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Abstract 

 

 

Body composition assessment in obese and gastric bypass patients is an important 

component of clinical care that remains somewhat elusive. The physiological 

abnormalities that occur in these populations pose unique challenges to available body 

composition assessment techniques. In particular, there is a lack of adequate field 

methods that are appropriate for clinical use (i.e. rapid, convenient, inexpensive, and 

accurate). Bioelectrical impedance analysis (BIA) promises to be just such a method. 

This thesis explores the topics of obesity and roux-en-Y gastric bypass (RYGB) surgery, 

the body composition changes that occur after RYGB, and methods used for assessment, 

with a particular focus on advancing multi-frequency BIA (MF-BIA) and bioimpedance 

spectroscopy (BIS) analysis. 
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Chapter 1 

Introduction 

 

The rapid increase in obesity and its adverse consequences underscore the need 

for effective treatments and interventions to induce weight loss and ameliorate obesity-

associated comorbidities. Behavioral and pharmacological interventions have shown little 

success in addressing the issue of obesity. However, roux-en-Y gastric bypass (RYGB) 

surgery has proven to be a successful and sustainable method of weight loss. The ability 

to perform the surgery laparoscopically, making it less invasive, and the nearly universal 

weight loss achieved, has led to a dramatic increase in the number of RYGB surgeries 

performed in the US in the last ten years.
4
 RYGB patients undergo dramatic changes in 

body composition that have implications for their clinical care and should be monitored 

with body composition assessment tools.  

Body composition assessment consists of partitioning the body into measurable 

parts, such as fat mass (FM) and fat free mass (FFM), which contains the total body fluid 

(TBF). TBF is divided into extracellular fluid (ECF) and intracellular fluid (ICF). ICF is 

of particular interest because it approximates body cell mass (BCM), the most 

metabolically active tissue. 

There are some aberrations in body composition in obese individuals and post-

RYGB patients. Obese individuals have an expanded ECF compartment that remains 

even after significant weight loss is achieved.
5-8

 However, the reason for and significance 

of this are not clear. After RYGB, losses from all body compartments occur to varying 



 

 2 

extents. Losses in FM, and in particular the visceral fat compartment, are beneficial given 

the association between visceral fat, cardiovascular disease, and other metabolic 

diseases.
9
 In contrast, excessive loss of FFM is detrimental because it contains the 

metabolically active tissue, and it is essential for maintaining physical function and 

quality of life.
10-12

  

There are many different research and fields methods utilized for body 

composition assessment. The most common research methods include dual-energy X-ray 

absorptiometry (DXA), underwater weighing (UWW), air displacement plethysmography 

(ADP), and multiple dilution. Multiple dilution is the only method for measuring body 

fluid volumes. Field methods include anthropometry and bioelectrical impedance analysis 

(BIA). 

BIA is an attractive method to assess these body composition parameters as it is 

rapid, convenient, inexpensive, and minimally invasive. In the BIA method, a low-level 

electrical current is passed through the body and the resulting impedance, or opposition 

of the conductor to current flow, is measured by the device. It is then applied to 

regression-derived equations or modeled mathematically to predict body fluid 

compartment volumes. Multi-frequency BIA (MF-BIA) and bioimpedance spectroscopy 

(BIS) are potentially more accurate methods than the more common single-frequency 

(SF-BIA) because they apply the current at more than just one frequency and at higher 

frequencies, which may be necessary in obese individuals,
13

 and thus, they are 

theoretically capable of differentiating all body fluid compartments. However, the 

population-specificity of BIA regression equations dictates that they must be validated in 
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the extremely obese and post-RYGB population before they can become a routine 

component of nutritional assessment for these individuals. In this thesis, chapter 2 

provides a literature review of relevant background information. Chapter 3, the current 

study, seeks to validate MF-BIA and BIS for use in estimating absolute and changes in 

fluid volumes and FFM in RYGB patients over the course of a year following surgery. 

Finally, chapter 4 concludes this thesis with a summary and discussion of future 

directions. 
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Chapter 2 

Literature Review 

 

Introduction 

 The global obesity epidemic is an increasing health priority in many countries. 

Approximately 60% of the US population is classified by the World Health Organization 

as overweight, and a third of these people suffer from obesity and accompanying 

comorbidities.
14, 15

 The complications associated with obesity include hyperlipidemia, 

hypertension, obstructive sleep apnea, type II diabetes, polycystic ovary syndrome, non-

alcoholic steatohepatitis, heart disease, stroke, asthma, depression, orthopedic and 

mobility problems, and others.
16, 17

 Consequently, the life expectancy of an extremely 

obese person is reduced by an estimated 5 to 20 years.
18

 The adverse consequences of 

obesity underscore the need for effective treatments and interventions to induce weight 

loss and ameliorate obesity-associated comorbidities.  

 These interventions include behavioral, pharmacological, and surgical options for 

treatment. Bariatric surgery has proven to be the most successful of these treatments. The 

nutritional care of bariatric surgery patients can be improved by conducting a body 

composition assessment. The techniques used for body composition assessment include 

research and field methods. Bioelectrical impedance (BIA) is a particularly attractive 

method of body composition assessment. However, it must be validated in the obese and 

bariatric populations to ensure appropriate use. 

Interventions for obesity 
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Behavioral interventions 

 With the onset of the obesity epidemic, thousands of weight loss programs have 

emerged. In the clinical setting, calorie reduction combined with exercise is the first 

recommended treatment for obesity. With some difficulty, successful weight loss can be 

achieved through this method. Group support and regular consultation with a registered 

dietitian may improve the efficacy of this method.
19

 However, many people are unable to 

lose weight through nutritional and behavioral interventions alone and, in those who may 

be initially successful, weight regain is a frequent problem.
20

 

 Very low calorie diets (VLCD) are a specific nutritional intervention designed to 

induce rapid weight loss. In this approach, patients consume 400 to 800 kcals per day, 

over a period of 12 to 16 weeks.
21

 VLCDs typically result in a loss of 15% to 25% of 

initial weight if continued for three to four months. However, the weight loss is 

frequently not sustained long term.
22

 Most VLCDs involve the use of a formulated diet 

that provides all of the essential micro- and macronutrients and a relatively high 

percentage of calories from protein, in order to preserve lean mass. Despite this, 

malnutrition is possible due to the extreme calorie deprivation in these diets. Careful 

medical monitoring must be concurrent with the use of VLCDs in order ensure the safety 

and efficacy of the approach.  

Pharmacological interventions 

 There is a significant amount of research being conducted on pharmacological 

interventions for obesity, however the data reported to date are not promising.
23

 At best, 

pharmaceuticals have resulted in a small degree of weight loss success in the extremely 
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obese population, typically showing a reduction of less than 10% of body weight.
24

 

Nevertheless, pharmaceuticals may be used if behavioral interventions for weight loss are 

unsuccessful. 

Currently, only phentermine, sibutramine, and orlistat are approved by the Food 

and Drug Administration (FDA) for use in the treatment of obesity. Phentermine is 

currently approved for a three-month period of use. It functions as an adrenergic reuptake 

inhibitor, increasing adrenergic signaling in the brain and peripheral tissues.
25

 This 

function activates the sympathetic nervous system, decreasing appetite and increasing 

energy expenditure, which is responsible for the resulting weight loss. Few clinical trials 

have been conducted to show the efficacy of phentermine. In two intervention studies, 

weight losses due to phentermine itself varied from 6% to 13% of weight.
26, 27

 Side 

effects include tachycardia and hypertension. Sibutramine (Meridia®) is approved for use 

over a year-long period. Its mechanism of action is as a norepinephrine and serotonin 

transporter inhibitor that promotes negative energy balance. Sibutramine itself has 

produced losses of 3-4% of body weight during the first 6 to 12 months of treatment in 

clinical trials.
28-31

 There are however, concerns about cardiostimulatory side effects with 

the use of sibutramine. Orlistat (Xenical, Alli) is also approved for a year of use. As a 

pancreatic lipase inhibitor, orlistat interferes with the absorption of dietary fat. Orlistat 

itself has been shown to induce an average weight loss of 3% of body weight over the 

course of a year.
29, 31, 32

 Additionally, the notorious side effects of steatorrhea, flatulence, 

increased stool frequency, incontinence, and oily rectal discharge discourage many from 
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its use.
25

 The malabsorption responsible for the weight loss can also cause deficiencies of 

fat-soluble vitamins. 

Surgical interventions 

 The most drastic of all of the interventions for obesity is also the most successful. 

Bariatric surgery is the only weight loss treatment that consistently results in a significant 

amount of weight loss that is sustainable long term.
35

 The ability to perform the surgery 

laparoscopically, making it less invasive, and the nearly universal weight loss achieved, 

has led to a dramatic increase in the number of bariatric surgeries performed in the US in 

the last ten years.
4
  

There are a number of different bariatric surgery procedures. The three most 

commonly performed are Roux-en-Y gastric bypass (RYGB), biliopancreatic diversion 

(BPD), and laparoscopic adjustable gastric banding (LAGB). It has been shown that 

RYGB and BPD result in greater amounts of weight loss than LAGB, and that RYGB 

results in the fewest complications.
23,39

 For this reason, RYGB is the most commonly 

performed bariatric surgery in the US.
35

 In the RYGB procedure, the stomach is stapled 

to reduce the size and a portion of the upper small intestine is attached to the stomach via 

an intestinal loop. The small size of the stomach forces an instant change in the patient’s 

diet. Patients progress from a clear liquid diet immediately following surgery, to a full 

liquid diet from three days to three weeks after surgery, to a pureed diet from three weeks 

to six weeks after surgery, to their new regular diet of small meals and snacks. With the 

reduced volume of the stomach, patients can only eat about 1 oz of food per eating 

episode before they experience satiety. As a result, food intake is decreased. Additionally, 
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reducing the size of the stomach has the effect of decreasing the plasma levels of ghrelin, 

a gut hormone that promotes food intake.
36

  

The decrease in calorie consumption after RYGB results in dramatic weight loss. 

However, the surgery is only part of the intervention. Patients must continue follow-up 

treatment to assess their recovery, to assist with the adjustment to their new eating 

pattern, and to treat any of the numerous complications that can occur. The most common 

complications are malabsorption of nutrients and the subsequent effects of malnutrition, 

and gastrointestinal distress, including dumping syndrome.
37

 The malabsorption of 

nutrients necessitates treatment with a multi-vitamin-mineral supplement. Most post-

RYGB regimens include 1-2 multivitamins per day in either chewable or liquid form.
38

 

Despite the complications and small risk of death during the surgery, extremely obese 

patients who RYGB have a lower rate of all-cause mortality than extremely obese 

patients who opt not to have the surgery. This decreased rate of mortality is thought to be 

due to the positive effects of weight loss.
34

 The dramatic effects of RYGB, as well as the 

increasing prevalence of the procedure, motivates the need for clinical tools that 

effectively assess the outcome of the intervention.  

Clinical outcomes of RYGB 

Weight loss 

 RYGB is considered a success if at least one of the comorbidities is resolved and 

a sustained weight loss of at least 50% of the excess weight is achieved.
39

 Additional 

goals for weight loss are set in order to reach a healthy body mass index (BMI) or the 

patient’s ideal weight according to Metropolitan Life tables.
40

 Typically about 55% of 
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excess body weight is lost by two years after surgery,
41

 with the rate of loss being high 

immediately after surgery and slowing by one year. For example, Miller et al.
42

 reported 

a mean weight loss after laparoscopic RYGB of 7.8% of initial weight at three weeks, 

17.5% at three months, 26.2% at 6 months, and 34.2% at one year. However, tracking 

weight loss alone does not take into account changes in body composition. A number of 

studies have described the positive change in body composition following RYGB. These 

will be presented after a basic discussion of body composition. 

Other outcomes of RYGB 

The weight loss induced by RYGB has been shown to improve many of the 

comorbidities associated with obesity, such as type II diabetes, hypertension, 

hyperlipidemia, and obstructive sleep apnea.
35

 It also contributes to a better overall 

quality of life.
43

 Although the absolute amount of lean mass decreases after RYGB, 

maximal torque/kg body weight measured by a dynamometer has been shown to 

significantly increase, indicating an improvement in muscle quality despite loss of total 

FFM.
42

  The same study also showed gains in physical functioning after RYGB, 

measured by the Short Physical Performance Battery.
42

  

Body composition assessment  

Basic concepts 

Body composition in its simplest form partitions the whole body into a two-

compartment model that includes fat mass (FM) and fat free mass (FFM). FFM is 

comprised of lean mass and bone mass. Lean mass is further divided into body cell mass 

(BCM) and extracellular mass. Extracellular mass contains extracellular fluid (ECF) and 
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extracellular solids that include the structural bone matrix.
44

 Total body fluid (TBF) 

refers to the combination of ECF and intracellular fluid (ICF). BCM is the most 

metabolically active, energy-consuming tissue, and the primary determinant of basal 

metabolic rate.
45

 Thus, it is of clinical significance in assessing nutritional status. BCM is 

not measureable directly, so indirect methods must be employed. ICF can be used as an 

approximation of BCM.
46, 47

 This is possible because body protein is indicative of BCM 

and acute changes in body protein occur mainly in the cellular compartment,
48

 

accompanied by changes in ICF.
49

 Measuring body water compartments allows for the 

determination of ICF and the estimation of BCM. 

The ratio of ECF to ICF is also an important clinical parameter to measure 

because altered body water distribution is characteristic of certain disease states. In 

obesity,
5-7, 50, 51

 edema, and HIV infection,
44

 the ECF compartment is often expanded. In 

malnourished individuals the loss of ICF with concomitant expansion of ECF could mask 

malnutrition if only TBF is measured, and thus it is important to measure both ECF and 

ICF. 

The ideal body composition assessment tool would be convenient, rapid, easy to 

use, inexpensive, and accurate. Available methods include research and field techniques, 

each with their own advantages and limitations. The degree of complexity among 

different methods ranges from the two-component model to a five-level model, which 

partitions the body into atomic, molecular, cellular, tissue-system, and whole-body levels, 

with each level containing multiple components to be quantified.
52

 

Body composition in obese individuals 
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There are several aberrations in body composition that occur as a result of obesity. 

It has been shown that obese individuals have an expanded ECF/TBF ratio compared to 

normal weight individuals. 
5-7, 50, 51

 Obese individuals in classes I-III have a higher 

absolute TBF volume and ECF /TBF ratio than normal-weight individuals; however, 

class III obese individuals do not have a higher absolute TBF or ECF/TBF ratio than 

class I-II obese individuals.
53

 The reason for this irregularity is not understood. 

Additionally, Waki et al. found wide variability in the ECF/ICF ratio among obese 

individuals, possibly due to subclinical complications of obesity and individual 

differences in the hormonal response to adipose tissue.
6
 This expanded ECF/TBF ratio 

may have prognostic and clinical implications.
54

 For example, the expanded ECF 

compartment may play a role in the pathogenesis of hypertension,
55

 although this has not 

been well-investigated.  

Another body composition abnormality observed in obese individuals is the 

relatively higher amount of water in the FFM. In studies using independent isotope 

dilution and a three-compartment model to measure fluid volume and FFM, obese 

individuals have been shown to exhibit increased hydration of FFM greater than the 

standard hydration of 73%.
5, 6, 56

 Das et al.
5
 found that in extreme obesity the average 

FFM hydration was 76% and was 75% after significant weight loss due to RYGB. Body 

composition assessment in obese patients is difficult due to limitations in available 

methods. Obese patients may violate the assumptions upon which a method relies or 

simply exceed the size or weight limitations of standard equipment.  

Body composition in RYGB patients 
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RYGB has been shown to drastically change patients’ body composition. Weight, 

fluid, FFM, and FM all decrease after surgery.
5, 7, 8

 The postoperative weight loss is 

comprised of both FM and FFM. Weight is lost more rapidly from FM than from FFM 

and each compartment will be reduced by varying extents.  For example, Das et al. found 

that by one year after surgery FM contributed 79% and FFM 21% to the weight loss, 

measured by air displacement plethysmography (ADP) and hydrostatic weighing.
5
 Losses 

from the FM, and in particular the visceral fat compartment, are beneficial given the 

association between visceral fat, cardiovascular disease, and other metabolic diseases.
9
 In 

contrast, excessive loss of FFM is detrimental because FFM is the largest determinant of 

resting metabolic rate and it is essential for maintaining physical function and quality of 

life.
10

 The body composition changes after bariatric surgery that provide the maximal 

benefits are a loss of FM, with preservation of FFM.
23, 60

  

The compartments comprising the FM and FFM also change after RYGB. Using a 

three-compartment model, Das et al. observed a mean decrease of 7.3 kg in TBF, 4.2 kg 

in ECF, and 3.2 kg in ICF 14 months after gastric bypass surgery.
5
 The losses observed in 

the various body compartments fluctuate throughout the post-operative period. Soon after 

surgery, fluid losses comprise a large percentage of the weight loss, whereas during the 

later stages, fat losses will contribute to a greater degree. In a year-long study of obese 

patients undergoing vertical banded gastroplasty, Cox-Reijven et al.
61

 found a decreasing 

amount of water loss compared to the total weight loss. As measured by multiple dilution, 

the percentage that fluid loss contributed to total weight loss was 46% (before surgery to 

two weeks postoperative), 10% (two weeks to three months postoperative), and finally 
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8% (three months to one year postoperative). They also found a variable amount of ECF 

loss compared to TBF loss. ECF loss contributed 71% (before surgery to two weeks 

postoperative), to 50% (two weeks to three months), and 86% (three months to one year 

postoperative) of the TBF loss.
61

 Although the ECF compartment decreases in volume, 

the relative expansion of ECF observed in obesity remains even after significant weight 

loss is achieved.
5, 7, 8, 62

 Additionally, TBF becomes a larger percentage of total body 

weight. 
61

 Mazariegos et al.
7
 attribute this to a permanent fluid disregulation caused by 

obesity and a slight protein-calorie malnutrition during weight loss. Others have asserted 

that the relative expansion of ECF is simply a normal physiological response to reduction 

of adipose mass with maintenance of skin surface area.(Levitt…Earthman 2010, in press) 

The many changes in body composition after RYGB have implications for patient care 

and should be measured by clinicians. Quantifying the body compartments and 

interpreting their significance is the purpose of body composition assessment.  

Research methods for body composition assessment 

 Research methods for body composition assessment have the advantage of being 

extremely accurate, but their use is limited by cost, the amount of time required to 

perform the measurements, and the degree of technician skill necessary. There are many 

research methods available, however the most commonly used are dual-energy X-ray 

absorptiometry (DXA), densitometry, and multiple dilution. 

Dual-energy X-ray absorptiometry 

 In the DXA method, the subject lies supine on the scanning bed and a low level 

X-ray is transmitted through the individual. The device partitions the X-ray beam into 
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low- and high-energy peaks by filtering the beam through an X-ray tube.
65

 Each tissue 

will attenuate the two different energies to different degrees and the amount of absorption 

or attenuation by the soft tissues and skeleton is measured by the device.
66

 This allows 

estimations of soft tissue composition (FFM and FM) and bone mineral density. In fact, 

DXA is primarily used for determining bone mineral density, especially in the diagnosis 

of osteoporosis. Estimating FM using DXA relies on several assumptions. The first is that 

pure fat (Rf) is constantly attenuated from FFM (Rl). Rf and Rl have been shown to be 

near constants, so the ratio of the attenuation relative to the soft tissue (Rst) can be 

determined. Thus, the following equation for the fraction of soft tissue as lean (lf) is given 

by Gotfredsen et al.
67

: 

    lf = Rst - Rf 

           Rl - Rf 

The DXA method also relies on the second assumption that the measurements are 

not affected by the anteroposterior thickness of the body. Studies have shown that this 

assumption is valid in subjects whose thickness is < 20 cm.
68

 However, larger 

thicknesses, as occur in obesity, may violate this assumption.
69, 70

 Subjects whose 

thickness is > 20 cm have shown increased beam hardening, which is the preference to 

attenuate lower energy X-rays.
71

 DXA’s third assumption has to do with edge detection. 

Edge detection is the method by which DXA accounts for soft tissue overlaying the bone 

by assuming it is a constant composition. However, this can differ throughout the body.
66

 

Additionally, different DXA devices take different approaches to edge detection, which 

introduces error between devices in the measurement of soft tissue.  
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DXA scans are safe for all populations and expose subjects to a low level of 

radiation. However, measurement becomes difficult with large subjects. Specifically in 

regard to obese individuals, in subjects wider than the scan area (58-65 cm) a whole-body 

scan is impossible. In addition to the equipment limitations, DXA relies on the 

assumption of subject thickness for accuracy. Thus, for thicker subjects, for those heavier 

than 100 kg, or for those with a value for √(W/S) greater than 0.72, where W is weight 

(kg) and S is stature (cm), the precision of DXA body composition estimates is reduced.
65

  

Performing partial-body scans can ameliorate the methodological problems of 

using DXA in obese subjects. For example, Tataranni et al. performed  half-body scans of 

each side of the body in obese individuals and reported good agreement by correlational 

analysis with hydrodensitometry for determining whole-body FFM, FM, and percent 

body fat.
72, 73

 However, it has been reported that regional body composition assessments 

are slightly less precise than whole-body assessments in healthy individuals.
74-76

 DXA 

has also been validated for measuring body composition changes in obese subjects. Evans 

et al.
77

 compared DXA with a multicomponent model in obese subjects during a weight 

loss intervention and reported few significant mean-level differences (p > 0.013) in 

estimated percent body fat, analyzed by ANOVA and Tukey’s post hoc analysis .    

Densitometry 

Another research method of body composition assessment is densitometry. 

Densitometry is the process of estimating body composition from body density. Methods 

employing this approach include underwater weighing (UWW) and air displacement 

plethysmography (ADP). The equation for estimating body density is: 
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    Db = MA/V 

Where Db is body density, MA is mass of the body, and V is the body volume.  

Obtaining an accurate measurement of body volume is the most important factor for 

accurately estimating body density.
78

 The density of FFM has been determined,
56, 79

 and 

is used in equations to estimate FM. The two most commonly used equations are from 

Siri
80

 and Brozek  et al.
56

 The equations rely on assumed fractions and densities of the 

body components. The accuracy of the equations depends on how well the person being 

measured conforms to these assumptions. In most populations density can be accurately 

estimated, however the assumption that FFM composition is a constant, may not be valid 

in some individuals, this is especially true in clinical populations.
81, 82,

 
78

 

Underwater weighing  

 UWW is a method of hydrodensitometry. UWW relies on Archimedes’ principle 

to estimate body volume.
83

 This principle states that a body immersed in a fluid is acted 

on by a buoyancy force. This force is equal to the weight of the displaced fluid. Thus, 

when a subject is underwater, body volume (V) is equal to the difference between the 

subject’s weight in air (Wa) and their weight in water (Ww). This equation must also be 

corrected for the density of water (Dw), which is dependent on the temperature of the 

water at the time of the submersion: 

    V = (Wa – Ww)/Dw 

Underwater weight is measured after the subject has fully expired, and residual lung 

volume (RV) is adjusted for in the final calculation.
78
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Appropriate equipment is needed to perform UWW, including a scale, water tank, 

and a device to measure the RV.  A typical setup consists of a chair where the subject 

sits, immersed in the water tank. The chair is suspended from a scale, and a method 

involving dilution or a tracer is used to calculate RV. Sources of error generally come 

from lack of subject familiarity with the procedure, errors in calculating RV, and 

technical errors.
84

 Certain populations may not be able to be fully submerged underwater, 

making this method unsuitable for young children, the elderly, disabled, and other special 

populations. In obese individuals with decreased mobility, this method is also 

problematic. In a study using UWW in obese individuals, there were no differences by 

paired t-tests between UWW and DXA for measuring FM, FFM and percent body fat.
85

 

Currently, no formal validation of UWW in obese individuals has been conducted. 

Air displacement plethysmography 

ADP uses pressure-volume relationships to estimate body volume and density. 

Boyle’s law describes the pressure-volume relationship at constant temperature: 

   P1/P2 = V2/V1 

Where P1 and V1 represent the pressure and volume at an initial condition, and P2 and V2 

represent a changed condition.
86

 According to Boyle’s law, at a constant temperature, the 

pressure and volume of a gas are inversely correlated. Thus, the gas will decrease its 

volume in proportion to the increasing pressure.
78

 Poisson’s law accounts for conditions 

when the temperature of the air does not remain constant as its volume changes (adiabetic 

air): 

    P1/P2 = (V2/V1)
γ
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where γ is the ratio of the specific heat of the gas at constant pressure to the specific heat 

of the gas at constant volume.
87

  

ADP is performed by a device called the Bod Pod (Life Measurement 

Instruments, Inc., Concord, CA), which applies Poisson’s law to determine body volume. 

The device contains a test chamber, where the subject sits, and a reference chamber, 

which is complementary to the test chamber. Small perturbations in volume and pressure 

are made in both chambers to calculate the raw body volume. Final body volume is 

calculated by:   

Body volume (L) = Body volumeraw (L) – SAA (L) + 40% VTG (L) 

where the raw body volume measure is corrected by subtracting the surface area artifact 

(SAA), which occurs because air next to the skin is more compressible than adiabetic air, 

and adding 40% of the thoracic gas volume (VTG) to account for body volume 

underestimation due to VTG. Measurement errors can occur with ADP if subjects are 

recovering from a physical or thermal stress.
78

 Errors can also occur in estimating VTG. 

Bod Pod measures have been shown to be very reliable in children and adults.
88

 ADP has 

been validated against UWW and DXA in healthy adults and has typically resulted in 

mean percent body fat measures within 1% of the reference method.
89

 Additionally, ADP 

has been validated against UWW in obese individuals. High correlations were observed 

between ADP and UWW estimates of body density (r = 0.94) and percent body fat (r = 

0.93).
90

 No significant differences by paired t-test (p > 0.05) were observed for the 

measurement of body density and percent body fat by ADP and UWW in obese 

individuals. 
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Multiple dilution 

Multiple dilution is the most common research method for assessing body fluid 

compartments. The basic theory behind the dilution method for determining fluid 

compartment volumes consists of measuring the extent to which a substance is diluted in 

a solvent. Edelman et al.
91

 stated that the volume of a compartment is equal to the amount 

of tracer added to a compartment divided by the concentration of the tracer in that 

compartment after it has equilibrated. There are several isotopes that can be used as 

tracers in the measurement of fluid compartments. For TBF measurement, tritium oxide, 

oxygen-18 hydride, and deuterium oxide can be used. Bromide or 
22

sodium (
22

Na) 

dilution can be used for measuring ECF. The most useful and common method is 

combining deuterium dilution to quantify TBF and bromide dilution to measure ECF.  

Deuterium is a stable isotope of hydrogen, and unlike other isotopes used in 

dilution, it does not expose subjects to radiation. The method in which deuterium is used 

does not require specialized equipment and is relatively inexpensive. However, the 

procedure for the dilution method is complex and involves subject preparation, careful 

dosing and sample collection, and isotope analysis. Given the complexity of this method, 

it must be highly controlled to ensure that the error in measurements is less than 1%.
47

 To 

carry out the procedure, deuterated water is given orally, several hours are allowed for the 

tracer to equilibrate completely with body fluids, then samples of plasma or urine are 

taken, and finally the samples are analyzed through infrared spectrophotometric analysis
2
 

or isotopic ratio mass spectrometry.
92

 TBF is calculated by the relationship:  

V2 = C1V1  

            C2 
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where C1 is the initial concentration of the tracer in a known volume of water (V1), C2 is 

the final concentration of tracer in the sample taken, and V2 is the calculated TBF 

volume.
91

 Finally, FFM is calculated by using the standard hydration of FFM of 73.2%.  

 To measure ECF, sodium bromide is the tracer of choice. Sodium bromide is 

present at low levels in the plasma and behaves similarly to sodium chloride. Bromide 

has many advantages: it does not involve exposure to radiation, it provides an accurate 

estimation of ECF, it is simple to administer, and it is inexpensive.
47, 93

 The procedure for 

bromide dilution includes giving a dose of sodium bromide orally or intravenously, and 

allowing it to equilibrate over several hours. A pre-dose plasma sample is taken, to 

establish the level in the plasma, and then three to four hours after dosing, a second blood 

sample is taken. High performance liquid chromatography is typically used to analyze the 

sample for bromide concentration.
94, 95

 The bromide dilution space (NBr) is calculated 

similarly to TBF. The dose of bromide and the final concentration of bromide are used to 

calculate the volume of the ECF space. This bromide dilution space provides an 

overestimate of ECF because of the Gibbs-Donnan effect.
96

 The Gibbs-Donnan effect is 

due to unequal bromide equilibration in the body, resulting in varying concentrations of 

bromide in the plasma.
47

 To account for the Gibbs-Donnan effect, ECF is calculated by:  

ECF = NBr(c2 c3) 

where c2 is the Gibbs-Donnan correction factor, generally considered to be 0.95, and c3 is 

the intracellular correction, which is estimated to be 0.90.
93

 The precision of bromide 

dilution is estimated to be 1%.
47

 The use of deuterium dilution to measure TBF,
97

 and 

bromide dilution to quantify ECF
98

 has been validated in obese subjects.  
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Field methods for body composition assessment 

 Field methods for measuring body composition have the advantages of being 

rapid, easy to use, convenient, and inexpensive, but are limited in their accuracy. Field 

methods include anthropometry and bioelectrical impedance analysis (BIA). 

Anthropometry 

The body mass index (BMI) and skinfold thickness (SFT) are two methods that 

use anthropometric measurements to estimate body composition. The BMI method uses 

the subject’s weight in kilograms divided by their height in meters squared, 

weight/height
2
. The BMI method was developed to predict body fatness. The cutoffs for 

underweight, overweight, and obesity correlate with morbidity and mortality.
99

 

Therefore, BMI is used as the primary clinical diagnostic criteria for obesity. As defined 

by the Centers for Disease Control and Prevention, a BMI of 18.5-24.9 is healthy, while 

25-30 is overweight, and above 30 is obese.
99

 On a population-wide scale BMI can 

predict body fatness, but on an individual level BMI may not be accurate due to 

differences in body fatness attributable to race, sex, and age.
100

   

SFT may have better accuracy than BMI, but is limited by the technical skill 

required to carry out the measurements and the invasive nature of the measurement 

process. This method uses skinfold calipers to measure subcutaneous body fat on various 

parts of the body and enters this information into a population-specific regression 

equation to determine the body’s percentage of fat. However, there may be much inter-

individual variability in fat storage deposits, especially in obesity, limiting this method’s 

accuracy.
101
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Bioelectrical impedance analysis 

BIA is a promising field method due to its many advantages for determining body 

composition in clinical settings. It is safe, rapid, inexpensive, noninvasive, and requires 

minimal operator training. It is also the only field method that is theoretically able to 

quantify the body fluid compartments. 

Theoretical basis 

The underlying theory of BIA is that an electrical current applied through the 

body is conducted well by tissues containing water and electrolytes, like blood and 

muscle, while the current encounters resistance by fat, bone, and air-filled spaces.
102

 

Tissue conductivity is directly proportional to the amount of electrolyte-rich fluid 

present.
52

 The lack of conductivity, or opposition of the conductor to current flow, is 

termed impedance (Z).
103

 The impedance is detected by a bioimpedance analyzer.
104

  

Impedance is a function of resistance (R) and reactance (Xc), where Z = 

√(R
2
+Xc

2
). Resistance is the pure opposition to current flow through the body. Reactance 

is the opposition to current flow that occurs as a result of capacitance. Capacitance is the 

storage of energy in the circuit due to the separation of the highly conductive ECF and 

ICF by the cell membranes which have a low level of conductivity.
105

 The alternating 

current used in BIA changes polarity each half cycle. The body fluid becomes charged, 

discharged, and recharged with each cycle. This allows the current to flow along the 

circuit, but with each cycle it becomes slightly out of phase with the original current 

cycle, this phenomenon is termed the time delay.
102

 At low frequencies the current does 

not penetrate the cell membrane, so reactance is minimal. At midrange frequencies the 
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current can partially penetrate the cell membrane and capacitance is high. At high 

frequencies the charge/discharge cycle becomes so fast that the cell membrane does not 

contribute much resistance, and reactance is minimal. The characteristic frequency (fc) is 

the frequency where reactance is highest and the current completely penetrates the cell 

membrane, allowing for quantification of both the extra- and intracellular fluid 

compartments. 

Thomasset
106, 107

 first demonstrated that TBF could be estimated from whole-body 

bioelectrical impedance using an alternating current with a fixed frequency, and he and 

later researchers used multiple frequencies to differentiate ECF from TBF. At a 

frequency of 50 kHz, the current passes through the ECF and a fraction of the ICF. At 

lower frequencies, the current does not enter the ICF and at higher frequencies the current 

penetrates both the ICF and ECF. The impedance measured at the various frequencies is 

entered into a regression-derived equation or is modeled mathematically to predict TBF 

and ECF. ICF is determined by subtracting ECF from TBF.  

The theory underlying BIA relies on a number of principles and assumptions. The 

first is that the body is shaped like a cylinder of uniform cross-sectional area and is made 

of homogeneous conductive material. This assumption allows the application of the 

following relationship: R is proportional to length (L) and inversely proportional to cross 

sectional area (A). By substituting a person’s height (cm) for length, an empirical 

relationship can be established between the impedance index (height
2
/R) and the volume 

of body water: V = ρL
2
/Z, where V is volume (L), ρ is specific resistivity (ohms X cm), L 

is the conductor length (cm), and Z is impedance.
108

 The second assumption is that the 
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FFM hydration coefficient is 0.732. Using the principles that water and electrolytes are 

better conductors of electricity than fat,
109

 and that the fat free body is 73.2% water, FFM 

is determined from TBF.  

Bioimpedance testing procedure and approaches 

There are a number of conditions that must be met for the ideal testing 

procedure.
110

 Subjects are allowed no caffeine 24 hours prior, no alcohol 48 hours prior, 

and no exercise 12 hours prior to testing to ensure optimal hydration. No food or drink 

other than water is allowed 12 hours before the test. Subjects are to remove metal from 

their clothing and bodies. They are to void their bladder within 30 minutes of the test. 

Subjects are to lie on a nonconductive surface in a room set at a comfortable temperature 

(about 25˚ C). This is done because cool temperatures can decrease the skin temperature, 

which will increase the resistance measured.
110

 Limbs are to be completely abducted. In 

the case of severe obesity, rolled blankets can be placed between the arms and trunk and 

between the legs to separate limbs. Contact between the arms and the trunk and between 

the thighs will short-circuit the electrical path and affect the impedance measured.
110

 The 

electrodes are typically attached in a tetrapolar arrangement. One set of electrodes is 

attached to the dorsal surface of the wrist and the dorsal surface of the ankle and the other 

set is attached at the base of the second or third metacarpophalangeal joints of the hand 

and foot. Impedance measurements are taken 5- and 10-minutes after the subject assumes 

a supine position.
110

 There are several different methods of BIA that utilize distinct 

frequencies of electrical current to measure body impedance.  

Single-frequency bioelectrical imepdance 
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Single frequency BIA (SF-BIA) is widely used in clinical practice and remains 

the most frequently employed bioimpedance method in research. SF-BIA applies the 

current at a frequency of 50 kHz to detect impedance. At this frequency, it is assumed 

that the current can fully penetrate the cell membrane, measuring TBF. However, it has 

been shown that, at a frequency of 50 kHz, SF-BIA is measuring the combination of ECF 

impedance and about 25% ICF impedance.
111

 The assumption that SF-BIA can measure 

TBF in clinical populations is especially tenuous. Due to their altered hydration status 

and cell membrane integrity, 50 kHz may not be a high enough frequency to penetrate the 

cell membrane and fully measure TBF.
104

 TBF is calculated from SF-BIA impedance 

measurements by using regression equations that are population-specific. These equations 

allow determination of TBF, but not ICF and ECF.
111

 FFM is then calculated using the 

assumption that FFM is normally hydrated at 73.2%. The SF-BIA method has been 

shown to be reasonably valid in healthy populations, but is not accurate in conditions of 

altered hydration.
44

   

Multi-frequency bioelectrical impedance 

 Multi-frequency BIA (MF-BIA) measures impedance at select, fixed low and 

high frequencies. The frequencies utilized depend on the device, but typically will 

include 5, 50, 100, 200, and up to 500 kHz.
102

 The impedance data is applied to empirical 

equations, derived through linear regression, to determine TBF and ECF. ICF is 

determined by subtraction (TBF – ECF) and FFM is calculated using the assumed 

hydration factor of 0.732. As with SF-BIA, each population requires a regression 

equation that has been specifically validated for use in that population. Variations in 
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hydration and FFM accompanying many different conditions disallow the use of one 

equation for all populations.  

 There is only one MF-BIA device currently available that uses the standard 

tetrapolar placement of electrodes. The QuadScan 4000 (Bodystat, Isle of Man, British 

Isles) applies the current at frequencies of 5, 50, 100, and 200 kHz to measure body 

impedance. The InBody (Biospace, Seoul, Korea) device is less commonly used and 

requires eight-polar electrode placement. The InBody 720 model uses frequencies of 1, 5, 

50, 250, 500 kHz, and 1 MHz; the InBody 520 uses 5, 50, and 500 kHz; the InBody 370 

uses 5, 50, and 250 kHz; the InBody 330 also uses 5, 50, and 250 kHz; and the InBody 

230 uses 20 and 100 kHz.  

Segmental bioelectrical impedance 

 Segmental BIA measures the impedance in the limbs and the trunk separately to 

avoid the problem of assuming the body is shaped like a perfect cylinder. Different 

devices and approaches may be employed, necessitating standardization among methods. 

Proximal placement of the electrodes on the knee and elbow or on limbs and trunk are 

common techniques. Segmental-BIA has successfully been used to determine fluid shifts 

and fluid distribution in cushing syndrome,
112

 acromegaly,
112

 anorexia,
113

 

lymphedema,
114, 115

 hemodialysis,
116

 and surgery patients.
117

  

Bioelectrical impedance spectroscopy 

Bioelectrical impedance spectroscopy (BIS) measures impedance over the entire 

spectrum of frequencies from 5 to 1000 kHz. The impedance data is fit to the Cole-Cole 

model (Figure 1) using least squares nonlinear curve fitting by the software included in 
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the BIS device.
118

 The software generates Cole model terms, including Re (resistance 

associated with the ECF); Ri (resistance associated with the ICF); Cm (cell membrane 

capacitance); and exponent α. Characteristic frequency is also calculated.
13

 Cole model 

terms are then applied to equations derived from the Hanai mixture theory.
119

 Hanai 

developed theoretical equations to describe the body components and their mixed 

conductivity. Water, electrolytes, and lean tissue, have high conductivity, while bone and 

fat are nonconducting. In this approach, ECF and ICF are calculated individually. TBF is 

calculated as the sum of ECF and ICF and FFM is calculated from the volumes of ECF 

and ICF and their corresponding density constants. 

The mixture theory equations contain a constant to account for specific resistivity. 

Specific resistivity is an electrical property that is different for each tissue depending on 

its capacity to conduct an electrical current.
104

 The whole body resistivity is the mean 

resistivity of all the conducting tissues.
120

 A gender difference has been found in 

resistivity
121

 and resistivity constants have been developed separately for men and 

women from dilution data.
13, 122

 The gender-specific resistivity constants have improved 

the sensitivity of BIS for measuring body water compartments.
122

 Specific resistivity 

constants have also been determined in an obese population, however further research is 

needed to validate their use.
120

 

 There are currently few manufactures of BIS devices. ImpediMed 

(Brisbane, Australia) markets their Imp SFB7 BIS device to the US. Previously, the only 

manufacturer of BIS technology in the US was Xitron (Xitron Technologies Inc., San 

Diego, Calif.) with their device, the Hydra 4200. The Xitron 4000 B device has been used  
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in previous research, but was discontinued in 1996. ImpediMed recently purchased rights 

to the Hydra technology and has continued to market both devices. Both the ImpediMed 

and Hydra devices utilize current frequencies of 5 to 1000 kHz. They are also equipped 

with software that applies the impedance data to Cole-Cole modeling, and uses the Cole 

model terms in the Hanai mixture theory equations. Additionally, the Xitron software 

includes gender-specific resistivity constants, developed by De Lorenzo et al.
13

, that are 

used to calculate ECF and ICF from the mixture theory equations.
122

 

Limitations  

The prediction equations used to determine FFM and TBF by SF-BIA and MF-

BIA must be based on population-specific data due to differences in age, ethnicity, 

gender, physical activity, and body fatness. The regression line will best fit the original 

population in which it was derived. Therefore, the regression equations are only valid 

when applied to individuals that have the same physical characteristics as the population 

from which the equation was developed. Appropriate application of regression equations 

in similar populations still does not occur perfectly because of individual variability.  

Equations have been validated in many different healthy and clinical populations. It has 

been shown that equations developed in healthy populations are not accurate in obese 

subjects.
123

 

It is controversial whether SF-BIA, MF-BIA or BIS is a better method for 

analyzing body composition. MF-BIA uses many frequencies, so it is able to determine 

TBF and ECF, and by subtraction ICF, while SF-BIA uses only one frequency, 50 kHz, 

to measure TBF. In different populations 50 kHz may not be a high enough frequency to 
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penetrate the cell membrane and fully measure TBF. The frequency required varies with 

cell membrane integrity, which determines the characteristic frequency. Characteristic 

frequency differs among individuals and even within the same individual depending on 

changes in Re, Ri, Cm, and exponent α.
13

 For example, it has been shown that in some 

dialysis patients the current cannot be fully conducted through the ICF until frequencies 

greater than 10 MHz are reached.
13

 Clearly, 50 kHz is insufficient to measure TBF in 

these subjects. Conversely, in healthy subjects, characteristic frequency has been found to 

be between 30 and 60 kHz.
13

 Thus, theoretically, SF-BIA at 50 kHz can accurately 

predict TBF in healthy individuals. For this reason, several investigators propose that 

MF-BIA is the best method.
107, 124-127

 However, it would seem that BIS is a better method 

because it measures impedance over the entire spectrum of frequencies, rather than being 

limited to select frequencies of < 500 kHz, as in SF-BIA and MF-BIA.  It is unclear 

whether 500 kHz is adequate to measure TBF.
13

 BIS reaches much higher frequencies 

ensuring that the current will fully penetrate the cell membrane and measure TBF 

completely. Additionally, the largest advantage of BIS over SF-BIA and MF-BIA is that 

it does not rely on population-specific regression equations to estimate body fluid 

volumes. The mathematical modeling used to estimate ECF and ICF in BIS relies only on 

the impedance generated by the individual being measured, and the constants used in the 

equations. Because BIS uses data generated from the individual, as opposed to a specific 

population, and because theoretically the constants used are truly constants, BIS is less 

dependent on assumptions that may be violated in disease states. In this way, BIS 
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provides a more direct, individualized measurement of body fluid compartments than SF-

BIA or MF-BIA.
44

 

Specifically focusing on the obese population, BIA has been shown to be valid in 

individuals with BMIs up to 34 kg/m
2
.
128, 129

 However, potential inaccuracies exist when 

predicting FM and FFM in severely obese subjects. The theoretical basis of BIA consists 

of assumptions that may not be valid in the obese. These violations include: 1) a greater 

proportion of body mass and body water contained by the trunk, and 2) a greater 

hydration of FFM.
130

 The first assumption made by BIA is that the human body is shaped 

like a perfect cylinder, where resistance is directly proportional to length and inversely 

proportional to cross-sectional area. This equation dictates that the trunk, which has a 

large cross-sectional area, will have a disproportionately small effect on whole-body 

resistance compared to the limbs.
102

 This is problematic in obese individuals who 

commonly have a large degree of central adiposity. Therefore, this method may be less 

accurate in obese individuals compared to those with a more even distribution of body 

fat. In addition to the effect of body geometry, excessive adipose tissue itself has been 

shown to decrease measured resistance and therefore increase estimated FFM by SF-

BIA.
131

 

The second assumption made by BIA that is violated in obese individuals is that 

FFM is 73.2% hydrated. This is problematic because the relative amount of water in the 

FFM may be higher in obese subjects. In studies using independent isotope dilution and a 

three-compartment model to measure fluid volume and FFM, obese individuals have 

shown to exhibit increased hydration of FFM.
5, 6

 Das et al.
5 

found that in extreme obesity 
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the average FFM hydration was 0.756 and was 0.747 after significant weight loss due to 

gastric bypass surgery. When prediction formulas developed in normal-weight subjects 

are applied to obese subjects whose FFM hydration is greater than 73%, FFM is 

overestimated.
6, 51

  

Another way in which bioimpedance estimates are complicated by obesity is in 

the distribution of body fluid. BIA methods validated in healthy populations assume the 

distribution of fluid is that of normal-weight healthy individuals. As mentioned 

previously, this assumption is cause for concern in obese individuals because a number of 

studies have shown that obese individuals exhibit an expanded ECF/ICF ratio compared 

to controls.
5-7, 50, 51

 This altered body water distribution persists even after significant 

weight loss.
5, 7

 A large degree of individual variability in the ECF/ICF ratio has also been 

shown among obese individuals.
6
 The distribution of fluid between ECF and ICF is a 

primary determinant of body resistance.
132

 Therefore, BIA equations developed in 

normal-weight individuals are not appropriate for use in predicting body water 

compartments in obese individuals or significantly weight-reduced individuals due to 

their abnormal fluid distribution. 

In bariatric surgery patients, obesity is not the only physiological complication. 

The severe weight loss that results from the surgery also affects the ability of BIA to 

determine longitudinal changes in fluid volume and FFM. Several investigators have 

proposed potential factors contributing to the inability of BIA to accurately predict body 

composition changes during significant weight loss, including: the residual expanded 

ECF compartment;
51

 the loss of glycogen and accompanying water from the ICF 
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compartment;
133

 and the composition of the diet.
134

 It is also possible that excessive 

residual skin (Levitt… Earthman 2010, in press) and nutrient and electrolyte imbalances 

due to malabsorption
135

 or disordered eating
136

 hinder BIA from accurately predicting 

fluid and FFM in bariatric surgery patients. 

Validation 

Validation of the bioelectrical impedance method against reference methods is 

important for establishing its utility in the clinical setting. Validation studies of BIA have 

been recognized as important in the ESPEN guidelines,
111, 137

 and can contribute to 

improvements in clinical care. The design of validation studies is central to interpreting 

their results.
44

 Many studies have used a cross-sectional design to compare absolute 

volumes measured by BIA with those measured by multiple dilution using paired t-tests 

and correlational analyses. The ability to measure change is a more rigorous test of a 

method’s utility than comparing absolute volumes and weights for two reasons: 1) to be 

used as a clinical tool for monitoring patient status a method must have the ability to 

accurately predict fluid and FFM in an individual over time and, 2) evaluating change 

minimizes the effect of inherent scaling differences between methods due to the variety 

of criterion methods used for calibration.
13

 It is important to evaluate agreement between 

methods with a variety of tools. T-tests can be used to determine if methods are 

significantly different, but they do not necessarily establish agreement. Likewise 

correlations do not necessarily show agreement, as two methods that are significantly 

different can still be correlated if the trend is in the same direction and of a similar 
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magnitude.
138

 Therefore, it is useful to evaluate error between methods in additional 

ways.  

Another aspect of study design that deserves consideration is the criterion method 

used. In the literature there are a variety of criterion methods used for validation. For 

example, Horie et al.
3
 developed a prediction equation for FFM using MF-BIA 

impedance data and compared the predicted values to those obtained by ADP to validate 

the equation. Another method often used as a criterion is DXA.
139

 However, multiple 

dilution method is a better criterion method than DXA or ADP for validating 

bioimpedance methods because it yields measures of body fluid. The discrepancies 

reported in the literature may be due to the use of different criterion methods. The 

validation studies included in this review all employed multiple dilution as the criterion 

method. Additionally, validation of SF-BIA is not reviewed here due to the interest in the 

ability of MF-BIA and BIS to measure all fluid compartments with a wider range of 

current frequencies. 

Validation of MF-BIA in obesity 

MF-BIA has been validated in many different populations, including healthy 

individuals,
140, 141

 elderly individuals,
142-147

 growth hormone-deficient individuals,
148

 

surgical patients,
149

 patients on hemodialysis,
150

 patients with chronic obstructive 

pulmonary disease,
151

 patients with cushing’s syndrome,
152

 patients with Duchenne 

muscular dystrophy,
153

 patients with spinal cord injury,
154

 patients with non-ascitic 

cirrhosis,
155

 patients with juvenile rheumatoid arthritis,
156

 and patients with HIV 

infection/AIDS.
138

 Despite the method’s validation in a variety of populations, there are 
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very few studies that have validated MF-BIA in obese individuals. Furthermore, all MF-

BIA validation studies conducted in obese populations were cross-sectional in design,
1, 2, 

53, 157, 158
 with the exception of the study conducted by Mager et al.

159
  

The cross-sectional study by Bedogni et al.
157

 was unique in that the subjects were 

obese children with a relative weight for age > 120% and a relative weight for height > 

90
th

 percentile. They developed prediction equations by regressing TBF and ECF 

measured by dilution with body weight and impedance-based predictors. The equations 

developed included combinations of weight and the impedance generated from the 

frequencies 5, 50, and 100 kHz in ratios of surface area to impedance, body volume to 

impedance, and the impedance index. Using the developed equations, MF-BIA provided 

estimates of TBF and ECF that were in relatively good agreement with dilution (r
2
 = 

0.662 - 0.948 and SEE = 1.0 – 2.3 L).  

The Sartorio et al.
53

 study was also unique in that it used an eight-polar electrode 

placement, in contrast to the standard tetrapolar arrangement. This was done because the 

eight-polar electrode placement allows for segmental measurement of impedance at 

multiple frequencies, it does not require the subject to have a specific posture before 

measurement, and the measurements are rapidly produced.
53

 They included women with 

a wide range of BMIs, from 19.1-48.2 kg/m
2 

and divided them into groups of nonobese, 

obese class I-II, and obese class III individuals. Frequencies up to 500 kHz were used to 

measure impedance. They developed equations to estimate TBF and ECF and cross-

validated them in a sub-group of the population. The estimated volumes of TBF and ECF 

agreed well with dilution measures by correlational analysis (r
2
 = 0.83 for estimated TBF 
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and r
2
 = 0.81 for estimated ECF). They also found that class III obese individuals did not 

have a higher absolute TBF or ECF/TBF ratio than class I-II obese individuals by 

ANOVA and Fisher’s PLSD post hoc analysis (p > 0.05); however, all three classes of 

obesity had a higher absolute TBF and ECF/TBF ratio than nonobese individuals (p > 

0.05).
53

 

Steijaert et al.
158

 evaluated several MF-BIA equations in obese adults with a mean 

BMI of 33.7 kg/m
2
. Interestingly, all equations validated in this study were developed in 

populations that were not necessarily obese (Deurenberg et al.
127

; Segal et al.
124

; and 

Kushner et al.
160

). The Deurenberg et al.
127

 equations were developed in lean individuals, 

the Segal et al.
124

 equations in lean and obese individuals, and the Kushner et al.
160

 

equations in overweight individuals. The Deurenberg et al.
127

 equations calculated 

estimates of ECF and TBF that had the smallest errors and best agreement with dilution 

analyzed by paired t-test (none of the equations for TBF were significantly different and 

one out of two equations for ECF was significantly different).
158

 A large degree of 

individual variability was also observed by Bland Altman analysis. They also correlated 

the errors in estimated TBF and ECF, grouped from all equations, with measured TBF (r 

= 0.48), ECF (r = 0.70), ECF/TBF ratio (r = -0.38 and r = 0.33, respectively), BMI (r = 

0.54 and r = 0.53, respectively), and with weight (r = 0.76 and r = 0.71, respectively). The 

MF-BIA approach used in this study also only used frequencies of up to 100 kHz.  

De Lorenzo et al.
1
 measured impedance at frequencies up to 100 kHz in obese 

women with a mean BMI of 33.8 kg/m
2
. They developed several prediction equations 

that calculated TBF using the measured impedance at 100 kHz and either height, weight, 
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hip circumference, or a combination of these measures. The authors reasoned that 

including hip circumference would improve the accuracy of the estimates because obese 

women have an increase in gluteal fat. The equations were then validated against multiple 

dilution. Good correlation with dilution was observed for all equations (r = 0.64 – 0.94). 

The best correlations were seen when the prediction equation that included weight (r = 

0.93) and the equation that combined height and impedance index (r = 0.94) were used.
1
 

De Lorenzo et al.
2
 conducted a second study in obese women with a mean BMI of 

32.6 kg/m
2
. The prediction equations developed were similar to those developed in their 

previous study
1
 in that they accounted for hip circumference. However, the new 

equations measured impedance at multiple frequencies, 1, 5, and 100 kHz, whereas the 

previous equations only included 100 kHz. They cross-validated the equations and 

observed reasonable agreement with dilution by correlational analysis for all equations (r 

= 0.787 – 0.937). The equations using impedance at 1 and 100 kHz (r = 0.937) and 5 and 

100 kHz (r = 0.934) produced the best correlations with dilution. They also observed a 

large degree of individual variability by Bland Altman analysis.
2
  

Mager et al.
159

 conducted a study that combined many of the methodologies used 

in other studies. This study employed MF-BIA and BIS in obese women undergoing 

RYGB. The authors analyzed estimated absolute fluid volumes at baseline (before 

surgery) and at six weeks post-surgery, and analyzed the change in estimated fluid 

volume between the two time points. The Bodystat QuadScan 4000 device was used for 

MF-BIA predictions. This device applies the current at frequencies of 5, 50, 100 and 200 

kHz. The impedance data was applied to the equations provided by the device and to 
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three separate regression equations to predict TBF, ECF, and ICF.
1, 2, 127

 The equations 

programmed into the Bodystat device were proprietary, one of the equations was 

developed in healthy individuals,
127

 and two of the equations were developed in obese 

individuals.
1, 2 

 The Xitron Hydra 4200 BIS device, and instrument software with 

standard resistivity constants,
13

 was also used for predictions of fluid volume.  

Measured by dilution, ICF and TBF volumes both decreased from baseline to six 

weeks and there was no difference between the volume decrease in ICF and in TBF. ECF 

did not change. Therefore, the ECF/TBF and ECF/ICF ratios increased from baseline to 

six weeks. Absolute volume changes for ECF, ICF, and TBF measured by dilution and 

estimated by bioimpedance methods were compared by paired t-tests. At baseline, the 

Hydra was the only method that produced estimates of fluid volume that were not 

different from multiple dilution. Additionally, all of the methods used yielded volumes of 

fluid compartments that were correlated to multiple dilution (r = 0.55 – 0.93). At six 

weeks, the Bodystat device with its proprietary equation was the only method to provide 

estimates of ECF that were not different from multiple dilution by paired t-test; however, 

TBF and ICF from this method were different from dilution. Estimates of ICF from the 

Deurenberg et al.
127

 equation and the BIS method were not different from dilution by 

paired t-test. For TBF, all methods were significantly different by paired t-test. For the 

change in fluid volume from baseline to six weeks, the Deurenberg et al. equation, 

Bodystat with proprietary equation, and Hydra were able to estimate a volume of TBF 

change that was not different from dilution by paired t-test. The Deurenberg et al. 

equation and the Hydra estimates of ECF change were not different from dilution by 
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paired t-test. ICF estimated change from the Bodystat with proprietary equation and the 

Hydra was not different from dilution by paired t-test. Therefore, the authors concluded 

that the Hydra showed the best agreement with multiple dilution for estimates of absolute 

and changes in fluid volume. 

The authors also constructed Bland Altman plots of the ICF estimates to analyze 

the individual variability. At baseline and change from baseline to six weeks, all methods 

exhibited wide limits of agreement. Predictions of ICF change frequently had a 

magnitude of error more than 100% of the multiple dilution measured change in ICF. 

These findings support the conclusion that all of the methods used are unreliable on an 

individual basis.
159

 

 All of the reviewed studies reported reasonable accuracy in MF-BIA estimates of 

body water compartments compared to dilution in obese individuals.
1, 2, 53, 157-159

 Most 

errors reported were in the direction of overestimation. For example, two of the five 

equations developed by Bedogni et al.
157

, and three of the five equations investigated by 

Steijaert et al.
158

 significantly overestimated TBF. Steijaert et al.
158

 also observed 

overestimations of ECF volumes in two out of the three equations tested.   

 It is noteworthy that four out of six MF-BIA validation studies reviewed here 

developed regression equations for TBF and ECF and evaluated them in a sub-group of 

the same population.
1, 2, 53, 157

 It seems logical that cross-validating an equation within the 

same population from which it was derived would provide accurate measurements. 

However, it is debatable whether these regression equations can be equally useful in a 
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different obese population, due to the wide variability in body fluid compartment 

measures. 

 It is also important to recognize that, except for the study by Mager et al.,
159

 these 

studies only utilized frequencies up to 100 kHz to measure impedance, which may not be 

high enough to completely quantify TBF. Obese individuals may need higher frequencies 

in order fully measure the ECF and ICF, due to their increased volume of TBF and 

relative expansion of ECF.
61

 In populations characterized by fluid expansion, higher 

frequencies are needed to fully measure TBF.
13

 Additionally, regression equations 

overestimate TBF as ECF expands
127

 because impedance is dependent on the distribution 

of fluid.
132

 Therefore, in an obese population, a frequency of 100 kHz may not fully 

penetrate the cell membrane, resulting in a TBF measurement that is actually a measure 

of ECF plus only a fraction of the ICF. Measuring impedance at frequencies up to 500 

kHz or 1000 kHz may improve the estimation of TBF in obese individuals.  

Validation of BIS in obesity 

 BIS has been validated in a number of populations including healthy 

individuals,
162, 163

 pregnant women,
164

 HIV-infected individuals,
138, 165

 growth hormone-

deficient individuals,
166

 patients with gastro-intestinal disease,
167

 critically ill and post-

surgical patients,
149, 168-170

 and dialysis patients.
171, 172

 For a complete discussion of these 

studies, see Earthman et al.
44

  

BIS has also been validated in obese individuals. Cox-Reijven et al.
173

 completed 

a cross-sectional study of estimated TBF and ECF by the Xitron 4000B BIS device in 

obese subjects with a mean BMI of 39.7 kg/m
2
. In order to test if obesity-specific 
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resistivity constants or a regression equation improved the accuracy of BIS, the subjects 

were divided into two comparable subgroups. In the first group, constants and equations 

for ECF and ICF were calculated by linear regression using the dilution volumes. They 

were then cross-validated in the second group. This study also compared BIS 

measurements using standard resistivity constants to dilution volumes. By paired t-test 

analysis, the regression equation predicted TBF and ECF volumes that were significantly 

different from dilution. The BIS method with the old and new constants predicted TBF 

volumes that were not significantly different from dilution, but they did produce 

significantly different volumes of ECF. Additionally, all methods were highly correlated 

with multiple dilution (r = 0.858 – 0.950).  

The obesity-specific constants did not significantly improve the correlation 

between BIS and dilution. However, they did improve the mean difference between 

methods for both TBF (0.5 to 0.3 L) and ECF (-1.8 to 0.8 L) measures. This study shows 

that using population-specific resistivity constants in the equations for calculating body 

water compartments may improve the accuracy of BIS in obese individuals. However, a 

large degree of individual variability was observed by Bland Altman analysis. 

Additionally, it was observed that the errors in estimated TBF and ECF by all methods 

were correlated with BMI (r = -0.4607 for TBF and r = -0.4721 for ECF). Therefore, the 

authors concluded that the effect obesity has on the specific resistivity of the body needs 

to be determined before the routine use of a standard obesity-specific constant can be 

considered valid.
173
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 In a one-year longitudinal study of women undergoing vertical banded 

gastroplasty, Cox-Reijven et al.
61

 reported change in TBF and ECF from baseline (before 

surgery) to two weeks, three months, and one year after surgery. The women had a mean 

BMI of 49.0 kg/m
2
 at baseline. The Xitron 4000B BIS device was used with the 

software’s standard resistivity constants applied to the mixture theory equations. The 

changes in water compartment volumes for each interval were compared between the BIS 

method and multiple dilution by paired t-tests. TBF loss was significantly overestimated 

by BIS, with a mean overestimation of 5 L at one year. There were two exceptions in the 

overestimation of TBF measurements, from baseline to two weeks postoperative BIS was 

found to underestimate TBF change, and from baseline to three months predicted TBF 

change was not different from multiple dilution. BIS predicted ECF losses from baseline 

to two weeks, three months, and one year after surgery and from three months to one year 

after surgery that were not significantly different from multiple dilution by t-test with a 

mean overestimation of 1.7 L. There were significant differences in estimated ECF from 

two weeks to three months and one year after surgery. Correlational analysis of all 

change predictions for the 10 patients (60 total) indicated a correlation with dilution of 

0.689 for TBF measures and 0.535 for ECF measures. However, including all of the 

change intervals in one analysis is questionable because it does not account for the effect 

of time on the bias between methods and creates the statistical issue of repeated 

measures.
174

 

Additionally, Bland Altman analysis of all changes showed that for TBF, the 

mean difference between methods was -2.4 L and the 95% limits of agreement ranged 
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from -8.07 to 3.37 L. The mean difference between methods for ECF change was 0.74 L, 

and the 95% limits of agreement were -5.3 to 3.9 L. The authors also observed errors in 

BIS estimates of TBF and ECF for all changes that were negatively correlated with 

percent body fat loss as measured by dilution (r = -0.664 and r = -0.415, respectively). 

Similar results were found for the association of the errors with percent body fat loss 

measured by triceps skinfold. This led the authors to conclude that BIS mixture equations 

should be adjusted for obese individuals in order to produce accurate estimates of TBF 

and ECF.
61

  

Validation of body composition spectroscopy  

 Body composition spectroscopy (BCS) is a method put forth by Moissl et al.
172

 

for estimating body fluid compartments using BIS corrected for BMI. This approach was 

tested in subjects from three different centers with a range of BMIs. Most of the subjects 

were healthy; however, a small portion were renal failure patients. Cole model terms 

were generated by the Xitron Hydra 4200 and applied to developed equations, which 

account for the subject’s height and weight, to determine ECF and ICF. The equations 

were cross-validated within a subset of the study population. They observed a high 

degree of correlation between BCS and multiple dilution for ECF measures (r = 0.81, r = 

0.80, and r = 0.92 for each of the three treatment centers, respectively). Correlation 

between BCS and multiple dilution was similar for ICF measures (r = 0.79, r = 0.82, and 

r = 0.91 for each of the three treatment centers, respectively). BCS showed slightly lower 

mean errors compared to BIS predictions. BCS also improved the SEE over BIS for 

predicting ICF by 24% for all subjects and by up to 48% for 24 subjects with BMIs < 20 
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and >30 kg/m
2
. The authors concluded that there are systemic errors in the BIS method 

for predicting body composition in individuals with extremely high and low BMIs
175

 and 

that BCS has the potential to make body fluid measurements more accurate in obese and 

underweight populations.
172

  

 Due to the fact that few studies have been conducted, and most have been cross-

sectional in design, there is a need for additional validation studies of MF-BIA and BIS 

for predicting body composition in obese individuals. MF-BIA and BIS have potential to 

improve the accuracy of body composition estimates in this population, despite the 

violations that obesity imposes on some of the assumptions of the bioimpedance method. 

BIS may be enhanced by adjustment of specific resistivity constants, and new regression 

equations for MF-BIA may be developed in obese individuals to increase the utility of 

these methods for clinical use. An assessment tool that is convenient, inexpensive, and 

accurate for determining body composition in obese individuals remains a priority.  

BIA as an outcome measure 

 Beyond the prediction of body composition compartments, the directly measured 

impedance and resistance data have been used to predict other aspects of patient status. 

Bioimpedance vector analysis (BIVA), the phase angle (PA), and the impedance ratio 

have shown promise as clinical indicators generated from bioimpedance technology. 

Bioelectrical impedance vector analysis 

 BIVA was developed by Piccoli et al.
176-178

 as a way to assess patient status 

through direct measurement of the impedance vector. To use the BIVA method, 

resistance (R) and reactance (Xc) are corrected for height by dividing each by subject 
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height. These data points are plotted as point vectors in the R-Xc path graph, with R on 

the x-axis and Xc on the y-axis.
111

 The subject vectors are then compared with the 

reference 50%, 75%, and 95% tolerance ellipses calculated in a healthy population. 

Abnormal body impedance is evidenced by vectors falling outside the 75% tolerance 

ellipse. The ellipse varies with age, body size, gender, and race. BIVA has been used to 

indicate hydration status in renal patients,
179, 180

 peritoneal dialysis patients,
181

 liver 

cirrhosis patients,
182

 lung cancer patients,
183, 184

 patients with other cancers,
185

 and obese 

subjects.
186-188

  

Phase angle 

 Capacitance causes the current administered by BIA devices to lag behind the 

voltage and creates a phase shift that is represented as the PA or arc tangent of the ratio 

Xc/R (Figure 1).
103

 Low PAs have been shown to be of prognostic value in HIV-

infection,
189, 190

 hemodialysis,
191

 peritoneal dialysis,
192

 chronic kidney disease,
193

 and 

liver cirrhosis.
194

 In obese individuals, PA has been used in two different ways: as a 

predictor of basal metabolic rate (BMR)
113

 and as an abnormal body composition 

parameter in growth hormone deficient individuals (GHD).
188

 PA and impedance index 

were predictive of BMR measured by indirect calorimetry in obese subjects (r = 0.670 for 

impedance index and was not reported for PA).
113

 A BMR prediction equation was 

developed using PA, impedance index, sex, and weight as variables, which exhibited 

good agreement with indirect calorimetry by correlational analysis (p < 0.001).
113

 PA has 

been used as a way of determining how GHD effects the body composition of obese 
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individuals. Savastano et al.
188

 showed PA was significantly lower by paired t-test in 

obese subjects with GHD than in those without (p < 0.001).
188

 

Impedance ratio 

 The ratio of impedance values produced at different frequencies by a MF-BIA 

device has been used to indicate clinical outcome in different populations. The ratio used 

is typically either the impedance at 200 kHz over the impedance at 5 kHz or the 

impedance at 5 kHz over the impedance at 200 kHz. The Bodystat QuadScan 4000 MF-

BIA device generates the ratio of the impedance at 200 kHz over the impedance at 5 kHz, 

which is termed the Illness Marker
TM

 (IM). At 200 kHz the current penetrates both the 

ECF and the ICF. At 5 kHz the current passes through the ECF, but not the ICF. 

Therefore, the IM is essentially the ratio of TBF/ECF. Many diseases are characterized 

by an increase in ECF, resulting in an increase in impedance at 5 kHz. Thus, 

theoretically, as the IM approaches 1.00, health is deteriorating. Studies have used the 

impedance ratio in a number of ways including: determination of fluid distribution;
195, 196

 

validation against healthy populations;
197-199

 and validation to assess disease severity.
200-

204
 

The impedance ratio has been used to assess body fluid compartments. The 

impedance ratio (5/100 kHz) was compared to DXA to determine the accuracy of 

evaluating the ECF shifts from the legs to the trunk when subjects move from a supine to 

a standing position.
195

 The authors found there was a continuous increase in the 

impedance ratio in the leg, while there was a decrease in the trunk and whole body after 

the subject stood up. This indicated a redistribution of ECF from the legs to the trunk. No 
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fluid shifts were detected by DXA. Thus, the impedance ratio was found to be more 

sensitive to body fluid shifts than DXA.
195

 Gangji et al.
196

 studied end-stage renal disease 

patients. They calculated the patients’ N-terminal propeptide B-type natriuretic peptide 

(N-BNP) and impedance ratio (5/200 kHz). The impedance ratio was used as one of 

several measures of hypervolemia. The study was designed to test if N-BNP could be 

used as a measure of hypervolemia. N-BNP and impedance ratio were found to be 

correlated (r = -0.66).
196

 

Most studies on the impedance ratio have been focused on validation. One 

method used for this is comparing the impedance ratio between healthy and clinical 

populations. A significant difference was observed by paired t-test in the impedance ratio 

(it is unclear how the ratio was calculated) between healthy subjects and chemotherapy 

patients (p < 0.001).
197

 Chronic kidney disease patients on dialysis were compared to 

healthy controls by paired t-test and the IM (200/5 kHz) was significantly different (p = 

0.046) between the two groups.
198

 Chronic obstructive pulmonary disease patients were 

compared to controls by paired t-test and the IM (200/5 kHz) was not significantly 

different (p = 0.14).
199

 However, there was a correlation between maximal voluntary 

contraction, a measure of quadriceps strength, and IM in all subjects (r
2 

= 0.41), in the 

COPD group (r
2 

= 0.52), and in controls (r
2 

= 0.29). 

Studies have also compared the impedance ratio at different stages of illness to 

validate its use as an indicator of patient status. Martinez et al.
200

 analyzed the impedance 

ratio (200/5 kHz) in heart failure patients and stratified them by New York Heart 

Association (NYHA) functional class. The impedance ratio was significantly higher by 
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paired t-test in class III-IV than in class I-II patients. In patients with heart failure and 

systolic dysfunction, men had impedance ratios of 0.80 ± 0.003 and 0.83 ± 0.003 for class 

I-II and III-IV, respectively and women had impedance ratios of 0.82 ± 0.002 and 0.85 ± 

0.005 for class I-II and III-IV, respectively (p = 0.01 for the difference between the 

NYHA groups, adjusted for age and sex). In patients with preserved systolic function, 

men had impedance ratios of 0.80 ± 0.003 and 0.83 ± 0.003 for class I-II and III-IV, 

respectively and women had impedance ratios of 0.82 ± 0.003 and 0.85 ± 0.003 for class 

I-II and III-IV, respectively (p = 0.001 for the difference between the NYHA groups, 

adjusted for age and sex).
200

 Similarly, Bozό et al.
201

 studied heart failure patients and 

found a correlation between the IM (200/5 kHz) and NYHA functional class (r = 0.48). 

There was a slight increase in IM from NYHA functional class I-II to class III-IV, 0.813 

and 0.857, respectively. Orea-Tejeda et al.
202

  also studied heart failure patients but 

classified them into four groups based on cardiac troponin levels (cTnT) and estimated 

glomerular filtration rate (eGFR). The impedance ratio (200/5 kHz) was significantly 

different between the four groups by ANOVA (p < 0.001). Gonzalez et al.
203

 calculated 

the IM (200/5 kHz) for intensive care unit (ICU) patients from admission until discharge 

or death. The initial IM was weakly correlated with acute physiology and chronic health 

evaluation (APACHE) score (r = 0.24, p = 0.03). Initial IM was also significantly higher 

in patients who died (0.85) than were discharged (0.82) (no p-value reported). The final 

IM was significantly higher in patients who died (0.88) than in those who were 

discharged (0.80) from the ICU (no p-value reported).
203

 Itobi et al.
204

 measured the 

impedance ratio (200/5 kHz) before patients underwent abdominal surgery. The pre-
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operative impedance ratio was significantly higher in those that developed edema post-

operatively (0.81) than in those that did not (0.78) (p = 0.015).
204

  

In summary, the results of the current research indicate that the impedance ratio 

may be used as a predictive tool for clinical outcomes. However, there are a limited 

number of studies validating the use of the impedance ratio. In addition, there have been 

no studies using the impedance ratio in an obese population. Furthermore, many of the 

studies reviewed here have not been published, but were compiled by Bodystat to 

demonstrate the utility of the IM. The study by Barbosa-Silva et al.
197

 was presented as 

an abstract at the FELANPE Nutrition Congress in Uruguay. The study by Bozό et al. 

was presented at the 2009 ESPEN congress in Vienna, Austria.
201

 The study by 

Shrikrishna et al. was presented as an abstract at the 2009 British Thoracic Society 

Winter Meeting in London.
199

 The study by Gangji et al.
196

 is a published short report. 

The study by Gonzalez et al.
203

 was published in the Journal of Parenteral and Enteral 

Nutrition as part of the 2009 Clinical Nutrition Week scientific abstracts and scientific 

posters. The study by Mason et al.
198

 was summarized by Bodystat, which includes a 

citation for the published article. However, the citation included on the summary does not 

seem accurate, as no published paper can be found corresponding to the citation. The 

only full-length, published articles researching the impedance ratio are the papers by Itobi 

et al.,
204

 De Lorenzo et al.,
195

 Martinez et al.,
200

, and Orea-Tejeda et al.
202

 The lack of 

published data indicates that more research evaluating the clinical utility of the 

impedance ratio is needed. 
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Additionally, validating the impedance ratio by comparing the values obtained 

from healthy and clinical populations, as in three of the studies reviewed, 
197-199

 does not 

demonstrate how the impedance ratio is to be used. If there is a significant difference 

between the impedance ratio in healthy and clinical populations, how are clinicians to use 

that information? It was already established that there was a difference between the two 

populations by virtue of the clinical diagnosis. Instead of showing that clinical 

populations are different than healthy ones, it seems more relevant to validate the use of 

the impedance ratio as a tool for patient assessment. Theoretically, the impedance ratio 

could be used as a measure of ECF expansion, because the ratio of 200 kHz to 5 kHz is 

essentially the ratio of TBF to ECF. ECF expansion may be related to other clinical 

outcomes, which allows the use of the impedance ratio as a predictive or indicative 

measurement of these outcomes. Six of the studies reviewed used the impedance ratio in 

this way.
200-204

 Research focusing on the use of the impedance ratio would be more 

clinically useful if it correlated the impedance ratio with other markers of patient status. 

The current study 

 This review of the literature clearly indicates that RYGB patients undergo 

dramatic changes in body composition and that these changes impact clinical care 

outcomes. BIA is an attractive method to assess these changes as it is rapid, convenient, 

inexpensive, and minimally invasive. However, the population-specificity of BIA 

methods dictates that they must be validated in this population before they can become a 

routine component of nutritional assessment for these individuals. In the current study 

validation of MF-BIA and BIS for use in prediction of absolute and changes in fluid 
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volumes and FFM in RYGB patients over the course of a year following surgery was 

performed. We evaluated six different MF-BIA and BIS techniques to estimate TBF, 

ECF, ICF, and FFM at baseline (T1), about 10 days after surgery (T1), six weeks after 

surgery (T3), six months after surgery (T4), and 1 year after surgery (T5). The changes in 

fluid volumes and FFM at the intervals between these time points were also calculated. 

The estimated absolute and changes in fluid volumes and FFM were compared to 

multiple dilution and agreement was assessed.   
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Chapter 3 

 

A longitudinal evaluation of bioimpedance methods to detect fat free 

mass and fluid changes up to one year following gastric bypass surgery 

 

S. Kunkel, S. Sibley, W. Thomas, L. Beckman, J. Mager, S. Vine, T. Beckman, S. 

Ikramuddin, T. Kellogg, and C.P. Earthman. 

 

Objective: To validate multi-frequency bioelectrical impedance analysis (MF-BIA) and 

bioimpedance spectroscopy (BIS) for use in estimating absolute and changes in body 

composition in roux-en-Y gastric bypass (RYGB) patients over the course of a year 

following surgery. 

Design: Twenty nine extremely obese women (BMI: 46.7 ± 6.4 kg/m
2
) scheduled to 

undergo RYGB were measured before surgery (T1) and 10 days (T2), 6 weeks (T3), 6 

months (T4), and 1 year (T5) after surgery. Body composition was evaluated by multiple 

dilution (the reference method), a MF-BIA device (Bodystat), a Cole modeling procedure 

(Bodystat Cole), a BIS device (Hydra), and three regression equations derived in obese 

populations.
1-3

 The parameters evaluated included total body fluid (TBF), extracellular 

fluid (ECF), intracellular fluid (ICF), and fat free mass (FFM). BIA methods were 

compared to multiple dilution using paired t-tests, correlation, concordance correlation 

coefficients (CCC), and Bland-Altman plots.  
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Results: Bioimpedance-estimated absolute fluid volumes and FFM were consistently 

correlated with dilution and significantly different by paired t-test. The Horie equation 

performed especially well in the analysis of absolute FFM. It was not significantly 

different from dilution, except at T1, and it was the only method that consistently 

produced a CCC > 0.75.  The errors in absolute fluid volume and FFM were found to be 

correlated with BMI. The estimated changes in fluid volume and FFM did not show good 

agreement by correlational analysis or CCC analysis, and they exhibited a large degree of 

individual variability by Bland-Altman analysis. 

Conclusions: The results demonstrate that in RYGB patients, bioimpedance methods can 

estimate absolute fluid volumes and FFM relatively well, but do poorly when estimating 

changes. 

Keywords: BIA, BIS, bioelectrical impedance, obesity, gastric bypass, roux-en-Y, 

RYGB, bariatric 

 

Introduction 

The rapid increase in obesity and its adverse consequences underscore the need 

for effective treatments and interventions to induce weight loss and ameliorate obesity-

associated comorbidities. Roux-en-Y gastric bypass (RYGB) surgery has proven to be a 

successful and sustainable method of weight loss. The ability to perform the surgery 

laparoscopically, making it less invasive, and the nearly universal weight loss achieved 

long-term, has led to a dramatic increase in the number of RYGB procedures performed 

in the US in the last ten years.
4
 RYGB patients undergo dramatic changes in body 
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composition that have implications for their clinical care. Losses from all body 

compartments occur to varying extents. Losses in fat mass (FM), and in particular the 

visceral fat compartment, are beneficial given the association between visceral fat, 

cardiovascular disease, and other metabolic diseases.
9
 In contrast, excessive loss of fat 

free mass (FFM) is detrimental because it contains the body cell mass (BCM), the most 

metabolically active tissue and the primary driver of metabolic rate, and it is essential for 

maintaining physical function and quality of life.
10-12

 FFM is often estimated by using the 

total body fluid (TBF) volume and BCM is approximated by the intracellular fluid (ICF) 

volume. Additionally, obese individuals have an expanded extracellular fluid (ECF) 

compartment that remains even after significant weight loss is achieved.
5-8

 However, the 

reason for and significance of this are not clear. Therefore, quantifying TBF, ECF, ICF, 

and FFM is of clinical importance in the nutritional assessment of RYGB patients. 

BIA is an attractive method to assess these body composition parameters as it is 

rapid, convenient, inexpensive, and minimally invasive. In the BIA method, a low-level 

electrical current is passed through the body and the resulting impedance, or opposition 

of the conductor to current flow, is measured by the device. It is then applied in 

regression-derived equations or modeled mathematically to predict body fluid 

compartment volumes. Multi-frequency BIA (MF-BIA) and bioimpedance spectroscopy 

(BIS) are potentially more effective methods than the more commonly available single-

frequency (SF-BIA) method, because they apply the current at more and higher 

frequencies, which may be necessary in obese individuals,
13

 and thus, they are 

theoretically capable of differentiating the body fluid compartments. However, the 
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population-specificity of MF-BIA regression equations dictates that they must be 

validated in the RYGB population before they can become a routine component of 

nutritional assessment for these individuals. In the current study validation of MF-BIA 

and BIS for use in prediction of absolute and changes in fluid volumes and FFM in 

RYGB patients over the course of a year following surgery was performed. 

Study overview 

Methods 

This evaluation focuses on the final data set from a longitudinal study 

investigating clinical outcomes following RYGB surgery. Subjects underwent inpatient 

testing before surgery (T1), and 6 to 15 days (T2), 6 weeks (T3), 6 months (T4), and 1 

year (T5) after surgery. Enrollment began in April 2005 and the 1-year follow-up period 

for all subjects ended in December 2008, with 29 subjects completing testing at T1, 18 

subjects completing follow-up at T2, and 20 subjects completing testing at T3, T4, and 

T5. Bioimpedance measurements were unable to be taken by the Bodystat device for 1 

subject at T2 and 2 subjects at T5 and by the Hydra device for 2 subjects at T1 and T3, 1 

subject at T2 and T4, and 3 subjects at T5. A more complete description of study 

details
161

 and a preliminary analysis of bioimpedance devices
159

 has been reported 

previously.  

Subjects 

Women scheduled to undergo laparoscopic RYGB surgery were recruited at the 

Weight Loss Surgery Center at the University of Minnesota Medical Center-Fairview. A 

description of study participants is provided in Table 1. Subjects were excluded from the 
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study if they: used corticosteroids or anabolic steroids; had pulmonary hypertension; had 

liver, renal, or heart failure; had abnormal thyroid function; had neoplastic disease; had 

Type 1 or uncontrolled Type 2 diabetes; were or became pregnant. The study protocol 

was approved by the Institutional Review Board and the General Clinical Research 

Center (GCRC) at the University of Minnesota, and written, informed consent was 

obtained from all participants.  

Procedures 

The day prior to each testing visit, subjects were instructed to abstain from 

caffeine, alcohol, and vigorous exercise. On Day 1 of each testing visit, subjects were 

admitted to the GCRC and IV hydration was initiated at a rate of 200 ml/hr for the 

following 8 hours. Subjects received an evening meal at the GCRC and were fasted after 

8 pm. Anthropometric and body composition measurements occurred on Day 2. 

Weight was measured after the bladder was voided on a stand-on digital scale 

(model 5002, Scale-Tronix, White Plains, NY). Height was measured only at baseline, 

using a stadiometer (model S100; Ayrton Corporation, Prior Lake, MN). 

Multiple dilution 

The combination of deuterium and bromide dilution was used to provide 

reference estimates of TBF and ECF, respectively.  While still fasted, baseline blood and 

urine samples were collected, then a 3% (weight/volume) sodium bromide solution 

(NaBr; Sigma Chemical, St. Louis, MO) was administered by IV at a rate of 300 ml/h to 

provide 0.03 g NaBr per kg body weight (equivalent to 1.0 ml/kg of a 3% NaBr solution). 

When there were approximately 10 minutes remaining until the completion of the NaBr 
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infusion, a 0.10 g/kg weighed dose of sterilized deuterium oxide (99.9% atom %; Isotec 

Inc., Miamisburg, OH) was given by IV push over a 5-min period. As soon as the NaBr 

infusion was complete, the 4-h equilibration period began. During this period, the 

subjects consumed no food or drink and hourly urine samples were collected.  Final 

blood and urine samples were collected after the 4-h period.  

 All blood and urine samples were frozen and stored at -80˚ C. Serum samples 

were shipped to Pennington Biomedical Research Center (Baton Rouge, LA) for analysis 

of bromide enrichment by high performance liquid chromatography to determine the ECF 

compartment.94 Bromide measurements by this technique have an analytic precision of 

~2%.94 Corrections of 10% for nonextracellular distribution and 5% for the Donnan 

equilibration were applied to calculate the ECF volume.93 Urine samples were analyzed 

for deuterium enrichment by the laboratory of Dr. Michael Jensen at the Mayo Clinic 

(Rochester, MN) using isotope ratio mass spectrometry (model Thermo DeltaS, Bremen, 

Germany), whereby 0.5 mL of each urine sample was added to approximately 40 mg of 

activated charcoal, vortexed and spun for a 10-min period in a refrigerated centrifuge. 

The supernatant was recovered and then spun for a 10-min period by a micro centrifuge 

at 8000 rpm/min in order to pass it through a 0.22 micron filter. Then, 1.5 µL of the 

filtered sample was injected into an 825˚ C chromium furnace (Thermo H/Device). The 

hydrogen produced was then passed into the dual inlet of a Thermo DeltaS isotope ratio 

mass spectrometer (IR/MS) and a deuterium reference gas was used for measurement 

comparison (Oztech Trading Corp., Safford, AZ). Delta per mil values were corrected for 

response using a 5 point calibration curve developed from secondary reference standards 
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(Iso Analytical, Crewe, UK). Inter-assay coefficient of variation (CV) was reported for 

samples injected into the Thermo DeltaS IR/MS instrument via Thermo H/Device and 

dual inlet system. Three quality control (QC) samples were run over a 6-month period (n 

= 28) and reported an inter-assay CV of < 1% for the two higher enrichments (892 and 

1738 delta per mil) and 3.5% for the lower value enrichment (62 delta per mil). TBF was 

calculated from the average of the 3- and 4-h urine sample deuterium enrichment.205 TBF 

was also reduced by 4% to correct for exchange with the nonaqueous compartment 

during the equilibration period.47 FFM was calculated using the standard FFM hydration 

of 73%.82 

Bioimpedance measurements 

The standard tetrapolar arrangement
206

 of electrodes was used and the distance 

between hand and foot electrodes was recorded at baseline to ensure that the same 

distance was applied at all following testing visits. After the electrodes were placed, 

subjects were asked to remain mobile for 3 min before taking a quiet, supine position. 

Limbs were abducted from the body. In order to ensure complete separation in this 

extremely obese population, a rolled blanket was fit between the legs and between the 

arms and trunk. Bioimpedance measurements were taken 10 minutes after subjects 

assumed a recumbent position.
207

  

 The equations used to predict TBF, ECF, ICF, and FFM by the various methods 

are provided in Table 2. Two different devices were used to measure bioimpedance. The 

multifrequency device, QuadScan 4000 (Bodystat Ltd, Isle of Man, British Isles), applies 

the current at frequencies of 5, 50, 100, and 200 kHz. The prediction equations used to 
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estimate TBF, ECF, ICF, and FFM are proprietary to Bodystat. Bodystat also provides 

software that employs Cole modeling,
208

 using the four impedance values measured by 

the QuadScan device, to generate Cole model terms. The equations used to calculate ECF 

and ICF by this method have been described by Moissl et al.
172

 These equations are based 

on Hanai mixture theory
119, 122

 but correct the parameters for BMI. TBF by this method is 

calculated by addition of the ECF and ICF values and FFM is determined by assuming 

the standard hydration of FFM of 73%.
56

 In addition to the equations supplied by the 

Bodystat device and the Cole modeling program, 3 equations developed in obese 

populations using multi-frequency impedance values were evaluated. Two equations by 

De Lorenzo et al., labeled “A”
1
 and “B”

2
 respectively, for estimating TBF, and a recent 

equation developed by Horie et al.
3
 for estimating FFM were evaluated. 

The Hydra 4200 (Xitron Technologies, San Diego, CA) BIS device was also used, 

to measure impedance across a spectrum of frequencies from 5 - 1000 kHz. The 

impedance values were then fit to the Cole model
208

 using non-linear least squares curve-

fitting software provided with the device. The Cole model terms RE and RI were 

extrapolated and used to predict ECF and ICF volume in equations developed by Xitron 

Technologies from mixture theory.
13

 Error and precision in healthy individuals has been 

reported previously.
138

 The interday, interobserver technical errors with electrode 

repositioning were reported as 0.072 L for ECF and 0.022 L for ICF. The average mean 

absolute differences were 0.022 L for ECF and 0.066 L for ICF with daily repeated 

measurements. The CV with electrode repositioning was reported to be 1.28% (0.013 L) 

for ECF and 1.72% (0.017 L) for ICF measurements.
138
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Statistical methods 

Statistical analyses were performed using the software SPSS version 17.0 (SPSS, 

Chicago, IL) and SAS version 9.2 (SAS, Cary, NC). Pearson’s product moment 

correlation (r) and p-values from paired t-tests were calculated for TBF, ECF, ICF, and 

FFM to compare the estimates from each bioimpedance method to the values measured 

by dilution at each of the five time points and for the change from T1 to each of the 

subsequent time points. Significance for the correlations and t-tests was defined as p < 

0.05. As proposed by Lin et al.
209

 the concordance correlation coefficient (CCC) was also 

used to assess the agreement between the dilution-measured and bioimpedance-estimated 

fluid volumes and FFM. The CCC assesses both correlation and absolute difference. A 

CCC > 0.75 was taken to indicate good agreement. Bland-Altman plots
210

 were 

constructed using the software SigmaPlot version 10.0 (Systat, San Jose, CA). The 95% 

limits of agreement were calculated by including subject as a variable to account for 

repeated measures.  
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Table 1 Subject characteristics 

 Time 1 Time 2 Time 3 Time 4 Time 5 

Age (years) 47.4 ± 10.7     

Weight (kg) 127.1 ± 21.3 119.8 ± 12.9* 118.4 ± 19.8* 97.8 ± 18.2* 87.7 ± 18.5* 

Height (cm) 164.9 ± 5.9     

BMI (kg/m
2
) 46.7 ± 6.4 43.3 ± 4.6* 42.8 ± 6.4* 35.3 ± 5.9* 31.6 ± 5.9* 

TBF (L) 45.4 ± 6.5 42.0 ± 4.1* 42.1 ± 5.4* 41.2 ± 6.0* 40.6 ± 5.0* 

ECF (L) 19.4 ± 3.8 18.8 ± 1.7 20.4 ± 3.1 19.5 ± 2.9 20.4 ± 4.2 

ICF (L) 26.1 ± 4.6 23.2 ± 4.0* 21.7 ± 3.7* 21.8 ± 4.5* 20.3 ± 3.3* 

FFM (kg) 61.7 ± 8.9 57.1 ± 5.5* 57.3 ± 7.3* 56.1 ± 8.4* 55.3 ± 6.8* 

ECF/TBF 0.43 ± 0.05 0.45 ± 0.05* 0.49 ± 0.05* 0.47 ± 0.05* 0.50 ± 0.07* 

ECF/ICF 0.76 ± 0.16 0.84 ± 0.17* 0.96 ± 0.18* 0.92 ± 0.19* 1.03 ± 0.30* 

TBF (kg)/ 

Weight (kg) 

0.36 ± 0.03 0.35 ± 0.04 0.36 ± 0.04* 0.42 ± 0.06* 0.47 ± 0.07* 

ECF (kg)/ 

Weight (kg) 

0.15 ± 0.02 0.16 ± 0.02* 0.17 ± 0.02* 0.20 ± 0.03* 0.23 ± 0.04* 

BMI, body mass index; TBF, total body fluid; ECF, extracellular fluid; ICF, intracellular 

fluid;  

FFM, fat free mass. 

Values are mean ± SD.  

TBF, ECF, ICF, and FFM are criterion measures (TBF by deuterium dilution, ECF by 

bromide dilution,  

ICF by TBF – ECF, and FFM by TBF/0.73). 

*Significant difference from T1 (p < 0.05). 
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Table 2 Equations for the prediction of total body, extracellular, and intracellular fluid, and fat free mass from bioimpedance data 

Compartment(s) Equation Subject 

Population 

Criterion 

Method 

Bodystat 

TBF, ECF, ICF, FFM Proprietary equations NA NA 

Bodystat Cole 

 Cole-Cole modeling/Moissl et al.   

TBF ECF + ICF Majority healthy, 

portion 

overweight 

dialysis patients, 

men and women 

2
H2O 

ECF kECF =   a  + b 

          BMI 

Br dilution 

ICF kICF =    c   + d 

          BMI 

TBK 

FFM TBF/0.732  

Hydra 

 Cole-Cole modeling/Hanai mixture theory   

TBF Healthy men and 

women 

2
H2O 

ECF Br dilution 

ICF TBK 

FFM  

De Lorenzo A 

TBF 0.069[hC
2
/(4π x Z100)] + 19.671 Obese women 

2
H2O 

De Lorenzo B 

TBF 0.0242(V/Z5) + 0.3048{V/[(Z5 x Z100)/(Z5 - Z100)]} + 22.0319 Obese women 
2
H2O 

Horie 

FFM Wt – [23.97 + (0.10 x Z100) + (0.11 x A) + (0.99 x Wt) – (0.80 x h)] Obese men and 

women 

ADP 

TBF, total body fluid; ECF, extracellular fluid; ICF, intracellular fluid; FFM, fat free mass; 
2
H2O, deuterium dilution; Br dilution, 

bromide dilution; kECF, kICF, Cole modeling parameters; a, b, c, d, constants; h, height in cm; C, hip circumference in cm; Z100, 

impedance at 100 kHz; V, body volume in cm
3
, V = C

2
(h/4π); Z5, impedance at 5 kHz; Wt, current weight in kg; A, age; ADP, air 

displacement plethysmography.  
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Results 

Subject characteristics are described in Table 1. All parameters changed 

significantly from T1 at each subsequent time point with two exceptions. TBF/weight 

increased at all time points except T2 and ECF did not change over the entire length of 

the study. Measured weight, BMI, TBF, ICF, and FFM decreased over the course of one 

year, whereas ECF did not change, thus causing a relative expansion of the ECF 

compartment, as noted by an increase in the ECF/TBF, ECF/ICF, and ECF/weight ratios.   

Comparison of absolute fluid volumes (TBF, ECF, and ICF) and FFM 

 The methods evaluated showed excellent agreement with dilution by correlational 

analysis for absolute fluid volumes and FFM at each time point (Table 3). Nearly every 

method produced measures of fluid volumes and FFM that were significantly correlated 

with the dilution measures across all five time points up to one year after gastric bypass 

surgery. In fact, only 4 out of 75 comparisons were not significantly correlated. Three of 

the 4 non-significant correlations occurred at T2 when patients were on severely 

restricted diets and fluid and FFM compartments were likely undergoing rapid change. 

The estimated volumes that were not significantly correlated with dilution at T2 were 

TBF by the De Lorenzo equation A, ECF by the Bodystat Cole method, and ICF by the 

Bodystat device. Also at T4, ICF estimated by the Bodystat Cole method was not 

correlated with the dilution-measured ICF.  

The CCCs for each method were plotted by compartment over time (Fig. 1). The 

Horie equation consistently performed well, with a CCC > 0.75 for all time points. The 

Bodystat showed good agreement for FFM as well, but did poorly for all other measures 
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Table 3 Comparison of multiple dilution-measured and bioimpedance-estimated absolute total body, extracellular, and intracellular fluid and fat 

free mass at time points 

 Time 1              Time 2  Time 3  Time 4  Time 5 

 Mean ± SD r Mean ± SD r Mean ± SD r Mean ± SD r Mean ± SD r 

Total Body Fluid (L) 
2
H2O  45.4 ± 7  42.0 ± 4  42.1 ± 5  41.2 ± 6  40.6 ± 5  

BS 49.6 ± 7 0.87† 46.4 ± 3 0.58† 46.9 ± 6 0.88† 42.5 ± 6* 0.80† 39.8 ± 5* 0.90† 

BSC 43.5 ± 6 0.82† 40.2 ± 4 0.72† 40.8 ± 5* 0.81† 39.6 ± 6* 0.63† 36.7 ± 5 0.91† 

H 44.1 ± 6* 0.89† 40.5 ± 4* 0.72† 39.5 ± 6 0.91† 36.5 ± 5 0.82† 34.8 ± 5 0.90† 

DE A 64.5 ± 13 0.79† 56.6 ± 7 0.29 58.1 ± 13 0.81† 48.5 ± 9 0.75† 44.4 ± 8 0.82† 

DE B 67.5 ± 12 0.82† 59.5 ± 9 0.53† 57.6 ± 10 0.79† 48.7 ± 8 0.71† 44.6 ± 7 0.75† 

Extracellular Fluid (L) 

Br  19.4 ± 4  18.8 ± 2  20.4 ± 3  19.4 ± 3  20.4 ± 4  

BS 21.6 ± 3 0.81† 20.3 ± 1 0.57† 20.8 ± 3* 0.86† 19.3 ± 2* 0.77† 18.4 ± 2 0.80† 

BSC 19.7 ± 3* 0.79† 18.3 ± 1* 0.45 19.1 ± 3 0.87† 17.6 ± 3 0.80† 16.9 ± 2 0.83† 

H 20.3 ± 3* 0.78† 18.8 ± 1* 0.58† 19.7 ± 3 0.90† 18.2 ± 3 0.80† 17.5 ± 3 0.87† 

Intracellular Fluid (L) 
2
H2O - Br  26.1 ± 5  23.2 ± 4  21.7 ± 4  21.8 ± 4  20.3 ± 3  

BS 28.0 ± 4 0.58† 26.1 ± 2 0.39 26.1 ± 4 0.54† 23.2 ± 4* 0.60† 21.4 ± 3* 0.48† 

BSC 23.8 ± 4 0.43† 21.9 ± 3* 0.67† 21.6 ± 3* 0.59† 21.9 ± 5* 0.44 19.8 ± 3* 0.50† 

H 23.8 ± 4 0.68† 21.7 ± 3* 0.70† 19.7 ± 3 0.70† 18.3 ± 3 0.58† 17.3 ± 2 0.70† 

Fat Free Mass (kg) 
2
H2O/0.73 61.7 ± 9  57.1 ± 6  57.3 ± 7  56.1 ± 8  55.3 ± 7  

BS 57.1 ± 6 0.85† 54.9 ± 4 0.78† 55.7 ± 6* 0.83† 53.2 ± 6 0.87† 51.3 ± 6 0.89† 

BSC 59.4 ± 9 0.82† 54.9 ± 5 0.72† 55.7 ± 7* 0.81† 54.1 ± 9* 0.63† 50.1 ± 7 0.91† 

H 58.7 ± 8 0.87† 53.8 ± 6 0.73† 51.8 ± 7 0.89† 48.0 ± 6 0.80† 45.6 ± 6 0.88† 

HO 59.7 ± 8 0.82† 56.6 ± 5* 0.76† 57.7 ± 7* 0.83† 56.4 ± 8* 0.84† 55.3 ± 7* 0.86† 
2
H2O, deuterium dilution; BS, Bodystat; BSC, Bodystat Cole; H, Hydra; DE A, De Lorenzo A; DE B, De Lorenzo B; Br, bromide dilution; HO, Horie. 

*No significant difference from criterion by paired t-test (p > 0.05). 

†Significant correlation with criterion (p < 0.05). 

Bold type used to highlight methods that could be considered in good agreement with dilution (reference). 
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except TBF and ECF at T4 and T5. Bodystat Cole did consistently well at T1 and T3, but 

produced weak CCCs at all other time points and for ICF. Only at T1 for TBF and FFM 

and T3 for TBF and ECF was the Hydra able to produce a CCC > 0.75. The two De 

Lorenzo equations did quite poorly at T1, T2, and T3, but improved consistently after T2, 

although, even at T5 the CCC < 0.75. None of the methods were able to accurately 

estimate ICF at any time point and all methods but Horie showed weak CCCs at T2. The 

observed CCCs at T2 are consistent with the results of the correlational analysis, in that 

the majority of correlations that were not significant occurred at T2.  

Results from the two De Lorenzo equations demonstrate the unique ability of the 

CCC to measure precision and accuracy. By correlations and t-tests the equations were 

correlated and significantly different at every time point, except at T2 by De Lorenzo A. 

The CCC elucidates the equations’ extreme bias at early time points and their later 

improvement. This contributes to why they appear to be increasingly overestimating TBF 

in the change interval analysis. The change intervals are calculated as time point – T1, 

thus the overestimation at T1 influences the estimated change for all intervals. The large 

bias at T1 leads to large errors in the measured change from T1 to later time points, but 

the equations actually show better accuracy in determining absolute volumes at the later 

time points.  

Group mean error 

In general, the estimated fluid volumes and FFM were significantly different by 

paired t-test at the absolute time points (Table 3). The Horie equation exhibited the best 

agreement with dilution and was only significantly different at baseline (T1). The two De  
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Lorenzo equations were significantly different at all five time points. The Bodystat, 

Bodystat Cole, and Hydra methods showed inconsistent significant differences. There 

was no observed effect of time or of body compartment on t-test results. 

Bias in estimated fluid volumes and in FFM associated with higher BMI 

The sources for the observed errors were considered and the error between each 

bioimpedance method and dilution, for T1 and T5 combined, were plotted against BMI 

(Fig. 2). The error in TBF, ICF, and FFM estimates by all methods was found to be 

related to BMI. As BMI increased, errors in predicted TBF moved in the direction of 

overestimation. The error for TBF predicted by Bodystat and the two De Lorenzo 

equations showed greater distance from the zero line at BMIs > 40 kg/m
2
, while the 

opposite seemed to be true for the Hydra and Bodystat Cole methods. The error each 

method exhibited for ECF, ICF, and FFM due to BMI was similar to that of TBF (data 

not shown), except that estimates of the ECF and ICF compartment did not show more 

error at BMIs > 40 kg/m
2
 and for the Bodystat and Horie equation, estimated FFM was 

underestimated with increasing BMI. Overall, the error in the estimated fluid volumes 

and FFM by the Horie equation and Bodystat Cole method were least affected by BMI. In 

contrast, the TBF volumes estimated by the two De Lorenzo equations were substantially 

affected by BMI. 

Comparison of changes in fluid volumes (TBF and ICF) and FFM  

ECF measured by dilution did not change significantly from T1 to any subsequent 

time point (Table 1). The difference between measured and estimated ECF could be 

greater than the magnitude of change in ECF volume. Thus, ECF was excluded from all  
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Figure 2 Association of body mass index (BMI) with the error in predicted 

total body fluid volume at T1 and T5 combined  
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change analyses. Contrary to the findings for the individual time points, the estimated 

TBF, ICF, and FFM changes from T1 to later time points did not show consistent 

significant correlation with dilution (Table 4).  Furthermore, the change measures that 

were significantly related had relatively weak correlation coefficients (for example, an r 

of 0.68 for the Bodystat measured FFM change from T1 to T4 was the strongest 

correlation coefficient observed). Interestingly, the change from T1 to T4 showed more 

significant correlations across all compartments and methods than the other three change 

intervals combined. No one method could be identified as superior to any other for 

measuring change from our correlational analyses. Additionally, the CCCs for the change 

intervals was not > 0.75 for any of the methods (data not shown). The Horie equation for 

estimating FFM change from T1 to T5 produced the best CCC of 0.65. Further analysis 

of the error was conducted to elucidate factors that may have contributed to the poor 

correlations. 

Group mean error 

The changes in estimated body compartments were not significantly different than 

their dilution counterparts by paired t-tests for the majority of methods and change 

intervals (Table 4). When there were significant differences between a method and 

dilution they tended to be in the estimated TBF change from T1 to T4 and from T1 to T5. 

The Bodystat, Bodystat Cole, Hydra, and Horie methods performed reasonably well 

compared to dilution for measuring TBF, ICF, and FFM change, with the difference 

between methods (designated “bias”) being relatively small.  The two De Lorenzo 

equations for TBF were significantly different from dilution at all change intervals except 
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for the change from T1 to T2 by the De Lorenzo equation A. By T5, all methods 

overestimated TBF changes, as indicated by positive bias values. However, the trends for 

ICF and FFM changes were less clear. The Bodystat Cole method produced the most 

accurate estimates of TBF, with a bias range of -0.48 L to 1.68 L, and FFM, with a bias 

range from -0.63 kg to -2.97 kg. The Hydra device performed the best for measuring ICF 

change (bias range of -0.20 to 1.94 L). The two De Lorenzo equations for calculating 

TBF were particularly erroneous, in the direction of overestimation. The bias for the De 

Lorenzo equation A ranged from 1.54 L at T1 to T2 to 17.54 L at T1 to T5. The De 

Lorenzo equation B bias at T1 to T2 was 2.74 L and was 20.65 L by T1 to T5.  

Individual error 

Bland Altman plots were constructed to evaluate the prediction error for TBF, 

ICF and FFM changes at the individual level (Fig. 3). A large degree of overestimation 

was observed in the bias analysis (Table 4) for the two De Lorenzo equations, and thus 

Bland Altman examination of these methods was not conducted. Bland Altman plots of 

the change in TBF, ICF, and FFM from T1 to T3 and T1 to T5 were evaluated to 

characterize early and late changes, respectively (plots not shown). The Bodystat, 

Bodystat Cole, and Hydra methods showed greater overestimation of ICF, TBF, and FFM 

change from T1 to T5 compared to change from T1 to T3. The 95% limits of agreement 

between methods were smaller for the change interval T1 to T5 than 
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Table 4 Comparison of multiple dilution-measured and bioimpedance-estimated total body, extracellular, and intracellular fluid and fat free mass 

at change intervals 

 Time 1 to 2             Time 1 to 3 Time 1 to 4 Time 1 to 5 

 Mean ± SD r Bias Mean ± SD r Bias Mean ± SD r Bias Mean ± SD r Bias 

Total Body Fluid (L) 
2
H2O  -3.4 ± 4   -4.3 ± 4   -5.2 ± 5   -5.7 ± 3   

BS -2.5 ± 2 0.50† -0.85* -4.1 ± 1 0.40 -0.14* -8.6 ± 2 0.62† 3.39 -11.4 ± 2 0.51† 5.87 

BSC -2.7 ± 4 0.26 -0.67* -3.5 ± 5 0.38 -0.75* -4.7 ± 5 0.46† -0.48* -7.4 ± 3 0.25 1.87* 

H -3.4 ± 3 -0.04 0.70* -5.6 ± 2 -0.04 1.67* -8.6 ± 2 0.31 3.92 -10.5 ± 3 0.24 5.21 

DE A -4.9 ± 4 0.51† 1.54* -8.7 ± 5 0.37 4.15 -18.3 ± 6 0.55† 13.10 -23.1 ± 7 0.46 17.54 

DE B -6.1 ± 2 0.36 2.74 -12.6 ± 4 0.34 8.03 -20.9 ± 6 0.38 15.78 -26.2 ± 7 0.53† 20.65 

Intracellular Fluid (L) 
2
H2O - Br  -3.4 ± 4   -4.8 ± 5   -4.7 ± 5   -6.2 ± 4   

BS -1.5 ± 1 0.18 -1.60* -2.8 ± 1 0.41 -1.98* -5.7 ± 1 0.39 1.00* -7.6 ± 2 0.51† 1.30* 

BSC -1.6 ± 3 -0.09 -1.77* -2.4 ± 4 0.33 -2.34* -2.1 ± 5 0.29 -2.56 -4.2 ± 2 0.04 -2.09* 

H -2.5 ± 2 -0.23 -0.71* -4.6 ± 2 0.07 -0.13* -6.0 ± 2 0.04 1.17* -7.2 ± 2 0.15 1.40* 

Fat Free Mass (kg) 
2
H2O/0.73 -4.6 ± 6   -5.8 ± 5   -7.0 ± 6   -7.8 ± 5   

BS -2.3 ± 2 0.41 -2.34* -2.6 ± 2 0.28 -3.21 -5.0 ± 2 0.68† -2.00* -6.8 ± 2 0.31 -0.70* 

BSC -3.7 ± 5 0.26 -0.89* -4.8 ± 6 0.38 -1.00* -6.4 ± 7 0.46† -0.63* -10.1 ± 4 0.25 2.58* 

H -4.8 ± 3 -0.05 1.11* -8.1 ± 3 -0.05 2.74* -12.1 ± 3 0.24 4.75 -14.6 ± 4 0.24 7.42 

HO -3.3 ± 4 0.42 -1.32* -3.3 ± 3 0.18 -2.51* -4.6 ± 4 0.54† -2.43* -5.3 ± 3 0.16 -2.51* 

Bias, the difference between measured and predicted average change (dilution – method); 
2
H2O, deuterium dilution; BS, Bodystat; BSC, Bodystat 

Cole; H, Hydra; DE A, De Lorenzo A; DE B, De Lorenzo B; Br, bromide dilution; HO, Horie. 

*No significant difference from criterion by paired t-test (p > 0.05).  

†Significant correlation with criterion (p < 0.05). 

Bold type used to highlight methods that could be considered in good agreement with dilution (reference). 
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they were for the T1 to T3 changes. However, they were still unacceptable by T1 to T5, 

with the Bodystat method producing the smallest limits, 12.03 to -0.30 L. Pooling all of 

the change intervals resulted in means and limits of agreement that were in the middle of 

those found at T1 to T3 and T1 to T5, thus this method was used to represent the 

individual errors overall.  

For the TBF compartment at all change intervals combined, the Bodystat, 

Bodystat Cole, and Hydra methods were not substantially different from dilution in terms 

of mean change values and most of the data points were spread evenly about the mean. 

However, all methods showed considerable individual variability in accuracy. The limits 

of agreement for Bodystat were -4.74 to 8.90 L, for Bodystat Cole were -9.11 to 9.05 L, 

and for Hydra were -4.89 to 10.63 L. Considering that the average measured change for 

all intervals was -4.67 L, the limits of agreement were quite large. None of the methods 

stood out as superior in this analysis. Within each change interval, the Bodystat method 

displayed a linear trend toward underestimation of TBF volume with larger average 

volume changes. The Bodystat Cole and Hydra methods showed no clear trends in the 

direction of the individual error.  

Results of Bland Altman analysis for ICF and FFM were similar (data not shown). 

ICF and FFM individual errors were evenly spread about the mean, but overall exhibited 

mean differences that were somewhat farther from zero with slightly wider limits of 

agreement than were observed for the TBF compartment. 

Bias in estimated fluid volumes and in FFM change associated with BMI and weight 
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 The observed error in estimated change in fluid volume and FFM was not 

consistently correlated with BMI, weight loss, or percentage weight loss (data not 

shown). The errors in the estimated fluid volume and FFM by the Bodystat, Hydra, and 

Horie methods were not significantly correlated with any of the variables evaluated. 

However, the Bodystat Cole method showed less overestimation of fluid volume and 

FFM with increasing weight loss and percentage weight loss for the change from T1 to 

T5 only. The Bodystat Cole errors in estimated TBF and FFM were significantly 

correlated with percentage weight loss (r = 0.499 and r = 0.495 for both TBF and FFM, 

respectively) and errors in ICF were correlated with percentage weight loss and weight 

loss (r = 0.519 and r = 0.574, respectively). The two De Lorenzo equations showed more 

overestimation of TBF with increasing weight loss at later time points. For the change 

interval T1 to T4 the errors in estimated TBF change by the two De Lorenzo equations 

were correlated with weight loss (r = -0.504 for De Lorenzo A and r = -0.544 for De 

Lorenzo B, respectively). From T1 to T5 the error in estimated TBF change by De 

Lorenzo A was correlated with BMI at T5 (r = 0.659) and the error in TBF change by De 

Lorenzo B was correlated with weight loss (r = -0.737).  

Discussion 

The primary aim of these longitudinal analyses was to evaluate the capability of 

bioimpedance methods to measure fluid and FFM change. We chose to evaluate change 

in fluid and FFM compartments for two reasons: 1) to be used as a clinical tool for 

monitoring patient status a method must have the ability to accurately estimate fluid and 

FFM in an individual over time and, 2) evaluating change minimizes the effect of 
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inherent scaling differences between methods due to the variety of criterion methods used 

for calibration.
13

 We chose to evaluate agreement between methods with a variety of 

tools so that we could better characterize our between methods comparisons and 

understand the strengths and limitations of the various techniques more fully. T-tests can 

be used to determine if methods are significantly different, but they do not necessarily 

establish agreement. Likewise correlations do not necessarily show agreement, as two 

methods that are significantly different can still be correlated if the trend is in the same 

direction and of a similar magnitude.
138

 Therefore, it is useful to evaluate error between 

methods in additional ways. In the current study this was achieved with CCC analysis, 

correlational analysis of the errors with anthropometric parameters, and Bland Altman 

analysis.  

We found that in RYGB patients, the bioimpedance methods we evaluated can 

predict absolute fluid volumes and FFM relatively well, but do poorly when predicting 

changes. Predicted absolute fluid volumes and FFM were consistently correlated with 

dilution and significantly different by paired t-test. The Horie equation performed 

especially well in the analysis of absolute FFM. It was not significantly different from 

dilution, except at T1, and it was the only method that consistently produced a CCC > 

0.75.  The errors in absolute fluid volume and FFM were found to be correlated with 

BMI. The estimated changes in fluid volume and FFM did not show good agreement by 

correlational analysis or CCC analysis. The Horie equation produced the highest CCC of 

all methods in the evaluation of changes, but it was still < 0.75. Estimated changes 

exhibited a large degree of individual variability by Bland Altman analysis. The error in 
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estimated changes of fluid volume and FFM from T1 to T5 were correlated with weight 

loss and percent weight loss for the Bodystat Cole and two De Lorenzo equations.  

Our findings are in agreement with a preliminary analysis of this data at T1 and 

T3 and the change between them.
159

 Similar to our findings, absolute fluid volumes 

estimated by MF-BIA and BIS methods were highly correlated with dilution and a large 

degree of individual variability was observed in both absolute volume and volume change 

measures. There are a limited number of other studies that have validated the use of MF-

BIA and BIS against the reference method of multiple dilution in obese subjects, and 

most have not exclusively focused on extremely obese individuals. All studies using MF-

BIA were cross-sectional and all but one study developed new prediction equations, 

validated them in a sub-group of their subject population, and reported good agreement 

with dilution by correlational analysis.
1, 2, 53, 157

 Steijaert et al. also reported reasonable 

agreement with dilution for the estimation of TBF and ECF by t-test analysis, but did not 

develop their own equations nor did they use equations developed in obese 

populations.
158

 The authors also observed sizeable individual variability by Bland Altman 

analysis and an association of the error in estimated TBF and ECF with dilution-

measured TBF, ECF, and ECF/TBF ratio. BIS has also been validated in a cross-sectional 

study of obese individuals by Cox-Reijven et al.
120

 The authors took three approaches, 

developing an equation by regressing the BIS data onto the dilution data, using the 

resistivity constants provided with the BIS device that are applied in Hanai mixture 

theory equations, and developing their own resistivity constants for use in the mixture 

theory equations. They observed good agreement with dilution in the estimation of TBF 
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and ECF by correlational analysis with the use of all three methods. They also found that 

the errors in estimated ECF and TBF and the resistivity constants used for prediction 

were significantly correlated with BMI. The results of the current study are congruent 

with these cross-sectional studies showing that BIA can estimate absolute fluid volumes 

that are in reasonable agreement with dilution as evaluated by correlational analysis.
1, 2, 53, 

120, 157, 158
 Our findings also support the results of Cox-Reijven and Soeters, in the 

association of BMI with the error in BIS-predicted absolute volumes of TBF and ECF.
120

 

There has only been one other longitudinal study examining MF-BIA or BIS 

agreement with multiple dilution in an obese population. Cox-Reijven et al. conducted a 

study in bariatric surgery patients using BIS at baseline, 2 weeks, 3 months, and 1 year 

after surgery.
61

 Most of the TBF and ECF changes were overestimated by BIS and 

estimated TBF changes were usually significantly different from dilution by paired t-test. 

In contrast to our findings, estimated TBF and ECF changes were correlated with 

dilution. However, Cox-Reijven et al. pooled all change intervals together in the 

correlational analysis, which was not done in the current study. Similar to our findings, 

Cox-Reijven et al. reported a large degree of individual variability in the change 

estimates by Bland Altman analysis. The error in overestimation of TBF and ECF change 

was correlated with the percentage of fat loss of the weight loss, measured by dilution 

and triceps skinfolds.  Cox-Reijven’s conclusion that MF-BIA and BIS methods 

inadequately estimate changes in fluid in obese subjects undergoing weight loss is in 

alignment with the results of our study. 
61
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There are many factors that possibly contribute to the inconsistencies observed 

between methods. Methodological errors can occur both in the use of the bioimpedance 

devices and in measurement by multiple dilution. In the present study, strict adherence to 

the dilution protocol and standard guidelines for bioimpedance testing (e.g. avoiding 

caffeine and exercise and maintaining ambient temperatures) assured that these errors 

were minimized.  

The theoretical basis of BIA consists of assumptions that may not be valid in 

obese populations. The violation of these assumptions may partially explain why we 

observed inaccuracies in estimated fluid volumes and FFM. These violations include: 1) a 

greater proportion of body mass and body water contained in the trunk compared to the 

extremities, which is true in all humans but may be exaggerated in a viscerally obese 

person; and 2) a greater hydration of FFM in obese individuals.
130

 The first assumption 

made by BIA is that the human body is shaped like a perfect cylinder, where resistance is 

directly proportional to length and inversely proportional to cross-sectional area. This 

equation dictates that, the trunk, which has a large cross-sectional area, will have a 

disproportionately small effect on whole-body resistance compared to the limbs.
102

 This 

is problematic in obese individuals who commonly have a large degree of central 

adiposity. Therefore, this method may be less accurate in obese individuals compared to 

those with a more even distribution of body fat. In addition to the effect of body 

geometry, excessive adipose tissue itself has been shown to decrease measured resistance 

and therefore increase estimated FFM by SF-BIA.
131
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The second assumption made by BIA that is likely to be violated in obese 

individuals is that FFM is 73.2% hydrated. This is problematic because the relative 

amount of water in the FFM may be higher in obese subjects. In studies using 

independent isotope dilution and a three-compartment model to measure fluid volume 

and FFM, obese individuals have been shown to exhibit increased hydration of FFM 

greater than 73%.
5, 6

 Das et al.
5
 found that in extreme obesity the average FFM hydration 

was 76% and was 75% after significant weight loss due to RYGB. When prediction 

formulas developed in normal-weight subjects are applied to obese subjects whose FFM 

hydration is greater than 73%, FFM is overestimated.
6, 51

  

Another way in which bioimpedance estimates are complicated by obesity is in 

the distribution of body fluid. BIA methods validated in healthy populations assume the 

distribution of fluid is that of normal-weight healthy individuals. This assumption is 

cause for concern in obese individuals because a number of studies have shown that 

obese individuals exhibit an expanded ECF/ICF ratio compared to controls.
5-7, 50, 51

 This 

altered body water distribution persists even after significant weight loss is achieved.
5, 7

 

The reason for this irregularity is not understood. In the case of bariatric surgery, 

Mazariegos et al.
7
 attribute this to a permanent fluid disregulation caused by obesity and 

a slight protein-calorie malnutrition during weight loss. Waki et al. also found wide 

variability in the ECF/ICF ratio among obese individuals, possibly due to subclinical 

complications of obesity and individual differences in the hormonal response to adipose 

tissue.
6
 The distribution of fluid between ECF and ICF is a primary determinant of body 

resistance.
132

 Therefore, BIA equations developed in normal-weight individuals are not 
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appropriate for use in predicting body water compartments in obese individuals or 

significantly weight-reduced individuals due to their abnormal fluid distribution. 

In our subject population, obesity is not the only physiological complication. The 

severe weight loss that results from RYGB also affects the ability of BIA to determine 

longitudinal changes in fluid volume and FFM. Several investigators have proposed 

potential factors contributing to the inability of BIA to accurately estimate body 

composition changes during significant weight loss, these include the residual expanded 

ECF compartment,
51

 the loss of glycogen and accompanying water from the ICF 

compartment,
133

 and the composition of the diet.
134

 It is also possible that the ECF 

content of the excessive residual skin contributes to the maintenance of a relatively 

expanded ECF compartment even after weight loss (Levitt… Earthman 2010, in press) 

and that nutrient and electrolyte imbalances due to malabsorption
135

 or disordered 

eating
136

 hinder BIA from accurately estimating fluid and FFM in RYGB patients. 

Beyond the general limitations of BIA in obesity and weight loss, the methods 

evaluated in this study have specific hindrances that deserve attention. The limitations of 

our methods originate from what they can directly measure, the frequencies used to 

generate impedance data, and the source of the errors, including the variables used in the 

prediction equations and the population in which the constants were developed. Our 

reference method of combined deuterium and bromide dilution is limited by only directly 

measuring the TBF and ECF compartments. From a clinical stand point the ICF 

compartment is the most important to measure because it provides an approximation of 

the body cell mass. Unfortunately there are no direct methods to measure ICF; the 
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combination of deuterium and bromide dilution is used to estimate ICF by subtraction of 

ECF from TBF. Therefore any error in the measures of TBF and ECF will be introduced 

into the estimation of ICF, making it theoretically more erroneous than either TBF or 

ECF alone. Similarly, FFM is not measured directly by dilution, but is estimated by 

dividing TBF by the standard hydration coefficient, 0.73.   

The Bodystat device also only directly measures TBF and ECF and uses a 

hydration coefficient for calculating FFM that was presumably developed in a healthy 

population. It is not possible to more deeply evaluate the equations used because they are 

proprietary to Bodystat. However, from our error analysis, it is clear the Bodystat is 

subject to systematic error. The errors in estimated fluid volume and FFM were strongly 

correlated with BMI at T1 and T5 and in the Bland Altman plots the Bodystat showed a 

trend toward underestimation of fluid and FFM changes with larger average changes. The 

Bodystat uses frequencies of 5, 50, 100, and 200 kHz to generate impedance data. This is 

a substantial improvement over SF-BIA, which only uses 50 kHz, however, the highest 

frequency required to completely penetrate the ICF in obese individuals is unclear and 

may be higher than 200 kHz.
13

 The facts that the ICF compartment was indirectly 

measured and that the frequency used may not have been high enough to penetrate the 

cellular membrane may partially explain why we observed poor CCCs for the ICF 

compartment. 

The Bodystat Cole method is confined by many of the same parameters as the 

Bodystat. The Bodystat Cole method uses the impedance data generated by the Bodystat 

and therefore also only uses frequencies up to 200 kHz. The impedance data are 
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extrapolated to produce values of Re and Ri, which are used in equations to estimate ECF 

and ICF. TBF is calculated by addition of ECF and ICF, and their errors, and FFM is 

calculated by dividing TBF by 0.732, the standard hydration of FFM in healthy 

individuals. The equations for predicting ECF and ICF accounted for BMI,
172

 which may 

explain why the observed errors in absolute fluid volumes and FFM were unaffected by 

BMI in the current study. The errors in estimated changes were, however, associated with 

weight loss and percentage weight loss. This error may be attributed to the fact that the 

prediction equations used constants that were developed in healthy subjects and dialysis 

patients. 

In contrast, the two De Lorenzo equations used were developed in obese 

(although not extremely obese) populations, with mean BMI’s of 33.8 kg/m
2
 and 32.6 

kg/m
2
 for the A and B equations, respectively. These mean BMI’s were lower than those 

observed in our study and therefore may have limited the applicability of the equation to 

the subjects in the present study. Systematic errors, tending toward overestimation of 

TBF for subjects with larger BMI’s, were observed in our study. The equations 

overestimated TBF absolute volume at T1 and T5 combined with increasing BMI and 

overestimated TBF change from T1 to T5 with increasing weight loss. BMI at T1 was 

significantly correlated with weight loss from T1 to T4 (r = -0.516) and from T1 to T5 (r 

= -0.492). Over the course of the year following RYGB, the subjects that started with the 

highest BMIs also had the largest weight loss and the two De Lorenzo equations poorly 

predicted TBF in these subjects. Furthermore, the two De Lorenzo equations include hip 

circumference as a variable, which may introduce error in subjects with abdominal 
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adiposity. Error could also be introduced in the measurement of hip circumference due to 

the altered body geometry of extremely obese individuals.
159

 The equations also rely on 

impedance at 100 kHz, which may not be high enough to measure TBF in this 

population.  

The Horie equation was the only method that was developed in extremely obese 

subjects, and it has not previously been cross-validated in a population of extremely 

obese individuals separate from its development. We found the Horie equation produced 

estimates of FFM that were in good agreement with dilution by all analyses. Although 

this equation was developed using air displacement plethysmography as the criterion 

method, and theoretically could have yielded scaling differences when FFM predicted by 

the Horie equation was compared to FFM measured by multiple dilution, we found that 

the equation was in good agreement with dilution. In addition, the equation was 

developed to calculate fat mass, thus the estimation of FFM is a secondary calculation 

and may therefore be more prone to error. Despite these limitations, the Horie equation 

performed very well. Additionally, the Horie equation uses impedance data, and subject 

age, weight, and height to predict FFM more directly. This is in contrast to dilution, the 

Bodystat, and the Bodystat Cole methods that rely on the standard hydration coefficient 

for the calculation of FFM. Given that the Horie equation was developed in a population 

of extremely obese individuals and that we observed this method to produce the best 

estimates of FFM underscores the importance of using population-specific equations in 

SF- and MF-BIA methods.  
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Theoretically BIS methods do not rely on population-specific equations to 

determine fluid volume. However BIS does use constants that may be more accurate if 

they are obesity-specific.
120

 The Hydra device uses constants developed in a healthy 

population.
13

 In addition, Moon et al. suggest that a newer BIS technology (Imp
TM

 SFB7, 

ImpediMed Limited, Queensland, Australia) may be a more accurate BIS method.
211, 212

 

The mixture theory equations used in BIS include weight as a variable that may 

contribute to the error in the calculated fluid volumes.
61

 Additionally, large amounts of 

fat mass may change the conductive properties of body fluid suspensions and affect the 

applicability of mixture theory to obese individuals.
61

 

The results of our bioimpedance analysis may also have been affected by study 

design, including the calculation of changes, the relatively small number of subjects, and 

the length of the study. It is unclear why the bioimpedance methods estimated fluid 

volumes and FFM that were in better agreement with dilution for absolute quantities than 

for changes. In fact, the opposite is usually assumed to be true, as changes are potentially 

less affected by scaling differences between methods. However, considering there is error 

in estimated fluid volumes and FFM at each time point, the difference between them is an 

aggregate of the actual change value and the errors. Furthermore, the change was 

calculated as the fluid volume or FFM at T1 subtracted from the later time point, so all 

volumes and FFM values for the change intervals were affected by the estimates obtained 

at T1. At T1 the subjects were in their most obese state and, as mentioned previously, the 

bioimpedance methods were likely affected. The two De Lorenzo equations were 

especially erroneous at T1. Consequently, the values of TBF change calculated for the De 
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Lorenzo equations largely reflect the overestimation at T1. Additionally, this study was 

limited by the small number of subjects and may not have had enough power to detect the 

true relationships present, especially considering the large degree of variability in body 

composition in the obese population. The study began with 29 subjects completing T1 

and only 11 subjects completing measurement by all 6 bioimpedance methods at all 5 

time points. Furthermore, RYGB patients are rapidly losing and redistributing weight and 

fluid, and these changes in body composition may not be stable by one year post-

surgery.
135

 This variation in fluid status may have contributed to the poor ability of 

bioimpedance to measure fluid volume and FFM changes in our study population. In 

addition, this variability underscores the need for longitudinal studies that follow subjects 

until they have reached a plateau in their weight and fluid status. Future studies that are 

longer in duration and include a larger number of subjects and men are warranted to 

confirm the findings observed in the present study. 

 In conclusion, we have shown that MF-BIA and BIS methods can be used to 

estimate absolute measures of body composition in RYGB patients; however, they are 

limited in their capacity to detect changes. Additionally, the Horie equation was found to 

provide good estimates of FFM in this population. Until improvements are made in the 

bioimpedance technology that adequately account for the obese and weight-reduced 

physiologic state, these methods cannot be recommended to clinicians for monitoring 

changes in body composition following RYGB surgery. Additional research focusing on 

factors that affect these measurements with an aim towards fine-tuning instrument 
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software is needed before the MB-BIA and BIS devices can be advocated for the clinical 

setting of obesity-related care. 
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Chapter 4 

Conclusion 

 

RYGB surgery is an effective weight loss strategy for obese individuals. 

Desirable changes in body composition that can occur include a loss of FM with a 

preservation of FFM. There are many methods for body composition assessment that 

vary in their ability to accurately quantify the body compartments in obese individuals 

and during the severe reduction in body mass that occurs after RYGB. The scientific 

literature available indicates that BIS and MF-BIA with obesity-specific regression 

equations produce cross-sectional estimates of fluid volumes that are in reasonable 

agreement with multiple dilution in obese individuals. However, only two longitudinal 

studies of these methods have been conducted in RYGB patients, and these have raised 

doubts about the ability of these methods to assess body composition changes over 

time.
61, 159

 Additional studies are warranted to validate the use of MF-BIA and BIS in 

obese and post-RYGB patients. The current study observed that bioimpedance methods 

can be used to estimate absolute measures of body composition in RYGB patients; 

however, they are limited in their capacity to detect changes. Until improvements are 

made in the bioimpedance technology that adequately account for the obese and weight-

reduced physiologic state, these methods cannot be recommended to clinicians for 

monitoring changes in body composition following RYGB surgery. Additional research 

focusing on factors that affect these measurements with an aim towards fine-tuning 
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instrument software is needed before the MB-BIA and BIS devices can be advocated for 

the clinical setting of obesity-related care. 
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