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Purpose: Body composition assessment methods are dependent on their underlying principles, and assumptions of each method may be affected by age and sex. This study compared an abdominal circumference-focused method of percent body fat estimation (AC %BF) to a criterion method of dual-energy x-ray absorptiometry (DXA), and a comparative assessment with bioelectrical impedance (BIA), in younger (≤30 years) and older (>age 30 years) physically fit (meeting/exceeding annual US Marine Corps fitness testing requirements) men and women.
Methods: Fit healthy US Marines (430 men, 179 women; 18–57 years) were assessed for body composition by DXA (iDXA, GE Lunar), anthropometry, and BIA (Quantum IV, RJL Systems).
Results: Compared to DXA %BF, male AC %BF underestimated for both ≤30 and >30 years age groups (bias, -2.6 ± 3.7 and -2.5 ± 3.7%); while female AC %BF overestimated for both ≤30 and >30 years age groups (2.3 ± 4.3 and 1.3 ± 4.8%). On an individual basis, lean men and women were overestimated and higher %BF individuals were underestimated. Predictions from BIA were more accurate and reflected less relationship to adiposity for each age and sex group (males: ≤30, 0.4 ± 3.2, >30 years, -0.5 ± 3.5; women: ≤30, 1.4 ± 3.1, >30 years, 0.0 ± 3.3). Total body water (hydration) and bone mineral content (BMC) as a proportion of fat-free mass (FFM) remained consistent across the age range; however, women had a higher proportion of %BMC/FFM than men. Older men and women (>age 30 years) were larger and carried more fat but had similar FFM compared to younger men and women.
Conclusion: The AC %BF provides a field expedient method for the US Marine Corps to classify individuals for obesity prevention, but does not provide research-grade quantitative body composition data.
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INTRODUCTION
Anthropometrically-based body fat (BF) predictive equations have been widely used in sports physiology and have also been used in military physical readiness standards (readiness is defined as immediately prepared to perform full military duties) (Wilmore and Behnke, 1969; Wilmore and Behnke, 1970; Jackson and Pollock, 1978; Jackson et al., 1980; Hodgdon, 1992; Jones et al., 1992). Early evaluations of bioelectrical impedance analysis (BIA) concluded that BIA did not provide advantages over anthropometric assessment, but subsequent improvements in the BIA equations and re-evaluation of the methodology have made this a practical method which is also used in field research (Hodgdon and Fitzgerald, 1987; Jackson et al., 1988; Segal et al., 1988; Sun et al., 2003). The methods were initially developed against the criterion method of hydrodensitometry, with two-compartment interpretations of body density (Wilmore and Behnke, 1969; Wilmore and Behnke, 1970; Hodgdon and Beckett, 1984a; Hodgdon and Beckett, 1984b; Segal et al., 1985; Lukaski et al., 1986; Hodgdon and Fitzgerald, 1987; Segal et al., 1988; Hodgdon, 1992). These practical methods are based on underlying assumptions that can affect the interpretation of the results and guide the appropriate application of the method. Using a relevant test population of fit healthy active duty US Marines, this paper evaluated the accuracy of current military circumference equations and bioelectrical impedance equations for men and women compared to dual-energy x-ray absorptiometry (DXA), with a special focus on how the equations perform for women and older (>age 30) men and women. The DXA criterion method provides a three compartment model of body composition, separating the bone component from estimation of fat and lean components of soft tissue (Mazess et al., 1990).
Active duty Marine Corps volunteers in this study provided an ideal group to evaluate body composition methodologies in non-obese fit and healthy individuals. The Marine Corps has led military physical readiness standards including the use of body composition and circumference-based equations (Wright and Wilmore, 1974; Wright et al., 1980; Wright et al., 1981). A basic tenet is that every Marine is first a basic rifleman, and this focused mission is supported by a unique culture of physical fitness. Marines are required to maintain a high level of fitness and military bearing (physique) throughout their careers, and for purposes of this study they provide a reasonable representation of male and female athletes including older age master class athletes.
In the 1970s, the Marines were the first to adopt enforceable body composition standards, developing their own set of circumference-based equations derived from the work of Behnke and Wilmore (Wilmore and Behnke, 1969; Wilmore and Behnke, 1970; Wright and Wilmore, 1974; Wright et al., 1980; Wright et al., 1981). The important distinction between body size and body composition formed the basis of the Marines’ modernized readiness standards (Behnke et al., 1942; Welham and Behnke, 1942; Friedl, 2005). In 1980, President Jimmy Carter directed the military services to review policies and standards of fitness for a sedentary post-Vietnam era military and this led to a Department of Defense directive to all military services to follow the example of the Marines and develop enforceable body fat standards using circumference-based methods (US Department of Defense, 1981a; US Department of Defense, 1981b). Eventually, all the services agreed to a common set of equations developed by James Hodgdon at the Navy Health Research Center. These were developed against a sample of male and female sailors and validated against a large sample of male and female soldiers from the 1984 Army Body Composition Study (Hodgdon and Beckett, 1984a; Hodgdon and Beckett, 1984b; Fitzgerald et al., 1986). The Hodgdon equations are an integral part of the US Department of Defense body composition standards today (Hodgdon and Friedl, 1999).
While the equations are empirically calibrated to a total body fat assessment, the results are biased according to the nature of the underlying assumptions and measurement sites. The circumference equations used by the US military permit a regional focus on abdominal fat which enhances the relevance of the method for applications involving health, physical performance, and fit appearance, and the abdominal circumference (AC) is the single strongest anthropometric predictor of body fat in men (Lean et al., 1995; Kuk et al., 2005). This intended bias of the predictive equation for men does not fully translate to the same associations of body circumferences in women, where fat distribution is more varied and less likely to favor an abdominal location. However, both the male and female equations use measurements from body fat sites with the greatest lability (abdomen and hips) in response to chronic exercise and nutrition habits (Fried and Kral, 1987; Rebuffé-Scrive et al., 1987; Baumgartner et al., 1990; Pi-Sunyer, 2004). Inclusion of these other sites or assessment of a true total body fat would be discriminatory against groups of individuals with fat deposition in other sites that are not readily modifiable and that are less related to military health, performance, or appearance goals (Friedl, 2005). Nevertheless, prediction of militarily relevant body fat distribution in women is far more difficult than it is for men where %BF prediction and the key goals of the standard all converge on umbilicus AC. An investigation of the fairness of body fat standards for women highlighted four very different predictive equations for women, yet high consistency in how %BF was assessed in men (US General Accounting Office, 1998). This led to the universal adoption of the current Hodgdon equations, but questions persist about the adequacy of circumference-based predictions of %BF for women (Vogel and Friedl, 1992; Van loan et al., 2001).
Navy research in the 1940s also developed the use of total body water measurement as a method to predict body composition (Pace and Rathbun, 1945). This became even more useful in body composition studies with the discovery that electrical resistance of the body was directly related to total body water, expressed as stature2/resistance (Segal et al., 1985; Kushner et al., 1990; Kushner et al., 1992). In the 1980s, Army and Navy studies investigated the use of body water-based BIA as an alternative to anthropometrically-based methods (Hodgdon and Fitzgerald, 1987; Segal et al., 1988). Conclusions at that time were that BIA did not provide any significant advantage over AC %BF and there were concerns about other factors influencing the measurement, especially hydration status (Jackson et al., 1988). Further improvements in the equations and standardization of the methodology provide a valid physicochemical assessment of total body fat which is relevant at least to epidemiological studies (Sun et al., 2003). Assumptions about the hydration of the fat-free mass (FFM) are based on desiccation studies in several rodent species that, on average, produced values of 73.2% (Pace and Rathbun, 1945). This has been confirmed as a good estimate of the hydration of FFM in humans although there is a reported variability with age and sex (Hewitt et al., 1993; Going et al., 1995). Equations developed empirically against four compartment model body composition data populations yielded separate validated male and female equations (Sun et al., 2003). These equations were used in this study to test against DXA predictions with the sample of fit and healthy Marines.
METHODS
Participants
This study was approved by the US Army Medical Research and Development Command Institutional Review Board and by the US Marine Corps Institutional Review Board. All participants provided written informed consent and women were provided with a rapid pregnancy test to establish absence of detectable pregnancy. All measures were obtained with the participants wearing Marine Corps athletic shorts and t-shirt, without shoes. A convenience sample of 609 US Marines including 430 men and 179 women, ages 18–57, and composed of 67% non-Hispanic white, 16% Hispanic, 6% black, 4% Asian, 1% Native American, and 6% multiple race/ethnicity volunteered for this study. Volunteers all self-reported their own race/ethnicity. This sample included 256 individuals from a sub-study of second lieutenants in the USMC Basic School. All Marines are required to maintain physical fitness and are evaluated annually in a Physical Fitness Test (PFT). The study sampled 0.3% of the US Marine Corps from multiple locations around the continental United States in order to obtain a representative sample, while also over-recruiting women (women currently comprise approximately 7% of the Marine Corps). A post hoc assessment found each of the sample subgroups to be adequate for a confidence interval of 95% within ±6% margin of error.
Study Design
Stature and body mass were obtained with calibrated stadiometer and electronic floor scale (Seca, Chino, CA). Body mass index was calculated from these two variables. Body circumference measurements were made in accordance with the methodology described in MCO 6110.3A CH-3 (US Marine Corps, 2021). Briefly, circumferences were measured with an approved USMC tape measure (MyoTape, AccuFitness LLC, Denver, CO) that holds the tape flat against the skin to measure neck and abdomen (at the level of the umbilicus) for men, and neck, waist (at the thinnest portion of the abdomen), and hips (at the greatest protrusion of the buttocks) for the women. Abdominal circumference based percent body fat (AC %BF) was calculated for males = 86.010 × log10 [abdomen – neck (in)] - 70.041 × log10 [height (in)] + 36.76 and females = 163.205 × log10 [abdomen – neck (in)] – 97.684 x log10 [height (in)] − 78.387 (Hodgdon and Beckett, 1984a; Hodgdon and Beckett, 1984b). Reproducibility of this estimate between experienced observers is ±1% body fat units (Hodgdon and Friedl, 1999).
Body composition was assessed by DXA (iDXA, GE Healthcare, Madison, WI) and data analysis relied on manufacturer supplied algorithms (Encore, version 13.5, Lunar Corp., Madison, WI) (Mazess et al., 1990; Toombs et al., 2012; Lukaski, 2017). At the end of the DXA scan each volunteer remained in a relaxed supine position, on a nonconductive pad overlaying the wooden DXA platform, and total body resistance was measured at 50 KHz between left hand and left foot (Quantum IV, RJL Systems, Clinton Township, MI) and total body water (TBW) and body fat (%BF BIA) were calculated using the equations of Sun et al. (Sun et al., 2003). Disposable electrodes were placed mid-wrist on a line bisecting the ulnar head and at the base of the middle finger and mid-ankle on a line bisecting the medial malleolus and at the base of the middle toe.
Computed values were generated for body mass index (BMI) (body mass/stature2), fat-free mass index (FFMI) (FFM/stature2), hydration of FFM (%TBW/FFM), and bone mineral contribution to FFM (%bone mineral content/FFM).
Measurements were all taken on the same day during a single visit (<1 h). Each measure was obtained sequentially in order, as: 1) height, 2) body mass, 3) anthropometric circumference measures, 4) DXA measures, and lastly 5) BIA was conducted while still lying supine on the non-conductive surface of the DXA.
Statistical Analyses
Data was analyzed using SPSS Version 26 (IBM Corporation, Armonk, New York) with Bland-Altman (Bland and Altman, 1986; Bland and Altman, 1999) analyses comparing AC %BF and BIA %BF to DXA %BF for men and women, age ≤30 and >30. Proportional values of %TBW/FFM and %BMC/FFM were plotted against age and linear regression analyses were performed. An analysis of variance (ANOVA), Concordance Correlation Coefficient (CCC) (Lin, 1989; Lin, 2000; Mcbride, 2005), and Coefficient of Determination were used to test differences and levels of agreement between ages and methods of %BF assessment in comparison to values from the DXA. Additionally, a comparison of FFM across groups and between BIA and DXA was conducted. Repeated measures ANOVA was conducted along with Mauchly’s test of sphericity to assess relations among measured data. For men sphericity was assumed; while women sphericity was not assumed and therefore Greenhouse-Geisser correction was applied.
RESULTS
Table 1 outlines all of the main computations from this study, including age group descriptive statistics and calculated outcome values.
TABLE 1 | Total sample characteristics.
[image: Table 1]Total body water (hydration) and bone mineral content (BMC) as a proportion of FFM remained similar between young and old. However, women had a higher proportional %BMC/FFM than the men (Figures 1, 2; Table 1). Older (>30 years) men and women were larger and carried more fat, but had similar FFM compared to younger men and women.
[image: Figure 1]FIGURE 1 | Relationship between %TBW/FFM across ages for men and women.
[image: Figure 2]FIGURE 2 | Relationship between %BMC/FFM across age for men and women.
Within-subjects effects analyses for men between methods showed the AC %BF method was below the lower bounds of both BIA %BF and DXA %BF at the 95% confidence interval (CI); while the mean BIA %BF did not exceed the upper or lower of the 95% CI (Table 2). Analyses between age groups for men showed for ≤30 and >30 mean AC %BF was below the lower bounds of both BIA %BF and DXA %BF at 95%CI; while men ≤30 and >30 the mean BIA %BF did not exceed the upper bounds of DXA %BF at 95%CI (Table 3). Within-subjects effects analyses for women between methods showed the AC %BF method exceeded the upper bounds of DXA %BF at the 95% confidence interval (CI); while the mean BIA %BF did not exceed the upper or lower of the 95% CI (Table 2). Analyses between age groups for women showed for ≤30 mean AC %BF and BIA %BF exceeded the upper bounds of DXA %BF at 95%CI; while for women >30 the mean AC %BF and BIA %BF did not exceed the upper bounds of DXA %BF at 95%CI (Table 3).
TABLE 2 | Within-subjects effects between %BF calculation methods.
[image: Table 2]TABLE 3 | Within-subjects effects between %BF calculation methods and age groups.
[image: Table 3]Men %BF AC equations underestimated DXA%BF; while women overestimated %BF DXA. The largest overestimations occurred for the leanest women (Table 4; Figure 3). Predictions from %BF BIA were more accurate and reflected less relationship to adiposity (Table 4; Figure 4). Trend lines plotted to each age and sex group prediction show the error pattern in relationship to %BF (Figures 3, 4). Concordance Correlation Coefficient (CCC) calculations showed the AC %BF method and BIA %BF methods to have stronger correlation to the DXA %BF method for women over the men in both age groups and higher correlations in BIA %BF over AC %BF in all groups. Coefficient of determination calculations showed a higher amount of the variation between test measures (AC and BIA) could be explained based on actual difference in the criterion DXA measures (Table 4).
TABLE 4 | Within-subjects effects between %BF calculation methods and age groups.
[image: Table 4][image: Figure 3]FIGURE 3 | Bland-Altman AC to DXA %BF for men and women for each age group (≤30 and >30).
[image: Figure 4]FIGURE 4 | Bland-Altman BIA to DXA %BF for men and women for each age group (≤30 and >30).
Men ≤30 have significantly less FFM than Men >30 (Figure 5). However, those ≤30 show less FFM when measured by BIA compared to DXA whereas those over >30, assessment method has little effect on their FFM measure. Women ≤30 have significantly more FFM as assessed by DXA then women ≤30 assessed by BIA or women aged >30 assessed by either method. In comparison to DXA, BIA underestimates women’s FFM for those ≤30 but reasonably estimates those >30 (Figure 6). Women >30 have less FFM than women ≤30 but a main effect of age group is removed by the interaction of the method.
[image: Figure 5]FIGURE 5 | Interaction effect of FFM by age and method BIA and DXA for men (≤30 and >30).
[image: Figure 6]FIGURE 6 | Interaction effect of FFM by age and method BIA and DXA for women (≤30 and >30).
DISCUSSION
For this cohort of healthy fit Marines, AC %BF underestimated DXA %BF for men, but not for women, and age was not a major factor in the performance of the equations. The overestimation in women was influenced by the prevalence of relatively lean Marine participants, where AC %BF is known to overestimate lean men and women and tends to underestimate higher fat individuals. This trend is clearly reflected in the Bland-Altman plots (Figures 3, 4). At lower %BF, increasing amounts of intra-abdominal fat are relatively undetectable until abdominal girth measurements begin to reflect the increasing fat. For women, this generally starts at a higher level of fat accumulation than for men, as the female abdomen is generally protected against initial fat storage up to nearly ∼30 kg (Kvist et al., 1988). At the higher levels of %BF, the increased distribution of fat to other sites on the body (e.g., extremities and upper back) results in increasing underestimation of actual total %BF, with some increases in fat mass that are not captured in the lower trunk circumference measurements. The most accurate AC %BF predictions occur in the ranges bracketing current military body fat thresholds for men (18–26%) and women (26–36%), which has made this method suitable for proper categorization of individuals for %BF standards since the 1980s. However, the degree to which these equations still match to physique of the current generation of Marines is the subject of a larger study and analysis currently underway. These data make it clear that AC %BF is not suitable for applications requiring quantitative body composition assessment.
Compared to AC %BF, BIA %BF provide a more accurate reflection of DXA %BF, with closer measurements and smaller variance in the Bland-Altman plots (Figures 3, 4). However, like the anthropometric predictions, BIA %BF tended to overestimate %BF of lean men and women and underestimate %BF of men and women with the highest relative fat. FFM was higher in older men than younger, but higher in younger women than older; FFM was underestimated by BIA in younger women. The effect of overestimation at the lower end of body fat by bioelectrical impedance, as with predictions from anthropometry, was noted by Hodgdon and Fitzgerald in their analyses of BIA in earlier military studies (Hodgdon & Fitzgerald, 1987). This overestimation of %BF would also be expected if hydration of the FFM was lower than the normal assumptions of 72–74%. Although not measured with an independent method such as stable isotope water dilution, TBW calculated from resistance represented a smaller proportion of the DXA-assess FFM than the normal assumptions. There was no significant change across age for %TBW/FFM or %BMC/FFM in this cohort (Figures 1, 2). The influence of chronic exercise, including resistance exercise, on hydration of the FFM could be a factor and bears further investigation. We did not assess hydration status in this study, choosing to treat it as a real-life variation. In field studies using longitudinal testing with BIA, hydration status should be monitored with simultaneous urine specific gravity measurements and other expedient techniques such as estimation of acute blood volume change (Dill and Costill, 1974). Total body water has been used to further improve interpretation of density measurements in three compartment models, as defined in the 1959 body composition techniques summit meeting in Natick, Massachusetts (Brozek and Henschel, 1961). Electrical impedance has been used to obtain the TBW component for 3- and 4-compartment models, when greater accuracy is needed. As an example, BIA was used in the 4-compartment model criterion method for a study validating the female circumference equation across race and ethnicity (Van loan et al., 2001).
Anthropometrically defined physique may be more important in field studies than attempts to reflect physiochemically defined whole body composition. For example, in training studies it may be more useful to define exercise-induced changes by assessing body shape (physique) reflected by upper body, lower trunk (abdominal), arm (biceps), and leg (mid-thigh) circumferences. As highlighted in the introduction, these two methods (AC and BIA %BF) depend on underlying assumptions. While AC %BF relies on consistency of how excess fat is reflected in truncal circumferences; BIA %BF is dependent on a consistent hydration of the FFM. These considerations are important for exercise physiologists or other researchers to account for when selecting the method best suited to their training, monitoring, or research applications (Lukaski, 2017). In future work, it is also critical to take into account both physical and physiological sexual dimorphism between men and women. This is especially important given there are known differences in both total and regional fat distribution between the sexes. A much more detailed assessment of physique and sex differences might be accomplished with relatively portable 3D scanners as these become more affordable (Harty et al., 2020). Combined techniques such as BIA and 3D scan measurements are likely to be most useful for field studies in the near future.
The US Marine Corps is a culture of fitness, where individual fitness is a high priority, personal responsibility, and ultimately a requirement for advancement. As such, this population is highly representative of the healthy exercising American population but does not represent the physical fitness and body composition characteristics of the general public, where the mean DXA %BF is nearly 25 and 36% for men and women, aged 20-30, compared to 18 and 26%, respectively, for the <30 year old Marines; while older Marines were also leaner than the general American public, and all these Marines had higher mean lean mass and BMC than their civilian counterparts (Chumlea et al., 2002; Kelly et al., 2009). A limitation to these analyses is that results may have differed if the state of individual participants were more controlled in terms of time of day for testing, meal timing, and hydration status; while these factors were not controlled in this study with real world sampling.
CONCLUSION
Ultimately, the primary use of these predictive equations in the DoD is focused on modifiable truncal region fat and total body fat by DXA or even BIA are imperfect criterion methods. The AC %BF method may be useful for standards categorization but is not valid as a quantitative research tool. The real test of these equations for classifying individuals for excess fat or insufficient muscle mass would be the strength of the association with physical readiness and physical fitness performance (Friedl, 1992; Friedl, 2017). US Marines in this sample were consistently lower in %BF, higher fat free mass index, and higher bone density than their civilian peers, representing a culture of fitness and long term health (Chumlea et al., 2002; Kelly et al., 2009). These results and the results from current ongoing studies will further evaluate body composition methodology that can best serve the goals of military physical readiness standards. The results from this fit and healthy population of Marines are relevant to fit and healthy athlete or other military populations.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by US Army Medical Research and Development Command Institutional Review Board and the US Marine Corps Institutional Review Board. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
AWP and KF conceived, developed, and wrote this manuscript; WT, LH, AP and DL contributed to the development and writing; AWP, AP and KF collected data used in this study; AWP, WT, DL and KF analyzed and interpreted the results of this study.
FUNDING
Funding for this study was provided by the US Army Military Operational Medicine Research Program (MOMRP) and the US Navy Office of Naval Research (Code 342, ONR).
AUTHOR DISCLAIMER
The opinions or assertions in this manuscript are the private views of the authors and should not to be construed as official policy or reflecting the views of the US Marine Corps or the US Army. The investigators have adhered to the policies for protection of human subjects as prescribed in Army Regulation 70-25, and the research was conducted in adherence with the provisions of 45 CFR Part 46.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors thank CDR David McEttrick, USMC Marine Expeditionary Rifle Squad, Marine Corps Systems Command, and Brian McGuire, USMC Training and Education Command, for their support and guidance throughout the study. We would also like to thank Major Kimberly Wade, Lyndsey Nindl, Capt. Lara Soto, GySgt Travis Titopace and Jason Hancock for expert assistance coordinating, organizing, and collection of study data. We especially thank the men and women Marines who participated in this study.
REFERENCES
 Baumgartner R. N., Chumlea C., Roche A. F. (1990). Bioelectric Impedance for Body Composition. Exerc. Sport Sci. Rev. 18, 193–224. doi:10.1249/00003677-199001000-00009
 Behnke A. R., Feen B. G., Welham W. C. (1942). The Specific Gravity of Healthy Men. Jama 118, 495–498. doi:10.1001/jama.1942.02830070001001
 Bland J. M., Altman D. (1986). Statistical Methods for Assessing Agreement between Two Methods of Clinical Measurement. The Lancet 327, 307–310. doi:10.1016/s0140-6736(86)90837-8
 Bland J. M., Altman D. G. (1999). Measuring Agreement in Method Comparison Studies. Stat. Methods Med. Res. 8, 135–160. doi:10.1191/096228099673819272
 Brozek J., Henschel A.1961. “Techniques for measuring body composition.“ in Proceedings of a conference, Quartermaster Research and Engineering Center,  (Natick, Massachusetts, January 22-23, 1959). ( National Academy of Sciences-National Research Council: Washington DC). 
 Chumlea W., Guo S., Kuczmarski R., Flegal K., Johnson C. Heymsfield S., et al. (2002). Body Composition Estimates from NHANES III Bioelectrical Impedance Data. Int. J. Obes. 26, 1596–1609. doi:10.1038/sj.ijo.0802167
 Dill D. B., Costill D. L. (1974). Calculation of Percentage Changes in Volumes of Blood, Plasma, and Red Cells in Dehydration. J. Appl. Physiol. 37, 247–248. doi:10.1152/jappl.1974.37.2.247
 Fitzgerald P. I., Vogel J. A., Daniels W. L., Dziados J. E., Teves M. A. Mello R. P., et al. (1986). The Body Composition Project: A Summary Report and Descriptive Data. Natick, MA: US Army Research Institute of Environmental Medicine. 
 Fried S. K., Kral J. G. (1987). Sex Differences in Regional Distribution of Fat Cell Size and Lipoprotein Lipase Activity in Morbidly Obese Patients. Int. J. Obes. 11, 129–140.
 Friedl K. E. (1992). “Body Composition and Military Performance: Origins of the Army Standards.” in, Body Composition and Physical Performance - Applications for the Military Services . Washington, DC: National Academy Press. 
 Friedl K. E. (2017). “Mathematical Modeling of Anthropometrically Based Body Fat for Military Health and Performance Applications,” in Body Composition: Health and Performance in Exercise and Sport . (Boca Raton, FL: Taylor & Francis Group), 285–306. doi:10.1201/9781351260008-13
 Friedl K. E. (2005). Can You Be Large and Not Obese? the Distinction between Body Weight, Body Fat, and Abdominal Fat in Occupational Standards. Diabetes Technol. Ther. 6, 732–749. doi:10.1089/dia.2004.6.732
 Going S., Williams D., Lohman T. (1995). Aging and Body Composition. Exerc. Sport Sci. Rev. 23, 411–458. doi:10.1249/00003677-199500230-00016
 Harty P. S., Sieglinger B., Heymsfield S. B., Shepherd J. A., Bruner D. Stratton M. T., et al. (2020). Novel Body Fat Estimation Using Machine Learning and 3-dimensional Optical Imaging. Eur. J. Clin. Nutr. 74, 842–845. doi:10.1038/s41430-020-0603-x
 Hewitt M. J., Going S. B., Williams D. P., Lohman T. G. (1993). Hydration of the Fat-free Body Mass in Children and Adults: Implications for Body Composition Assessment. Am. J. Physiology-Endocrinology Metab. 265, E88–E95. doi:10.1152/ajpendo.1993.265.1.e88
 Hodgdon J. A. (1992). “Body Composition in the Military Services: Standards and Methods,” in Body Composition and Physical Performance - Applications for the Military Services (Washington, DC: National Academy Press), 57–70. 
 Hodgdon J., Beckett M. (1984a). Prediction of Percent Body Fat for US Navy Men from Body Circumferences and Height. San Diego, CA: Naval Health Research Center. 
 Hodgdon J. A., Beckett M. B. (1984b). Prediction of Percent Body Fat for US Navy Women from Body Circumferences and Height. San Diego, CA: Naval Health Research Center. 
 Hodgdon J. A., Fitzgerald P. I. (1987). Validity of Impedance Predictions at Various Levels of Fatness. Hum. Biol. 59, 281–298.
 Hodgdon J. A., Friedl K. (1999). Development of the DoD Body Composition Estimation Equations. San Diego, CA: Naval Health Research Center. 
 Jackson A. S., Pollock M. L. (1978). Generalized Equations for Predicting Body Density of Men. Br. J. Nutr. 40 (3), 497–504. doi:10.1079/bjn19780152
 Jackson A. S., Pollock M. L., Graves J. E., Mahar M. T. (1988). Reliability and Validity of Bioelectrical Impedance in Determining Body Composition. J. Appl. Physiol. 64, 529–534. doi:10.1152/jappl.1988.64.2.529
 Jackson A. S., Pollock M. L., Ward A. (1980). Generalized Equations for Predicting Body Density of Women. Med. Sci. Sports Exerc. 12 (3), 175–182. doi:10.1249/00005768-198023000-00009
 Jones B. H., Bovee M. W., Knapik J. J. (1992). “Associations Among Body Composition, Physical Fitness, and Injury in Men and Women Army Trainees,” in Body Composition and Physical Performance - Applications for the Military Services (Washington, DC: National Academy Press), 141–173. 
 Kelly T. L., Wilson K. E., Heymsfield S. B. (2009). Dual Energy X-ray Absorptiometry Body Composition Reference Values from NHANES. PLoS ONE 4, e7038. doi:10.1371/journal.pone.0007038
 Kuk J. L., Lee S., Heymsfield S. B., Ross R. (2005). Waist Circumference and Abdominal Adipose Tissue Distribution: Influence of Age and Sex. Am. J. Clin. Nutr. 81 (6), 1330–1334. doi:10.1093/ajcn/81.6.1330
 Kushner R. F., Kunigk A., Alspaugh M., Andronis P. T., Leitch C. A., Schoeller D. A. (1990). Validation of Bioelectrical-Impedance Analysis as a Measurement of Change in Body Composition in Obesity. Am. J. Clin. Nutr. 52, 219–223. doi:10.1093/ajcn/52.2.219
 Kushner R., Schoeller D. A., Fjeld C. R., Danford L. (1992). Is the Impedance index (ht2/R) Significant in Predicting Total Body Water?Am. J. Clin. Nutr. 56, 835–839. doi:10.1093/ajcn/56.5.835
 Kvist H., Chowdhury B., Grangård U., Tylén U., Sjöström L. (1988). Total and Visceral Adipose-Tissue Volumes Derived from Measurements with Computed Tomography in Adult Men and Women: Predictive Equations. Am. J. Clin. Nutr. 48, 1351–1361. doi:10.1093/ajcn/48.6.1351
 Lean M. E. J., Han T. S., Morrison C. E. (1995). Waist Circumference as a Measure for Indicating Need for Weight Management. Bmj 311 (6998), 158–161. doi:10.1136/bmj.311.6998.158
 Lin L. I.-K. (1989). A Concordance Correlation Coefficient to Evaluate Reproducibility. Biometrics 45, 255–268. doi:10.2307/2532051
 Lin L. I-K. (2000). A Note on the Concordance Correlation Coefficient. Biometrics, 56LUKASKI, H. C. 1993. Soft Tissue Composition and Bone mineral Status: Evaluation by Dual-Energy X-ray Absorptiometry. J. Nutr. 123, 324438–325443. doi:10.1177/1536867X0200200206
 Lukaski H. C. (2017). Body Composition: Health and Performance in Exercise and Sport. Boca Raton: Taylor & Francis Group. 
 Lukaski H. C., Bolonchuk W. W., Hall C. B., Siders W. A. (1986). Validation of Tetrapolar Bioelectrical Impedance Method to Assess Human Body Composition. J. Appl. Physiol. 60, 1327–1332. doi:10.1152/jappl.1986.60.4.1327
 Mazess R. B., Barden H. S., Bisek J. P., Hanson J. (1990). Dual-energy X-ray Absorptiometry for Total-Body and Regional Bone-mineral and Soft-Tissue Composition. Am. J. Clin. Nutr. 51, 1106–1112. doi:10.1093/ajcn/51.6.1106
 Mcbride G. B. (2005). A Proposal for Strength-Of-Agreement Criteria for Lin's Concordance Correlation Coefficient. Natl. Inst. Water Atmos. Res. 45, 307–310. 
 Pace N., Rathbun E. N. (1945). Studies on Body Composition. J. Biol. Chem. 158, 685–691. doi:10.1016/s0021-9258(19)51345-x
 Pi-Sunyer F. X. (2004). The Epidemiology of central Fat Distribution in Relation to Disease. Nutr. Rev. 62, S120–S126. doi:10.1111/j.1753-4887.2004.tb00081.x
 Rebuffé-Scrive M., Lönnroth P., Mårin P., Wesslau C., Björntorp P., Smith U. (1987). Regional Adipose Tissue Metabolism in Men and Postmenopausal Women. Int. J. Obes. 11, 347–355.
 Segal K. R., Gutin B., Presta E., Wang J., Van Itallie T. B. (1985). Estimation of Human Body Composition by Electrical Impedance Methods: a Comparative Study. J. Appl. Physiol. 58, 1565–1571. doi:10.1152/jappl.1985.58.5.1565
 Segal K. R., Van Loan M., Fitzgerald P. I., Hodgdon J. A., Van Itallie T. B. (1988). Lean Body Mass Estimation by Bioelectrical Impedance Analysis: A Four-Site Cross-Validation Study. Am. J. Clin. Nutr. 47, 7–14. doi:10.1093/ajcn/47.1.7
 Sun S. S., Chumlea W. C., Heymsfield S. B., Lukaski H. C., Schoeller D. Friedl K., et al. (2003). Development of Bioelectrical Impedance Analysis Prediction Equations for Body Composition with the Use of a Multicomponent Model for Use in Epidemiologic Surveys. Am. J. Clin. Nutr. 77, 331–340. doi:10.1093/ajcn/77.2.331
 Toombs R. J., Ducher G., Shepherd J. A., De Souza M. J. (2012). The Impact of Recent Technological Advances on the Trueness and Precision of DXA to Assess Body Composition. Obesity 20, 30–39. doi:10.1038/oby.2011.211
 US Department of Defense (1981a). Study of the Military Services Physical Fitness. Reserve Affairs, Washington DC: Office of the Assistant Secretary of Defense for Manpower. 
 US Department of Defense (1981b). Department of Defense Directive 1308.1, Physical Fitness and Weight Control Programs. Washington DC: Office of the Assistant Secretary of Defense for Manpower. 
 US General Accounting Office (1998). Gender Issues: Improved Guidance and Oversight Are Needed to Ensure Validity and Equity of Fitness Standards. Washington, DC: US Government Printing Office. 
 US Marine Corps (2021). Marine Corps Order 6110.3A, Change 3. Marine Corps Body Composition and Military Appearance Program. Washington, DC: US Marine Corps. Available at: https://www.marines.mil/News/Publications/MCPEL/Electronic-Library-Display/Article/2863863/mco-61103a-wch-3/ (Accessed March 11, 2022). 
 Van loan M., Hodgdon J. A., Kujawa K. (2001). Body Composition in Military or Military Eligible WomenFinal Report. Presidio of San Francisco: US Department of Agriculture, Western Human Nutrition Research Center. 
 Vogel J. A., Friedl K. E. (1992). Body Fat Assessment in Women. Sports Med. 13, 245–269. doi:10.2165/00007256-199213040-00003
 Welham W. C., Behnke A. R. (1942). The Specific Gravity of Healthy Men. Jama 118, 498–501. doi:10.1001/jama.1942.02830070004002
 Wilmore J. H., Behnke A. R. (1969). An Anthropometric Estimation of Body Density and Lean Body Weight in Young Men. J. Appl. Physiol. 27, 25–31. doi:10.1152/jappl.1969.27.1.25
 Wilmore J. H., Behnke A. R. (1970). An Anthropometric Estimation of Body Density and Lean Body Weight in Young Women. Am. J. Clin. Nutr. 23, 267–274. doi:10.1093/ajcn/23.3.267
 Wright H. F., Dotson C. O., Davis P. O. (1981). A Simple Technique for Measurement of Percent Body Fat in Man. US Navy Med. 72, 23–27.
 Wright H. F., Dotson C. O., Davis P. O. (1980). An Investigation of Assessment Techniques for Body Composition of Women Marines. US Navy Med. 71, 15–26. 
 Wright H. F., Wilmore J. H. (1974). Estimation of Relative Body Fat and Lean Body Weight in a United States Marine Corps Population. Aerosp Med. 45, 301–306.
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Potter, Tharion, Holden, Pazmino, Looney and Friedl. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphys-13-868627-g005.gif





OPS/images/fphys-13-868627-g006.gif





OPS/images/fphys-13-868627-g003.gif





OPS/images/fphys-13-868627-g004.gif





OPS/images/fphys-13-868627-t003.jpg
Men <30

Men >30

Women <30

Women >30

Bold cells indicate mean values outside DXA %BF, lower and upper bound reference values.

Calculation method

AC %BF
BIA %BF
DXA 9%BF

AC %BF
BIA %BF
DXA %BF

AC %BF
BIA %BF
DXA %BF

AC %BF
BIA %BF
DXA %BF

Mean

15.11
17.97
17.70

19.40
21.46
21.93

27.89
27.03
25.60

29.43
28.13
28.17

Std. Error

027
0.29
0.32

0.33
035
0.39

0.51
0.50
0.57

0.59
0.58
0.66

95% confidence interval

Lower Bound

14.57
17.40
17.07

18.76
20.78
2117

26.89
26.05
24.47

28.27
26.99
26.86

Upper Bound

15.64
1854
18.32

20.04
2215
22,69

28.89
28.01
26.72

30.60
29.27
29.48





OPS/images/fphys-13-868627-t001.jpg
Men

Age group (y) <30

n 2655
Stature (cm) 1766 + 6.4
Body mass (kg) 807 9.2
BMI (kg/m?) 258 +2.4
* FFMei (kg) 65972
FFMoxa (kg) 66.8+7.7
FFMI (kg/m?) (DXA) 214 +1.8
*TBW (1) 47854
%TBW FFM 71630
BMGC (kg) 33:04
%BMC FFM 49+04

aCalculated from Sun et al. (2003).

>30

176
1770+ 6.5
864 £9.6
AT 28
68.1£7.3
67976
217 £2.0
493 55
726 +35
3304
4904

‘Women

<30 >30

103 7%
1638+ 6.1 164.1 +6.8
66.0 + 8.2 66.7 £ 9.0
24624 247+26
480+ 49 47.7 £ 5.2
49.2+59 478+ 5.8
183+1.7 17.7+16
345:38 342£40
703+30 716£37
26+03 26+03
5204 5.4+ 04





OPS/images/fphys-13-868627-t002.jpg
Sex Calculation method

Men AC %BF
BIA 9%BF
DXA %BF

Women AC %BF
BIA 9%BF
DXA %BF

Mean

17.25
19.72
19.81

28.66
27.58
26.88

Std. Error

0.21
0.23
0.25

0.39
0.38
0.44

95% confidence interval

Lower Bound

16.84
19.27
19.32

27.89
26.83
26.02

Upper Bound

17.67
20.16
20.31

29.43
28.33
21.75

Bold cells indicate mean values outside of BIA, and DXA %BF, lower bound reference values for men and bolded mean values outside BIA, and DXA %BF, upper bound for women.





OPS/xhtml/nav.xhtml
Contents

		Cover

		Circumference-Based Predictions of Body Fat Revisited: Preliminary Results From a US Marine Corps Body Composition Survey		Introduction

		Methods		Participants

		Study Design

		Statistical Analyses





		Results

		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Author Disclaimer

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
, frontiers
in Physiology






OPS/images/fphys-13-868627-g001.gif





OPS/images/fphys-13-868627-g002.gif





OPS/images/fphys-13-868627-t004.jpg
Age group (y)
%BFoxn

 %BFac

® %BFein

Diff %BF AC-DXA
Diff %BF BIA-DXA
CCC %BF AC:DXA
COD %BF AC:DXA
CCC %BF BIADXA
COD %BF BIADXA

<30
17.7 £ 60
161+ 44
181+ 45
-26+37
+04 £3.2
0.67
0.32
0.64
0.41

Men

>30
219262
194 + 44
21444
25+37
-05+35
0.51
0.26
0.63
0.39

Women

<30 >30
256+ 5.7 282 +5.8
279+47 29457
27050 28.1+50
+23+43 +1.3 + 4.8
+14 £31 0.0+33

0.74 072

0.54 0.62

0.82 0.79

0.68 0.63

DIFF, difference; CCC, concordance correlation coefficient; COD, coefficient of

determination.

“calculated from Hodgdon and Beckett (1984a); Hodgdon and Beckett (1984b).
bealculated from Sun et al. (2003).









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Physiology





