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	During the past decade bioelectrical impedance analysis (BIA) has become a popular method of body composition assessment including estimations of fat-free mass, body fat, and total body water.  Validation of this method has included the use of densitometry (underwater weighing) isotope dilution (deuterium oxide and sodium bromide) techniques, and skinfold thicknesses and circumferences  measurements, to name a few.  A wide variety of age groups and ethnic groups have been studied along with both genders and athletes.  It is the purpose of this manuscript to review the area of bioelectrical impedance analysis as a tool for body composition assessment. The focus will be on the principles of BIA, supporting research, and present application.





BIA:  The Principle Behind the Technology





	Although Thomassett (28) was not the first to use BIA it was his use of the technology that first brought serious attention to the method and its principles.  The basic principle is that in a simple geometric system, where the body is assumed to be a cylinder, impedance is a function of conductor length and configuration, conductor cross-sectional area, and signal frequency.  Using a single fixed frequency and a constant conductor configuration, impedance becomes a function of conductor volume.  Thus impedance (Z) to the flow of current can be related to the volume of the conductor as:


			Z = p L/A 						eq 1


where X = impedance in ohms, p = resistivity in ohm. cm, L = conductor length in cm, and A = conductor cross-sectional area in cm2.


Multiplying eq. 1 by L/L results in


			Z = p L2/AL 						eq 2.


in which AL is equal to volume (V).  So


			V = p L2/Z


which indicates that volume is a function of resistivity, conductor length and impedance.


	The largest support for this theory and technology came after the published results of Nyboer (20,21,22).  Nyboer's experiments demonstrated that changes in electrical impedance of the body were due to changes in blood volume.  Nyboer also believed that blood volume was electrically in parallel with other tissues in the body or more simply stated that current (I) passes through the blood and other tissues simultaneously.  Electrical conduction in a biological system is related to the free ion content of the electrolytes and their concentration, mobilities and temperature.  However, because the human body is not a perfect cylinder the use of the above equations may not be a perfect fit but these equations have been used in the application of BIA for body composition, i.e. fat free mass (FFM), percent body fat, total body water (TBW), extracellular fluid volume, monitoring the composition of weight loss, and measuring changes during the menstrual cycle, to name a few.





Research Results with BIA





	In this section a review of the research literature will be given including results for various body composition compartments, e.g. fat-free mass (FFM), total body water (TBW), body fat (% BF), for a range of age groups and both genders, use in measuring changes in body compartments, and other related areas.





Total Body Water (TBW)


	Estimation of TBW with the BIA method began with the work of Hoffer (10) who used a four-electrode arrangement (hand, waist, foot, and ankle) to inject a current into the body and measure the impedance to the flow of that current.  In order to establish a relationship between impedance measurements and TBW, Hoffer measured the TBW volume of research subjects using a tritium dilution procedure.  In making the impedance measurements he placed the electrodes on opposite hand and foot, which was the longest conductive pathway.  In more recent years, however, the electrode placement has changed so that measurements are made between same-side hand and foot.  Although accepted practice is to place all electrodes on the right hand, waist, foot and ankle it has not been shown conclusively that significantly better result are obtained on right side measurements versus left side or opposite side measurements (Figure 1).  Regardless from which side of the body the measurements are made care must be used in placing the electrodes in the proper position because a change in electrode placement will result in a change in the conductor length and, thus, possibly a change in the impedance reading.  In addition to standardization of electrode placement, Hoffer experimented with different current frequencies.  Using an alternating current (AC) sine wave signal generator at a current of 100 µA Hoffer made impedance measurements at signal frequencies of 100, 1000, 10,000, and 100,000 Hz with standardization finally set at 100,000 Hz (100 kHz).  BIA instruments today, however, are at a slightly different setting namely a current of 800 µA and a frequency of 50 kHz (50,000 Hz).


	In this early work Hoffer was able to demonstrate a relationship between TBW determined by tritium dilution, and body weight, height, height/impedance, and height2/impedance with 20 volunteers.  The correlation coefficients for these relationships ranged from 0.83 for TBW vs. weight to 0.92 for TBW vs height2/impedance.  Hoffer continued this work in a group of hospital patients and again found that the strongest relationship with TBW was for height2/impedance (HT2/Z) (r = 0.93).  Hoffer and his colleagues concluded that the "impedance method has promise for the prediction of total body water volume easily and quickly at the bedside".


	Following this work of Hoffer, numerous investigators have examined the relationship between TBW and whole body impedance (13,15,18,30) and found that whole body resistance measurements were highly correlated to TBW (r = 0.86 to 0.99).  Since resistance is the largest component of impedance (Z = √R2 + Xc2, where Z = impedance; R = resistance; and Xc = reactance) these investigators confirmed Hoffer's findings that HT2/Z or HT2/R could be used to estimate TBW.





Fat-Free Mass (FFM).  


	The use of BIA to assess fat-free mass is supported by numerous research studies.  Lukaski et al (19) and Segal et al (24,25) were two researchers working with one of the first available instruments (RJL systems, Detroit, MI).  Both of these investigators used densitometry (underwater weighing) as the reference method for the determination of FFM and a four-electrode (tetrapolar) arrangement for the measurement of whole body resistance (R).  Both researchers found repeated measurements of R  to be stable and reliable with differences as small as 1-2% and like previous researchers found that FFM was highly related to HT2/R with correlations ranging from 0.94 to 0.98.  Lukaski made resistance measurements on the same side of the body (ipsilateral) and on opposite sides (contralateral) and found that the side giving the lowest resistance measurement correlated the best with FFM.  Segal, however, found that other variables like weight, height, and gender improved the estimation of FFM compared to the results obtained with just HT2/R.  The work of these researchers represents only the beginning of modern day use of BIA for body composition assessment.


	A review of the research literature during the latter part of the 1980's indicates that BIA was used to estimate FFM in children and young adults as well as middle-aged and older individuals.  In these investigations BIA was compared to results obtained from other methods like densitometry, anthropometric measurements, and skinfolds.  The following sections are intended to serve as a synopsis of BIA research and is by no means a complete compilation of the work with this technology.  For more information the reader is referred to review articles by Baumgarter et al (2) and Van Loan (29) and other the citations in the bibliography.





Children


	Several studies have been reported in which FFM of children and adolescents was estimated with BIA.  The children ranged in age from 9 to 18 years of age and all investigators found HT2/R to be highly correlated with FFM (r= 0.83 to 0.97).  Cordain et al (4) and Davies et al (5) found HT2/R to be the single best predicator of FFM, Houtkooper et al (11) found an improvement in the estimate of both FFM and percent fat with the addition of anthropometric variables and reactance (Xc) to the prediction equation.  Differences in the equations for the estimation of FFM among these researchers may be the result of subtle differences in laboratory technique and/or the sample of children used in the study.  Nonetheless, these studies have demonstrated that FFM and percent fat can be estimated in children and adolescents with the BIA technique.  An interesting problem does arise when using four electrode BIA on small children (1) and that is the location of the electrodes.  Young children or children with small hands and feet have the possibility of electrode - electrode interference because of a lack of pace between the hand-wrist and foot-ankle electrode pairs.  Barillas - Mury et al (1) concluded that a minimum distance of 5.5 cm was needed between electrodes within each pair so that stable resistance readings could be obtained.  This involved the wrist electrode being moved up the forearm but resulted in a decline in resistance.  However, since resistance values decreased in a linear fashion the investigators were able to calculate the resistance value had the electrodes been on the original position.





Adults


	During the 1980's and 90's a significant number of studies (too many to mention here) have been conducted in which BIA was used to estimate either or both FFM and percent fat in adults.  Lukaski (17) continued his research in this area and with a group of 312 men and women to cross-validate his earlier research and again found that HT2/R was the single best predictor of FFM.  In addition, Lukaski was successful in the estimation of percent fat.  Segal (26) also continued to work with the BIA technology and using a group of over 1500 men and women in four laboratories across the country once again demonstrated the usefulness of BIA for assessing body composition.  A unique aspect of the Segal study (26) was the large size of the sample which gave the investigators the opportunity to examine the relationship between HT2/R and FFM and % BF in both lean and obese men and women.  Segal and colleagues found that using both gender and fatness specific equations improved the accuracy of the BIA estimate of body composition.  Graves et al (8) studied the effects of using different BIA instruments and different prediction equations on the estimate of percent fat.  Using three different instruments resulted in different estimates of fatness as high as 6.3% and, when compared to results obtained from densitometry, differences ranged from about 3.5% to almost 10%.  The conclusion from this study was clear; BIA prediction equations are instrument specific.





Monitoring Composition of Weight Loss





	Studies which examined the validity of BIA for monitoring body composition changes during weight loss have had mixed results.  In a large epidemiological study conducted in Finland from 1980-85 (9) investigators found that, for men, hip circumference was the single best predictor of percent fat and that HT2/R, from BIA, was not a significant contributor to estimating body fatness.  For the women, over half of the variance in the prediction of percent fat could be attributed to hip and thigh circumference, sitting height, and age.  In a study conducted in the Netherlands (6) researchers found in severely obese women (45% fat), that BIA estimates of FFM were comparable to underwater weighing prior to weight loss, however, after weight loss results from BIA were not in agreement with densitometric results.  Ross and co-workers (23) were successful in monitoring body composition changes with BIA when using prediction equations developed from large heterogeneous samples where % BF ranged from 10%-50% (17,26).  The message here is that BIA users must be aware of the parameters of the prediction equations if accurate results are to be obtained.





BIA and the Menstrual Cycle





	Relatively little research has been done in this area.  Chumlea and colleagues (3) found no significant effect of time-of-day, oral contraceptive use, and phases of the menstrual cycle on impedance measurements.  Gleichauf and Roe (7), however, demonstrated that a significant proportion of the error in impedance measurements were explained by changes in body weight throughout the menstrual cycle and that the assumed water weight gain prior to menses would affect BIA resistance measurements.  With regard to this topic it is recommended that BIA measurements be done during the different phases of the menstrual cycle so that a better estimate of body composition can be obtained.





Multiple Frequency Impedance (MF-BIA)





	The newest area of research is the use of multiple radio frequencies and bioelectrical impedance measurements.  In this procedure impedance (Z) or resistance (R) measurements are made using any number of frequencies ranging from 1 KHz (1,000 Hz) to 1.35 M Hz (1,350,000 Hz).  The concept behind doing measurements at various frequencies is that at lower frequencies the current oscillates with such a large sine wave that the wave is too large to pass through the cell membrane of the individual cells.  So, the current is conducted only through the extracellular fluid spaces (ECF) of the body.  Whereas, at high frequencies the sine wave oscillates so rapidly that it is small enough to penetrate the cell membrane.  Thus, the conductive path for high frequency current is both in the extracellular space around the cells as well as the space inside the cells (intracellular) or, in other words, the whole body.  The ability to distinguish the extracellular body compartment from the total allows for the separate assessment of body fluid compartments which is extremely important in a number of clinical diseases where fluid balance is abnormal, e.g. renal failure requiring dialysis.


	The two most notable investigations in this area were conducted by Segal et al (24) and Van Loan (32,33).  Segal used three frequencies (5, 50, 100 KHz) and found that the estimation of TBW and ECF were no better than the results obtained from a standard single 50 KHz frequency BIA measurements.  The research by Van Loan and Mayclin (32) indicated that when impedance measurements were made at a frequency of 224 KHz that ECF and TBW could be estimated within 1.0L and 3.6L, respectively of the actual volumes.  But the investigators pointed out that in healthy individuals where fluid balance is tightly regulated the frequency that is the best predictor of TBW will also be the best predictor of ECF.  So, if one is interested in assessment of clinical patients another approach would be necessary.  The "new approach" appears to be that of bioelectrical impedance spectroscopy (BIS).  In the BIS technique impedance measurements made at each frequency are plotted and in so doing form a semi-circle.  Using chemical and electrical engineering modeling mathematics the points on this semi-circle can be transformed into an equivalent electrical model where the values correspond to specific compositional elements (27).  This new approach has been successfully used to make individual determinations of FFM, TBW and ECF (33).  Experimental research with this method has been used for the assessment of AIDS patients, renal dialysis patients, and women during pregnancy.





Summary





	Bioelectrical impedance analysis would appear to be an appropriate technique for body composition assessment when used properly.  Although a significant amount of research has been conducted in this area, the new research appears to be moving in the direction of MF-BIA or BIS for the simultaneous assessment of multiple body and/or fluid compartments.
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