
	
	18.8–48.9 a



	Anatomical waist circumference (cm)
	105.9 ± 23.4 (n = 13)
	94.1 ± 26.4
	99.4 ± 25.4



	Waist to height ratio
	0.6 ± 0.1
	0.6 ± 0.1
	0.6 ± 0.2







* p < 0.05, ** p < 0.01 for differences between males and females by independent samples t-test. a Body mass index (BMI) range, number of participants is stated as (n=) for parameters that vary from total sample.
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Table 2. Fat mass, fat-free mass, and visceral adipose tissue volume, as measured by DXA and BIA (normal weight BMI < 25 kg/m2 and overweight and obese BMI ≥ 25 kg/m2).
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DXA

	
BIA




	

	
Normal Weight Group (n = 10, 6 = Female)

	
Overweight and Obese Group (n = 20, 10 = Female)

	
Whole Group (n = 30)

	
Normal Weight Group (n = 10, 6 = Female)

	
Overweight and Obese Group (n = 20, 10 = Female)

	
Whole Group (n = 30)






	
Fat mass (kg) Mean (SD)

	
26.60 (15.08)

	
31.15 (18.00)

	
29.63 (16.96)

	
27.23 (14.24)

	
30.36 (17.77)

	
29.32 (16.49)




	
Fat free mass (kg) Mean (SD)

	
57.70 (9.30)

	
57.62 (12.86)

	
57.65 (11.63)

	
58.92 (10.47)

	
58.88 (12.69)

	
58.90 (11.78)




	
Visceral adipose tissue (litres) Mean (SD)

	
1.25 (1.47)

	
1.04 (1.13)

	
1.11 (1.23)

	
0.81 (0.98)

	
5.24 (5.19)

	
3.76 (4.74)








Data presented as mean values (standard deviation). DXA: dual energy X-ray absorptiometry; BIA: bioelectrical impedance.
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Table 3. Correlation matrix (Spearman’s rho) between BIA, DXA, WC, and WHtR for fat-free mass, fat mass, and visceral adipose tissue (normal weight BMI < 25 kg/m2, overweight and obese ≥ 25 kg/m2).
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Normal Weight Group (n = 10)

	
Overweight and Obese Group (n = 20)

	
Whole Group (n = 30)






	
Fat free mass




	
WHtR vs. BIA

	
0.418

	
0.470 *

	
0.500 **




	
WHtR vs. DXA

	
0.365

	
−0.095

	
0.073




	
WC vs. BIA

	
0.620

	
0.823 ***

	
0.972 ***




	
WC vs. DXA

	
0.277

	
0.147

	
0.222




	
BIA vs. DXA

	
−0.292

	
0.425

	
0.323




	
Fat mass




	
WHtR vs. BIA

	
0.552

	
0.716 ***

	
0.815 ***




	
WHtR vs. DXA

	
0.588

	
0.747 ***

	
0.828 ***




	
WC vs. BIA

	
0.444

	
0.815 ***

	
0.888 ***




	
WC vs. DXA

	
0.571

	
0.836 ***

	
0.901 ***




	
BIA vs. DXA

	
0.588

	
0.989 ***

	
0.981 ***




	
Visceral adipose tissue




	
WHtR vs. BIA

	
0.409

	
0.870 ***

	
0.822 ***




	
WHtR vs. DXA

	
0.091

	
0.653 ***

	
0.743 ***




	
WC vs. BIA

	
0.573

	
0.987 ***

	
0.944 ***




	
WC vs. DXA

	
0.103

	
0.807 ***

	
0.880 ***




	
BIA vs. DXA

	
0.323

	
0.826 ***

	
0.869 ***








Data presented as rho values. * p < 0.05; ** p < 0.01; *** p < 0.001. WHtR: waist to height ratio; WC: anatomical waist circumference.
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