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Summary The use of bioelectrical impedance analysis (BIA) is widespread both in
healthy subjects and patients, but suffers from a lack of standardized method and
quality control procedures. BIA allows the determination of the fat-free mass (FFM)
and total body water (TBW) in subjects without significant fluid and electrolyte
abnormalities, when using appropriate population, age or pathology-specific BIA
equations and established procedures. Published BIA equations validated against a
reference method in a sufficiently large number of subjects are presented and
ranked according to the standard error of the estimate.

Abbreviations: BCM, body cell mass; BF, body fat; BIA, bioelectrical impedance analysis; BIS, bioelectrical impedance spectroscopy
(BIS); BMI, body mass index; BIVA, bioelectrical impedance vector analysis; DXA, dual-energy X-ray absorptiometry; ECW, extracellular
water; FFM, fat-free mass; ICW, intracellular water; MF-BIA, multi-frequency bioelectrical impedance analysis; PhA, phase angle; R,
resistance; SF-BIA, single frequency bioelectrical impedance analysis; TBK, total body potassium; TBW, total body water; Xc,
reactance; Z, impedance.
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The determination of changes in body cell mass (BCM), extra cellular (ECW) and
intra cellular water (ICW) requires further research using a valid model that
guarantees that ECW changes do not corrupt the ICW. The use of segmental-BIA,
multifrequency BIA, or bioelectrical spectroscopy in altered hydration states also
requires further research.
ESPEN guidelines for the clinical use of BIA measurements are described in a paper
to appear soon in Clinical Nutrition.
& 2004 Elsevier Ltd. All rights reserved.

Introduction

Principles of bioelectrical impedance

This review discusses the application of bioelectrical impedance analysis (BIA). BIA is widely used
in many clinical situations. Part 1 is a review of the
principles and methods of BIA, the body compartments evaluated with BIA, selection criteria, and
selected BIA equations reported in the literature.
Part II will provide guidelines for BIA use in clinical
practice.

The resistance (R) of a length of homogeneous
conductive material of uniform cross-sectional area
is proportional to its length (L) and inversely
proportional to its cross sectional area (A)
(Fig. 1). Although the body is not a uniform cylinder
and its conductivity is not constant, an empirical
relationship can be established between the impedance quotient (Length2/R) and the volume of
water, which contains electrolytes that conduct the
electrical current through the body. In practice, it
is easier to measure height than the conductive
length, which is usually from wrist to ankle.
Therefore, the empirical relationship is between
lean body mass (typically 73% water) and height2/
R. Due to the inherent field inhomogeneity in
the body, the term height2/R describes an equivalent cylinder, which must be matched to the
real geometry by an appropriate coefficient. This
coefficient depends on various factors, among them
also the anatomy of the segments under investigation. Therefore, errors occur when there are
alterations in resistivity of the conductive material,

Historical background
Electrical properties of tissues have been described since 1871.1 These properties were further
described for a wider range of frequencies on
larger range of tissues, including those that were
damaged or undergoing change after death.
Thomasset2,3 conducted the original studies using
electrical impedance measurements as an index of
total body water (TBW), using two subcutaneously
inserted needles. Hoffer et al.4 and Nyboer5 first
introduced the four-surface electrode BIA technique. A disadvantage of surface electrodes is
that a high current (800 mA) and high voltage
must be utilized to decrease the instability of
injected current related to cutaneous impedance
(10 000 O/cm2).6 By the 1970s the foundations
of BIA were established, including those that
underpinned the relationships between the impedance and the body water content of the body.
A variety of single frequency BIA analyzers then
became commercially available, and by the 1990s,
the market included several multi-frequency
analyzers. The use of BIA as a bedside method
has increased because the equipment is portable
and safe, the procedure is simple and noninvasive, and the results are reproducible and
rapidly obtained. More recently, segmental BIA
has been developed to overcome inconsistencies between resistance (R) and body mass of
the trunk.

Cylinder

Crosssectional
area (A)

Current

Length (L)

Figure 1 Principles of BIA from physical characteristics
to body composition. Cylinder model for the relationship
between impedance and geometry. The resistance of a
length of homogeneous conductive material of uniform
cross-sectional area is proportional to its length (L) and
inversely proportional to its cross sectional area (A).
Hence resistance ðRÞ ¼ rL=A ¼ rL2 =V; and volume ðVÞ ¼
rL2 =R; where r is the resistivity of the conducting
material and V equals AL.
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variations in the ratio height to conductive length,
and variations in the shape of the body and
body segments (body segments behave as if
they are in series with each other, with shorter
and thicker segments contributing less to the
total R).
Another complexity is that the body offers two
types of R to an electrical current: capacitative R
(reactance), and resistive R (simply called resistance). The capacitance arises from cell membranes, and the R from extra- and intracellular
fluid. Impedance is the term used to describe the
combination of the two. Several electrical circuits
have been used to describe the behavior of
biological tissues in vivo.7 One of them involves
arranging R and capacitance in series, another in
parallel (Fig. 2), whilst others are more complex. A
circuit that is commonly used to represent biological tissues in vivo is one in which the R of
extracellular fluid is arranged in parallel to the
second arm of the circuit, which consists of
capacitance and R of intracellular fluid in series.
R and capacitance can all be measured over a range
of frequencies (most single-frequency BIA analyzers
operate at 50-kHz).
At zero (or low) frequency, the current does not
penetrate the cell membrane, which acts as an
insulator, and therefore the current passes through
the extracellular fluid, which is responsible for the
measured R of the body R0.
At infinite frequency (or very high frequency) the
capacitor behaves as a perfect (or near perfect)
capacitor, and therefore the total body R (RN)
reflects the combined of both intracellular and
extracellular fluid.

Fricke's circuit
Two parallel electrical conductors:
R(ECW): H2O-Na
R(ICW): H2O-K
isolated by a cell membrane (Xc)
XC

R(ICW)

R(ECW)

Figure 2 The human body consists of resistance and
capacitance connected in parallel or in series. In the
parallel model, two or more resistors and capacitors are
connected in parallel, with the current passing at high
frequencies through the intracellular space and at low
frequencies passing through the extracellular space.

- Reactance Xc (Ω)
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Impedance Z (Ω)

Phase angle

Frequency
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ϕ

R∞
Resistance R (Ω)
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Figure 3 Diagram of the graphical derivation of the
phase angle; its relationship with resistance (R), reactance (Xc), impedance (Z) and the frequency of the
applied current.

Since practical constraints and the occurrence
of multiple dispersions prevent the use of a
direct current (zero frequency) or very high
frequency AC currents, the R values at the ideal
measurement frequencies are predicted using a
Cole–Cole plot8 (negative reactance versus R plot),
with R0 theoretically representing the R of the
extracellular fluid (intracellular water) and RN
representing the R of intra- and extracellular fluid
(TBW) (Fig. 3).
At 50 kHz, the current passes through both intraand extracellular fluid, although the proportion
varies from tissue to tissue. Another parallel model
attempts to take into account the effect of
‘mixing’. Mixing theory predicts that the R
of conductive fluids increases as the amount of
suspended non-conducting material increases
(explained simplistically by the increased conductive path taken by the current as it curves around
non-conducting particles, which in vivo may
be represented by cells). The formula devised by
Hanai for in vitro models has been extrapolated
for use in vivo, but this requires a number of
further assumptions.9,10 Different conceptual parallel models have been devised for assessing
composition of limbs, for example limb muscle
mass.11
The relationship between capacitance and R is
interesting because it reflects different electrical
properties of tissues that are affected in various
ways by disease and nutritional status and hydration status. The phase angle, which is one measure
of this relationship, and other interrelated indices,
including R0/RN, have been used to predict clinical
outcome.12–14 Furthermore, when the R and capacitance are plotted graphically after standardising
for height, different disease/conditions appear to
form distinct clusters (bioelectric impedance vector analysis (BIVA)) as proposed by Piccoli et al.15–17
(Fig. 4). These may have potential value with
respect to diagnosis and prognosis.
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Figure 4 Bioelectrical impedance vector analysis (BIVA)
with the RXc path graph of one patient following lung
transplantation. The gender-specific, bivariate tolerance
intervals for the impedance vector are depicted as 50%,
75%, and 95% tolerance ellipses calculated in our healthy
Swiss reference population (age 18–59 yr, 2643 women, R
is the resistance, Xc the negative reactance, and H the
height). Repeated impedance measurements were obtained after lung transplantation: (a) 1 month, (b) 6
months, (c) 12 months, (d) 18 months, (e) 24 months. The
initial vector position (a in woman) indicates soft tissue
mass decrease (bioelectrical impedance vector analysis
(BIVA) pattern of cachexia). The subsequent vector
migration parallel to the minor axis of ellipses toward
the target ellipse (b–d in woman) indicates an improvement of nutritional status with increasing hydrated soft
tissue mass (i.e. decreasing R with increasing Xc). The
final vector migration from the lower pole (BIVA pattern
of tissue hyperhydration) to the center of the 50%
tolerance ellipse, following a trajectory parallel to the
major axis (i.e. proportional increase in both R and Xc),
indicates loss of excess fluid leading to the complete
restoration of tissue impedance, which was reached after
24 months in woman (e). Body weight increased from
54.2 to 68.8 kg in woman (156 cm, 47 yr). Unpublished
data, adapted from Piccoli et al.16

Methods of bioelectrical impedance
analysis
Single frequency BIA (SF-BIA)
SF-BIA, generally at 50 kHz, is passed between
surface electrodes placed on hand and foot (Fig. 5).
Some BIA instruments use other locations such as
foot-to-foot18,19 or hand-to-hand electrodes. At
50 kHz BIA is strictly speaking not measuring TBW
but a weighted sum of extra-cellular water (ECW)
and intra-cellular water (ICW) resistivities (B25%).
SF-BIA permits to estimate fat-free mass (FFM) and
TBW, but cannot determine differences in ICW. BIA
results are based on a mixture theories and
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Figure 5 Standard placement of electrodes on hand and
wrist and foot and ankle for tetrapolar single (SF-BIA) and
multiple-frequency (MF-BIA) BIA.

empirical equations. The latter have been derived
in healthy subjects with tight biological homeostasis. Although SF-BIA is not valid under conditions of significantly altered hydration, this does
not negate its use to predict absolute FFM or TBW in
normally hydrated subjects.7 The relative merits of
the various equations have to be discussed, when
the normal relationships are not met.

Multi-frequency BIA (MF-BIA)
As with SF-BIA, MF-BIA uses empirical linear
regression models but includes impedances at
multiple frequencies. MF-BIA uses different frequencies (0, 1, 5, 50, 100, 200 to 500 kHz) to
evaluate FFM, TBW, ICW and ECW. At frequencies
below 5 kHz, and above 200 kHz, poor reproducibility have been noted, especially for the reactance
at low frequencies.20 According to Patel et al.21 MFBIA was more accurate and less biased than SF-BIA
for the prediction of ECW, whereas SF-BIA, compared to MF-BIA, was more accurate and less biased
for TBW in critically ill subjects. Hannan et al.22
noted that MF-BIA, compared to bioelectrical
spectroscopy (BIS), resulted in better prediction
of TBW and equal prediction for ECW in surgical
patients. Olde-Rikkert et al.23 determined that MFBIA was unable to detect changes in the distribution
or movement of fluid between extracellular and
intracellular spaces in elderly patients.

Bioelectrical spectroscopy (BIS)
In contrast to MF-BIA, BIS uses mathematical
modeling and mixture equations (e.g. Cole–
Cole plot (Fig. 3) and Hanai formula)8,24 to
generate relationships between R and body fluid
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compartments or to predict R0 and RN and then
develop empirically derived prediction equations
rather than go to mixture modeling.25 BIS models,
constants and equations generated in healthy
populations have shown to be accurate, with
minimal bias in non-physiologically perturbed subjects.26 However, modeling techniques need further
refinement in disease. As pointed out by Schoeller,27
body cell mass (BCM), especially muscle mass,
constitutes the major current path. These cells
are non-spherical, but rather cylindrical, arranged
along the current’s path. He speculated that the
differences in geometry account for the reduction
in the mixture effect. Furthermore, the determination of accurate values of resistivity (rICW and
rECW) presented the most difficulty. Published
values are widely discrepant. Ward et al.10 suggested wide biological variations even in the normal
population, may explain the apparent lack of
improvement of mixture theory analysis over
empirical prediction seen by some.22,28 Several
studies have suggested that resistivity constants
used should be adjusted for population measured.9,29–31 Since the absolute magnitude and
biological constancy of resistivity are at present
unknown, application of mixture theory for the
prediction of both the absolute magnitude of body
fluid volume or changes in magnitude of body
compartments requires further investigation.10
Mixture equations in some studies show improvement in accuracy,32–34 no improvement35,36 or
worse accuracy7 than regression approach. The
potential of BIS can only be exhausted if the data
are interpreted with adequate algorithm that
include reliable data fitting and a valid fluid
distribution model.37

Segmental-BIA
Segmental-BIA is performed by either placing two
additional electrode on wrist and foot on the
opposite side,38 or by placing sensor electrodes on
wrist, shoulder (acromion), upper iliac spine and
ankle,39 or by placing electrodes on proximal
portion of the forearm and the lower leg and trunk
electrode on the shoulder and the upper thigh.7,40
For a detailed review, we refer the reader to De
Lorenzo and Andreoli.41 The trunk of the body with
its large cross sectional area contributes as little as
10% to whole body impedance whereas it represents as much as 50% of whole body mass.42 This
implies three aspects for body composition analysis
by the whole body BIA approach: (1) changes of the
impedance are closely related to changes of the
FFM (or muscle mass or body cell mass (BCM)) of the

U.G. Kyle et al.

limbs; (2) changes of the FFM (or muscle mass or
BCM) of the trunk are probably not adequately
described by whole body impedance measurements, and (3) even large changes in the fluid
volume within the abdominal cavity have only
minor influence on the measurement of FFM or
BCM as could demonstrated in patients with liver
cirrhosis and ascites undergoing paracentesis.43
Segmental-BIA requires prior standardization, particularly when different approaches and different BIA
devices are employed. Standardization of the type of
electrodes used and their placement is a major
concern. Segmental-BIA has been used to determine
fluid shifts and fluid distribution in some diseases
(ascites, renal failure, surgery), and may be helpful in
providing information on fluid accumulation in the
pulmonary or abdominal region of the trunk.
Bracco et al.44 and Tagliabue et al.45 found high
relative errors with segmental-BIA for arms and
legs: 13–17% for arm FFM and 10–13% for leg FFM.
Tagliabue et al.45 noted that frequencies higher
than 50 kHz did not improve the segmental BIA
results. Additional research is needed to examine
the accuracy of the segmental BIA.

Localized bioelectrical impedance analysis
Whole body BIA measures various body segments
and is influenced by a number of effects (hydration,
fat fraction, geometrical boundary conditions,
etc.). Hence the validity of simple empirical
regression models is population-specific. For these
reasons, localized BIA, which focuses on welldefined body segments and thus minimizes the
interference effects, has been proposed. Scharfetter et al.46 determined local abdominal fat mass by
localized BIA. Rutkove et al.47 determined in
patients with neuromuscular disease that phase
angle and resistivity of limbs decreased with
disease progression and normalized with disease
remission and may be useful in the therapeutic
evaluation of such diseases.

Bioelectrical impedance vector analysis
(BIVA or vector BIA)
The ultimate attractiveness of BIA lies in its
potential as a stand-alone procedure that permits
patient evaluation from the direct measurement of
the impedance vector and does not depend on
equations or models. The BIVA approach developed
by Piccoli et al. 16,48,49 is only affected by the
impedance measurement error and the biological
variability of subjects. In BIVA, R and reactance
(Xc), standardized for height, are plotted as point
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vectors in the R–Xc plane. An individual vector can
then be compared with the reference 50%, 75%,
and 95% tolerance ellipses calculated in the healthy
population of the same gender and race (R–Xc
graph method) (Fig. 4). The ellipse varies with age
and body size.50
Clinical validation studies (renal patients, critical
care patients and obese subjects)17–19 showed that
vectors falling outside the 75% tolerance ellipse
indicate an abnormal tissue impedance, which can
be interpreted as follows: (1) vector displacements
parallel to the major axis of tolerance ellipses
indicate progressive changes in tissue hydration
(dehydration with long vectors, out of the upper
pole, and hyperhydration with short vectors, out of
the lower pole); and (2) vectors falling above (left)
or below (right) the major axis of tolerance ellipses
indicate more or less BCM, respectively, contained
in lean body tissues. Long-term monitoring of
patients has shown combined changes in hydration
and soft tissue mass. Fig. 4 shows an example of
BIVA follow-up with the RXc path graph in a female
patient following lung transplantation, using the
50th, 75th and 95th tolerance percentiles of a
healthy Swiss reference population (data unpublished). However, Cox-Reijven et al.51 found a low
sensitivity (but high specificity) of BIVA in detecting
depletion in gastrointestinal patients. Further
validation seems necessary.

Body compartments
Fat-free mass
FFM is everything that is not body fat (Fig. 6). A
large number of BIA equations in the literature
predict FFM. These equations vary in the parameters included in the multiple regression equations and their applicability in various subjects.
Early BIA equations (before 1987) only included
height2/resistance. Later equations include other
parameters, such as weight, age, gender, reactance, and anthropometric measurements of the
trunk and/or extremities to improve the prediction
accuracy. FFM can be determined by SF-BIA
provided that hydration is normal and BIA equations
used are applicable to the study population, with
regard to gender, age, and ethnic group.

Total body water (TBW), extracellular (ECW)
and intracellular water (ICW)
O’Brien et al.52 found that current BIA methods (SFand MF-BIA) are not sufficiently accurate to assess
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Figure 6 Schematic diagram of fat-free mass (FFM),
total body water (TBW), intracellular water (ICW),
extracellular water (ECW) and body cell mass (BCM).

TBW under conditions of hydration change. Equations that were developed in euhydrated populations have not been shown to be valid for
individuals with altered hydration. Data from both
hypo- and hyper-hydration studies suggest that
electrolyte balance influences BIA measurements
independently of fluid changes. Such effects may
be difficult to predict, as fluid and electrolyte
changes will also affect the ratio of intra- to extracellular water which, in turn, influences resistivity.
The ECW:ICW ratio is a factor known to limit the
applicability of predictive equations generated by
BIA to external populations.53 Furthermore, BIA
does not allow to accurately assess TBW and ECW
when body water compartments are undergoing
acute changes.54,55 In addition, the average body
hydration of the FFM varies with age (newborns
80%; 10-yr old children 75%,56 healthy adults 73%).
According to Ellis et al.57 50 kHz SF-BIA primarily
reflects the ECW space, which represents a
constant proportion of TBW in normal condition.
An increase in ECW or in the ECW/TBW ratio may
indicate edema and/or malnutrition. MF-BIA appears to be sensitive to such changes, even if there
are no significant changes in body weight. On the
other hand, the parallel-transformed, SF-BIA model58 appears to be sensitive to changes in ICW (or
BCM),7 but not to changes in ECW. Therefore this
model may have limited use for estimating FFM or
body fat when there is an abnormal hydration
state.57
Among the MF-BIA and BIS models, the 0/N
parallel (Cole–Cole) model is considered more
precise and accurate for the measurement of ECW
and ICW than variables obtained by SF-BIA. Gudivaka et al.7 found the 0/N parallel (Cole–Cole)
model accurately predicted changes in TBW, ECW
and ICW in subjects receiving Ringer’s solution or

ARTICLE IN PRESS
1232

diuretic therapy with proximally placed detector
electrodes (elbow and knee). Scharfetter et al.59
estimated that, due to electrolyte changes, at the
end of dialysis, the error with respect to the
volume change was large (p15% for the ECW and
420% for ICW). They concluded that a correction of
the fluid distribution model for resistivity changes
is necessary to obtain more reliable ICW data. The
potential of BIS can only be exhausted if the data
are interpreted with adequate algorithm that
include reliable data fitting and a valid fluid
distribution model which considers tissue nonhomogeneities.37 A valid model must guarantee
that ECW changes do not corrupt the ICW and vice
versa.37 Standardization of BIS method remains a
concern.
The meta-analysis by Martinoli et al.60 concluded
that SF-BIA and BIS significantly overestimated TBW
in healthy individuals, whereas there was no
overestimation by MF-BIA. MF-BIA seems to be a
more accurate method for determining the TBW
compartment for healthy and obese adults and for
persons with chronic renal failure.

Body cell mass (BCM)
Whereas FFM is everything that is not body fat,
there is no consensus on the physiological meaning
of measures of ‘‘cellular mass’’, ‘‘BCM’’ or ‘‘metabolically active tissue’’ and ‘‘ICW’’. The BCM is the
protein rich compartment which is affected in
catabolic states, and loss of BCM is associated with
poor clinical outcome.61,62 In overhydrated patients, even precise determination of FFM might
fail to detect relevant protein malnutrition because
of expansion of the ECW. Estimating the size is
difficult because it is a complex compartment,
comprising all nonadipose cells as well as the
aqueous compartment of adipocytes. Future research is needed to define BCM and the role of BIA
in its clinical evaluation.
In patients with severe fluid overload, such as
patients with ascites, inter-individual differences
of lean tissue hydration are probably too high to
develop uniform equations to assess BCM. Pirlich
et al.63 concluded that in patients with large
alterations of body geometry or hydration status
the application of standard BIA is not appropriate
to assess BCM.
Ward and Heitmann64 evaluated assessment of
BCM and ECW by BIA without the need for
measurement of height and found that the significant differences in the mean values and wide
limits of agreement compared to reference data for
BCM and ECW do not permit to predict these body
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compartments without inclusion of height in spite
of obvious advantages of not requiring an accurate
measurement of height.

BIA measurements and equations
BIA measurements must be standardized in order to
obtain reproducible results (see BIAFpart 2).
Reported mean coefficients of variation for within-day R measurements are E1–2%; daily or weekly
intra-individual variability is slightly larger ranging
from E2% to 3.5%.65–68 Day-to-day coefficients of
variation increases for frequencies lower than
50 kHz.69 Overall reproducibility/precision is 2.7–
4.0%.67 Prediction errors were estimated to be 3–8%
for TBW and 3.5–6% for FFM, respectively.70,71
Early BIA equations were validated in inadequate
populations, as demonstrated in respiratory insufficiency patients.72 Large variations in results were
noted with many formulas published in the literature that precluded clinical interpretation. The use
of ‘‘general’’ prediction equations across different
age and ethnic groups without prior testing of their
validity should be avoided. Choosing a BIA equation
that is adapted to the populations studied continues to be a limiting factor of BIA.
Standardization of future studies with regard to
methodological considerations (such as inclusion
and exclusion criteria, standardization of BIA
methods etc.) as discussed by Gonzalez et al.73
should help to improve BIA results in the future.

Table of validated equations
Selected BIA equations published since l990 for
adults for FFM (Table 1);6,58,70,74–88 body fat (Table
2),38,82,86,88,89 TBW (Table 3),20,25,32,58,65,70,78,88,90–94
ECW (Table 4),20,25,32,90,92,93,95 ICW (Table 5)96,97 and
BCM (Table 6)58,98 are shown in order of increasing
standard error of the estimate (SEE). They are
limited to studies in healthy subjects that include at
least 40 subjects and are validated against a
criterion measure. For discussion of BIA equations
in specific diseases, we refer the reader to
‘‘Bioelectrical impedance analysisFpart II: utilization in clinical practice’’. The equation for TBW by
Kushner and Schoeller65 is included because it is
frequently cited in the literature. For BIA equations
for FFM, TBW and body fat published prior to l990,
we refer the reader to Houtkooper et al.99

How to choose a BIA equation
Houtkouper et al.99 suggested that prediction error
(SEE) of 2.0–2.5 kg in men and 1.5–1.8 kg in women

Population

Healthy subjects,
416 yr
Healthy subjects,
12–71 yr
Women 18–60 yr
Healthy adults,
50–70 yr
Healthy adults,
18–29 yr
Healthy subjects,
12–94 yr
Healthy, ethnic divers

Criterion
measure

Equation

r2

SEEn

BIA
instrument

0.97

1.8

Xitron

NR

2.1

Valhalla

NR

2.5

Valhalla

0.71

RJL-101

0.93

6.56%
(E2.6)
2.6

RJL-101

0.92

2.6

IMP BO-1

0.75

2.6

Valhalla

NR

2.8

Valhalla
Valhalla

Stolarczyk et al.77

95

Multi-Cy

Lohman75

72

Densitometry85 , w

4:104 þ 0:518 Ht2 =R50 þ0:231 weight
þ0:130 Xc þ 4:229 sex
Women ¼ 5:49 þ 0:476 Ht2 =R50
þ0:295 weight
Women ¼ 11:59 þ 0:493 Ht2 =R50
þ0:141 weight
0:49
Women ¼ þ0:07 þ 0:88 ðHt1:97 =Z50
Þ
ð1:0=22:22Þ þ 0:081 weight
12:44 þ 0:34 Ht2 =R50 þ0:1534 height
þ0:273 weight  0:127 age þ 4:56 sex
6:37 þ 0:64 weight þ 0:40 Ht2 =Z1 MHz 0:16 age
2:71 sex ðmen ¼ 1; women ¼ 2Þ
20:05  0:04904 R50 þ0:001254 Ht2
þ0:1555 weight þ 0:1417 Xc  0:0833 age
Women ¼ 6:34 þ 0:474 Ht2 =R50 þ0:180 weight

Lohman75

153

Densitometry85 , w

Men ¼ 5:32 þ 0:485 Ht2 =R50 þ0:338 weight

NR

2.9

Multi-C

Women: 9:529 þ 0:696 Ht2 =R50
þ0:168 weight þ 0:016 R50
0:55
Men ¼ þ0:49 þ 0:50 ðHt1:48 =Z50
Þ
ð1:0=1:21Þ þ 0:42 weight
Men ¼ 4:51 þ 0:549 Ht2 =R50
þ0:163 weight þ 0:092 Xc
14:94 þ 0:279 Ht2 =R50 þ0:181 weight
þ0:231 height þ 0:064 ðsex weightÞ  0:077 age
Men ¼ 11:41 þ 0:600 Ht2 =R50
þ0:186 weight þ 0:226 Xc
Men : 10:678 þ 0:652 Ht2 =R50
þ0:262 weight þ 0:015 R

0.83

2.9n

0.92
NR

5.45%
(E3.2)
3.2

Valhalla

0.90

3.6

RJL-103

NR

3.6

Valhalla

0.90

3.9n

RJL-101

Kyle et al.74

343

DXA

Lohman75

153

Densitometry85 , w

Lohman75

122

Densitometry85 , w

Kotler et al.
SF parallel58
Deurenberg et al.76

126

DXA

661

Boulier et al.6

202

Multi-C,87
densitometry86 , z
Densitometry

Sun et al.70

1095

Kotler et al.
SF parallel58
Lohman75

206

DXA

111

Densitometry85 , w

Heitmann78

139

Multi-C,88 3H2O,
TBK
Densitometry85 , w

Lohman75
Sun et al.70

74
734

4 compart

RJL-101
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Healthy adults,
30–49 yr
Healthy subjects,
35–65 yr
Healthy adults,
50–70 yr
Healthy subjects,
12–94 yr

n

ARTICLE IN PRESS

Adults
Healthy subjects,
18–94 yr
Healthy adults,
18–29 yr
Healthy adults,
30–49 yr
Healthy, ethnic divers

Source

Bioelectrical impedance analysis

Table 1 Bioelectrical impedance analysis equation reported in the literature since 1990 for fat-free mass (FFM) classified according to subject category (adult,
elderly, overweight) and standard error of the estimate (SEE).

Overweight women
25–45 yr

1234

Overweight
Overweight women
25–45 yr

Jakicic et al.79

123

Jakicic et al.79

DXA

DXA

Roubenoff et al.81

Elderly, 65–94 yr

Baumgartner et al.82

Elderly

Dey et al.83

Elderly, 60–83 yr

Deurenberg et al.84

72

Densitometry86 , z

Elderly, 60–83 yr
Elderly, 65–94 yr

Deurenberg et al.84
Baumgartner et al.82

72
98

Densitometry86 , z
Densitometry86 , z

Elderly

Roubenoff et al.81

161

DXA

Elderly

Roubenoff et al.81

445

DXA

Haapala et al.80

93

DXA

294

DXA

98

Multi-C82 , z

106

4 compart

0.65

8.8n

0.65

8.8n

128:06 þ 1:85 BMI  0:63 weightþ
1:07 height  0:03 R50 þ10:0 waist–hip ratio
Women : 7:7435 þ 0:4542 Ht2 =R50
þ0:1190 weight þ 0:0455 Xc
1:732 þ 0:28 Ht2 =R50 þ0:27 weight
þ4:5 sex þ 0:31 thigh circ
11:78 þ 0:499 Ht2 =R50 þ0:134 weight
þ3:449 sex
7:0 þ 0:360 Ht2 =R50 þ4:5 sex
þ0:359 weight  0:20 thigh circ
3:9 þ 0:672 Ht2 =R50 þ3:1 Sex
15:44 þ 0:34 Ht2 =R50 þ0:36 weight
þ4:3 sex  0:57 ankle circ
Men: 9:1536 þ 0:4273 Ht2 =R50
þ0:1926 weight þ 0:0667 Xc
5:741 þ 0:4551 Ht2 =R50 þ0:1405 weight
þ0:0573 Xc þ 6:2467 sex

0.83

1.6

RJL-101

0.77

2.09

RJL-101

0.91

2.5

RJL-101

0.91

2.6

RJL-101

0.92

2.5

RJL-101

0.88
0.87

3.1
3.2

RJL-101
RJL-101

0.72

3.4

RJL-101

RJL-101

ARTICLE IN PRESS

Elderly
Elderly women
62–72 yr
Elderly

2:68 þ 0:20 Ht2=R50 þ0:19 weight
þ2:55 ethnicityðCaucasian ¼ 0;
AfricanAmerican ¼ 1Þ þ 0:1157 height
2:04  0:02 R50 þ0:19 weightþ
2:63 ethnicityðCaucasian ¼ 0;
AfricanAmerican ¼ 1Þ
þ0:2583 height

RJL-101

U.G. Kyle et al.

BIA equations are shown in order of increasing standard error of the estimate (SEE). They are limited to studies in healthy subjects that include at least 40 subjects and are validated
against a criterion measure.
n
RSME, root mean square error; R, resistance; Ht2/R, height2/resistance, Xc, reactance; V, body volume; Z, impedance; Z5, impedance at 5 kHz; Z100, impedance at 100 kHz; 1 for men,
0 for women, unless otherwise stated, NR, not reported, height in cm, weight in kg, thigh circumference in cm, resistance in ohm, reactance in ohm). RJL Systems, Inc, Clinton Twp, MI;
Xitron Technologies, San Diego, CA; Valhalla Scientific, San Diego, CA; BIA-2000-M, Data Input, Hofheim, Germany; IMP BO-1, (2 subcutaneous electrodes), I’Impulsion, Caen, France. All
subjects are Caucasian, except Jakicic (Caucasian and African-American), Stolarczyk et al. (Native American), and Sun (Caucasian and African-American).
w
%BF ¼ ((4.570/body density)  4.142) 100.
z
%BF ¼ (4.95/body density)  4.5) 100.
y
%BF ¼ (6.38/body density)  3.961 bone mineral mass  6.090) 100.
z
%BF ¼ ((1.34/body density)  0.35 age þ 0.56 mineral content 1) 205.

Source

Body fat (%)
Elderly, 65–94 yr

Baumgartner et al.82

Elderly, 65–94 yr

Baumgartner et al.82

Body fat (kg)
Healthy subjects,
21–64 yr,
segmental BIA
Healthy subjects,
21–64 yr,
segmental BIA
Healthy subjects,
35–65 yr

Criterion measure

Equation

r2

SEE

BIA instrument

98

Multi-C82 , n

0.73

3.80%

RJL-101

98

Densitometry86 , w

23:58 þ 20:03 ðR50 weightÞ=Ht2
þ0:29 thigh circ
4:99 sex þ 0:52 arm circ
18:89 þ 22:12 ðR50 weightÞ=Ht2
þ0:64 calf circ
4:13 sex

0.55

5.00%

Women : 5:9150 þ 0:7395 weight
0:3327 height þ 0:0846 age
þ0:048 upperlimb R50 þ0:2705 trunk R50
þ0:0384 lowerlimb R50 0:1219 lowerlimb Xc
Men : 4:2422 þ 0:7368 weight  0:0482 height
þ0:1170 age þ 0:0393 upperlimb R50 þ0:5110 trunk R50
þ0:0654 lowerlimb R50 0:2560 lowerlimb Xc
14:94  0:079 Ht2 =R50 þ0:818 weight  0:231 height
0:064 sex weight þ 0:077 age

0.93

1.9

Na

0.93

2.8

Na

0.90

3.6

RJL-103

n

Organ et al.38

104

Underwater
weighing, 2H2O

Organ et al.38

96

Underwater
weighing, 2H2O

Heitmann89

139

FM multi-C88
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Comments

Bioelectrical impedance analysis

Table 2 Bioelectrical impedance analysis equation reported in the literature since 1990 for body fat (BF) classified according to standard error of the estimate
(SEE).

BIA equations are shown in order of increasing standard error of the estimate (SEE). They are limited to studies in healthy subjects that include at least 40 subjects and are validated
against a criterion measure.
R, resistance; Ht2/R, height2/resistance; Xc, reactance; V, body volume; Z, impedance; Z5, impedance at 5 kHz; Z100, impedance at 100 kHz; 1 for men, 0 for women, unless otherwise
stated; circ, circumference.
RJL Systems, Inc, Clinton Twp, MI; Xitron Technologies, San Diego, CA; Valhalla Scientific, San Diego, CA; BIA-2000-M, Data Input, Hofheim, Germany.
n
%BF ¼ ((1.34/body density)  0.35 age þ 0.56 mineral content 1) 205.
w
%BF ¼ (4.95/body density)  4.5) 100.
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Comments
Healthy subjects
Healthy subjects
Healthy subjects
Healthy subjects,
35–65 yr

Healthy subjects,
17–66 yr
Healthy subjects,
12–94 yr

n

Criterion measure

Deurenberg
et al.90
Deurenberg
et al.90
Cornish et al.25
Heitmann78

139

2

139

2

60
139

2

Kotler et al.
SF parallel58
Kotler et al.
SF parallel58
Kushner and
Schoeller65

206

Kushner and
Schoeller65
Sun et al.70

Elderly subjects
Elderly subjects
Healthy subjects,
19–65 yr
Elderly, 63–87 yr

Sun et al.70
Vache et al.91
Vache et al.91
Van Loan and
Mayclin92
Visser et al.93

Healthy non-obese
and obese subjects
Obese women
Surgical patients
Surgical patients
Surgical patients

H2O
H2O

H2O
Multi C,88
3
H2O,
TBK
3
H2O, TBK

Equation
2

6:69 þ 0:34573 Ht =Z100 þ0:17065 weight
0:11 age þ 2:66 sex
6:53 þ 0:36740 Ht2 =Z50 þ0:17531 weight
0:11 age þ 2:83 sex
0:6 þ 0:50 Ht2 =R0 þ0:186 weight
17:58 þ 0:240 Ht2 =R50 0:172 weight
þ0:040 sex weight þ 0:165 height

r2

SEE

BIA instrument

0.95

1.73

Human-IM scanner

0.95

1.74

0.85

2.1 or 6.1%
3.47

SEAC
RJL-103

0.83

7.80%

RJL-101

126

3

H2O

40

2

H2O

0:7
Men ¼ ð3:66 þ 0:58 ðHt1:62 =Z50
1:0=1:35Þ
þ0:32 weightÞ
0:58
Women ¼ ð0:86 þ 0:76 ðHt1:99 =Z50
1:0=18:91Þ
þ0:14 weightÞ
Men ¼ 8:399 þ 0:396 Ht2 =R50 þ0:143 weight

40

2

H2O

Women ¼ 8:315 þ 0:382 Ht2 =R50 þ0:105 weight
1:726 þ 0:5561 Ht2 =R50 0:0955 weight

0.95
0.97

F 0.88
1.75

0.67

8.20%

RJL-101

0.96

M 1.66

RJL-101

734

Multi-C

Men : 1:203 þ 0:449 Ht2 =R50 þ0:176 weight

0.84

3.8*

1095
58
58
60

Multi-C
18
O
18
O
2
H2O

Women : 3:747 þ 0:450 Ht2 =R50 þ0:113 weight
3:026 þ 0:358 Ht2 =R50 þ0:149 weight þ 2:924 sex
2:896 þ 0:366 Ht2 =R100 þ0:137 weight þ 2:485 sex
14:0107 þ 0:29753 Ht2 =R224 þ0:14739 weight
3:63734 sexðmen ¼ 0; women ¼ 1Þ  0:07299 age
Men ¼ 8:3 þ 0:3228 Ht2 =Z50 þ0:1652 weight
Women ¼ 11:9 þ 0:2715 Ht2 =Z50 þ0:1087 weight
0:08 þ 0:458 Ht2 =Rtbw þ0:06 weight

0.79

2.6*

0.97
0.86

1.3
3.58

0.66
0.41
0.91

3.1
2.7
1.9

23.1898 þ 0.0154 (V/Z1) þ 0.3315 V/((Z1 Z100)/
(Z1Z100)
5:82 þ 0:446 Ht2 =R50 þ0:129 weight
5:69 þ 0:399 Ht2 =R500 þ0:114 weight
1:04 þ 0:45 Ht2 =R500 þ0:46 APT þ 0:0119 Ht2 =
Xc50 0:0106 Ht2 =Xc500

0.94

2.8

0.90
0.90
0.93

2.5
2.5
2.2

117

2

H2O

Cox-Reijven and
Soeters32
De Lorenzo et al.94

90

2

H2O

55

2

H2O

Hannan et al.20
Hannan et al.20
Hannan et al.20

43
43
43

3

H2O
H2O
3
H2O
3
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Healthy subjects,
ethnic divers
Healthy subjects,
ethnic divers
Healthy subjects,
17–66 yr

Source

1236

Table 3 Bioelectrical impedance analysis equation reported in the literature since 1990 for total body water (TBW), classified according to standard error of the
estimate (SEE)n.

RJL-101

Analycor3
Xitron
Xitron
Xitron

Xitron
Xitron
Xitron

U.G. Kyle et al.

BIA equations are shown in order of increasing standard error of the estimate (SEE). They are limited to studies in healthy subjects that include at least 40 subjects and are validated
against a criterion measure.
TBK, total body potassium; 3H2O, triterium; 2H2O, deuterium oxide.
RJL Systems, Inc, Clinton Twp, MI; Xitron Technologies, San Diego, CA; Human-IM Scanner, Dietosystem, Milan, Italy; Analycor3, Spengler, France, SEAC, Brisbane, Australia.
n
RMSE, root mean square error; R, resistance; Ht2/R, height2/resistance; Xc, reactance; V, body volume; Z, impedance; APT, maximum thickness long full length of sternum, measured
with calipers; RTBW ¼ (RICW RECW)/RICW þ RECW); Z5, impedance at 5 kHz; Z100, impedance at 100 kHz; 1 for men, 0 for women, unless otherwise stated.

Source

n

Criterion
measure

Equation

r2

SEE

BIA instrument

Healthy subjects

Deurenberg et al.90

139

KBr

0.87

0.98

Human-IM

Healthy subjects

Deurenberg et al.90

139

KBr

0.86

1.02

scanner

Healthy subjects,
19–65 yr

Van Loan and
Mayclin92

60

NaBr

0.92

1.06

Xitron

Healthy22 and
ill subjects18

Sergi et al.95

40

NaBr

0.89

1.75

RJL-101 and 103

Healthy22 and
ill subjects18

Sergi et al.95

40

NaBr

0.89

1.75

Healthy non-obese
and obese subjects
Healthy subjects

Cox-Reijven and
Soeters32
Cornish et al.25

90

NaBr

2:30 þ 0:19528 Ht2 =Z1 þ0:06987 weight
0:02 age
2:53 þ 0:18903 Ht2 =Z5 þ0:06753 weight
0:02 age
5:17753 þ 0:09989 Ht2 =R224
þ0:09322 weight  1:3962
sexðmen ¼ 0; women ¼ 1Þ
7:24 þ 0:34 Ht2 =R1 þ0:06 weight
þ2:63ðhealthy ¼ 1; ill ¼ 2Þ þ 2:57
sexðmen ¼ 0; women ¼ 1Þ
F5:22 þ 0:20 Ht2 =R50 þ0:005 Ht2 =Xc50 þ
0:08 weight þ 1:9ðhealthy ¼ 1; ill ¼ 2Þþ
1:86 sexðmen ¼ 0; women ¼ 1Þ
3:511 þ 0:351 Ht2 =Recw þ0:05 weight

0.77

2.0

Xitron

60

NaBr

0.7

2.1 or 11.7%

SEAC

Healthy subjects
Healthy subjects

Cornish et al.25
Cornish et al.25

60
60

NaBr
NaBr

0.65
0.66

2.2 or 12.7%
2.2 or 12.6%

SEAC
SEAC

Elderly, 63–87 yr

Visser et al.93

117

KBr

Hannan et al.20
Hannan et al.20

43
43

NaBr
NaBr

2.2
1.0
1.7
1.7

Xitron

Surgical patients
Surgical patients

0.39
0.65
0.87
0.87

6:3 þ 0:352 Ht2 =R0 þ0:099 weight þ 3:09
sexð0 ¼ male; 1 ¼ femaleÞ
1:2 þ 0:194 Ht2 =R0 þ0:115 weight
5:3 þ 0:480 Ht2 =R0 þ3:5 sexð0 ¼ male;
1 ¼ femaleÞ
Men ¼ 4:8 þ 0:2249 Ht2 =Z5
Women ¼ 1:7 þ 0:1998 Ht2 =Z5 þ0:0571 weight
5:75 þ 0:01 Ht2 =Xc50 þ0:165 Ht2 =R5
6:15 þ 0:0119 Ht2 =Xc50 þ0:123 Ht2 =R50
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Population

Bioelectrical impedance analysis

Table 4 Bioelectrical impedance analysis equation reported in the literature since 1990 for extracellular water (ECW), classified according to standard error of the
estimate (SEE).

Xitron
Xitron

BIA equations are shown in order of increasing standard error of the estimate (SEE). They are limited to studies in healthy subjects that include at least 40 subjects and are validated
against a criterion measure.
R, resistance; Ht2/R, height2/resistance; Recw, Resistance by Cole–Cole plot; Xc, reactance; V, body volume; Z, impedance; Z5, impedance at 5 kHz; Z100; impedance at 100 kHz; 1 for
men, 0 for women, unless otherwise stated.
NaBr ¼ sodium bromide, KBr ¼ Potassium bromide.
Human-IM Scanner, Dietosystem, Milan, Italy; Xitron Technologies, San Diego, CA; RJL Systems, Inc, Clinton Twp, MI; SEAC, Brisbane, Australia.
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Table 5 Bioelectrical impedance analysis equation reported in the literature since 1990 for intracellular water (ICW), classified according to standard error of the
estimate (SEE).
Comments

Source

n

Criterion
measure

Equation

r2

SEE

BIA instrument

Elderly, 60–80 yr
Healthy men, 23–53 yr

Dittmar and Reber, SFBIA96
De Lorenzo et al.97

159
57

TBK
TBK

9:182 þ 0:285 Ht2 =Z5 þ7:114 PA5 þ2:113 sex
12:2 þ 0:37065 Ht2 =Ricw 0:132 age þ 0:105 weight

0.93
0.69

0.9
1.9

BIA-2000-M
Xitron

BIA equations are shown in order of increasing standard error of the estimate (SEE). They are limited to studies in healthy subjects that include at least 40 subjects and are validated
against a criterion measure.
TBK, total body potassium; Ricw, intracellular resistance; Ht2/Z5, height2/impedance at 5 kHz; PA5, phase angle at 5 kHz; 1 for men, 0 for women.
Xitron Technologies, San Diego, CA; BIA-2000-M, Data Input, Hofheim, Germany.
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Table 6 Bioelectrical impedance analysis equation reported in the literature since 1990 for body cell mass (BCM), classified according to standard error of the
estimate (SEE)n.
Comments

Source

n

Criterion Equation
measure

Elderly, 60–90 yr
Elderly, 60–90 yr
Elderly, 60–90 yr
Healthy, ethnic diverse
Healthy, ethnic diverse

Dittmar and Reber, SFBIA98
MFBIA1
MFBIA2
Kotler et al. SF parallel58
Kotler et al. SF parallel58

160
160
160
206
126

TBK
TBK
TBK
TBK
TBK

1:898 Ht2 =Xcp50 0:051 weight þ 4:180 sex þ 15:496
1:118 Ht2 =Ric5=50 þ4:250 sex þ 14:457
0:822 Ht2 =Ric5=100 þ4:158 sex þ 14:096
0:5
Men ¼ 1=120 ðð0:76 ð59:06 Ht1:6 =Xcp50
Þ þ ð18:52 weightÞ  386:66Þ
2:07
0:36
Women ¼ 1=120 ð0:96 ð1:3 Ht =Xcp50
Þ þ ð5:79 weightÞ  230:51Þ

r2

SEE

0.84
0.84
0.84
0.83
0.56

1.71*
BIA-2000-M
1.73*
1.73*
9.96% RJL-101
12.30%

BIA instrument

U.G. Kyle et al.

BIA equations are shown in order of increasing standard error of the estimate (SEE). They are limited to studies in healthy subjects that include at least 40 subjects and are validated
against a criterion measure.
BIA-2000-M, Data Input, Hofheim, Germany; RJL Systems, Inc, Clinton Twp, MI.
n
RMSE, root mean square error; TBK, total body potassium; R, resistance; Ht2/Xcp50, height2/parallel reactance at 50 kHz; Ric5=50 ; R5 R50/(R5  R50); Ric5=100 ; R5 R100/(R5  R100); 1 for
men, 0 for women.
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and actual error of 0.0–1.8 kg is considered ideal.
Prediction error of less than 3.0 kg for men and
2.3 kg for women would be considered very good.
BIA equations chosen should not be used without
prior verification against reference methods in the
subject population studied.

Limitations of BIA equations
BIA integrates various body segments with variable
physical effects of hydration, fat fraction, geometrical boundary conditions etc. on tissue conductivity (see Part II). This explains, in part, why
empirical regression models are population-specific. Furthermore, the trunk contributes only a small
proportion to whole body impedance because it is
relatively short and has a large cross-sectional
area. Limitations of BIA measurements in case of
body water alterations or body geometry abnormalities are described in Part II. ECW:ICW ratio is a
factor known to limit the applicability of predictive
equations generated by BIA to populations with
varying hydration.53
The difficulties of validating BIA in different age
and ethnic groups, and clinical conditions with
abnormal hydration states has resulted in a
plethora of BIA equations that confuse, rather than
aid in the interpretation of BIA results. Tables 1–6
try to facilitate this selection by presenting
equations according to the respective value of
standard error of the estimate. Specific BIA
measurement errors associated with clinical conditions are discussed in Part II.
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compartment model makes assumptions regarding
the constancy of composition of FFM, which is not
true in all ethnic groups and across the life. These
limitations can be overcome with a multi-compartment model.104
Thus, some of the discrepancies reported in the
literature are due to different reference methods
and different software versions of the reference
methods used in the validation process. This leaves
us with the dilemma of choosing a BIA equation for
a specific population that was considered valid
based on a reference method that may or may not
have been accurate and may or may not be
comparable to other reference methods.

Study population
Most studies were done on Caucasian subjects.
Kotler et al.58 and Sun et al.70 include AfricanAmerican and Hispanic subjects. Stolarczyk et al.77
includes native American Indians. Ethnic-specific
impedance-based equations for body composition
are justified because of differences in body build
among ethnic groups.110 Relative leg lengths,111
frame size112 and body build113 are factors responsible for ethnic differences in the body mass index
(BMI) to % body fat relationship. Failing to adjust
for differences in FFM density in ethnic groups may
result in systematic biases of up to 3%.111 Future
body composition research should include nonCaucasian subjects.

Conclusion
Reference methods
Validation of BIA equations must be done against
reference methods, including multi-compartment
model,100,101 densitometry (underwater weighing),102
dual-energy
X-ray
absorptiometry
(DXA),102 isotope dilution102,103 and total body
potassium (TBK). Each of these reference methods
has limitations and makes assumptions (such as
total body potassium (TBK)/FFM is constant with
age, constant hydration of FFM of 73%, constant
density for FFM with densitometry) that are not
valid in all situations.104 Although DXA is not yet
considered a ‘‘gold’’ standard method, it is included as reference method because of its wide
availability and it can be used in patients. A
limitations of DXA is that results by different
manufacturers do not agree.105,106 Although TBK is
a reference method for body cell mass (BCM),107 it
is limited in the determination of FFM because TBK
content varies with sex and age.108,109 The two-

Whole-body BIA allows the determination of the FFM
and TBW in subjects without significant fluid and
electrolyte abnormalities, when using appropriate
population, age or pathology-specific BIA equations
and established procedures. The determination of
changes in BCM, ECW and ICW requires further
research using a valid model that guarantees that
ECW changes do not corrupt the ICW and vice versa.
The use of segmental, MF-BIA or BIS in altered
hydration states also requires further research.
ESPEN guidelines for the use of BIA measurements (see Bioelectrical impedance analysisFPart
II) are described in another paper to be published
soon in Clinical Nutrition.
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Summary BIA is easy, non-invasive, relatively inexpensive and can be performed in
almost any subject because it is portable. Part II of these ESPEN guidelines reports
results for fat-free mass (FFM), body fat (BF), body cell mass (BCM), total body water
(TBW), extracellular water (ECW) and intracellular water (ICW) from various studies
in healthy and ill subjects. The data suggests that BIA works well in healthy subjects
and in patients with stable water and electrolytes balance with a validated BIA
equation that is appropriate with regard to age, sex and race. Clinical use of BIA in

Abbreviations: BCM, Body cell mass; BF, Body fat; BIA, Bioelectrical impedance analysis; BIS, Bioelectrical impedance spectroscopy;
BMI, Body mass index; BIVA, Bioelectrical impedance vector analysis; DXA, Dual-energy X-ray absorptiometry; ECW, Extracellular
water; FFM, Fat-free mass; ICW, Intracellular water; MF-BIA, Multi-frequency bioelectrical impedance analysis; PhA, Phase angle; R,
Resistance; SF-BIA, Single frequency bioelectrical impedance analysis; TBK, Total body potassium; TBW, Total body water; Xc,
Reactance.
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subjects at extremes of BMI ranges or with abnormal hydration cannot be
recommended for routine assessment of patients until further validation has proven
for BIA algorithm to be accurate in such conditions. Multi-frequency- and segmentalBIA may have advantages over single-frequency BIA in these conditions, but further
validation is necessary. Longitudinal follow-up of body composition by BIA is possible
in subjects with BMI 16–34 kg/m2 without abnormal hydration, but must be
interpreted with caution. Further validation of BIA is necessary to understand the
mechanisms for the changes observed in acute illness, altered fat/lean mass ratios,
extreme heights and body shape abnormalities.
& 2004 Elsevier Ltd. All rights reserved.

Background
Nearly 1600 papers about BIA are found in English
medical literature between 1990 and 2003, with
450 being published in the last 3 years. This vast
body of literature makes it difficult to understand
when and how BIA should be used. Part I of these
ESPEN 2-part guidelines on BIA discussed the
principles, methods and BIA equations.1
Part II of these guidelines, limited to adults,
reviews the current applications and limitations
and presents the ESPEN recommendations for BIA in
clinical practice as follows:
(a) BIA measurement conditions.
(b) Healthy subjects, ethnic groups and body shape
abnormalities.
(c) Conditions with a potential for weight loss or
being underweight.
(d) Conditions of overweight or obesity.
(e) Conditions of altered hydration.
This review does not cover BIA measurements in
children. Interpretation of BIA is difficult in
children, because of variations in body composition
due to interindividual differences in growth velocity and puberty related changes.

BIA measurement conditions
The factors/conditions that affect BIA are shown in
Table 1. Subjects must be measured (recall values are
not acceptable) for height and weight at the time of
the BIA measurement. Standardized conditions with
regard to body position, previous exercise, dietary
intake and skin temperature must be respected.2–4
Consumption of food and beverage may decrease
impedance by 4–15 O over a 2–4 h period after meals,

representing an error smaller than 3%.2,4 Measurements on two consecutive days at the same time in
the nourished state were highly reproducible
(4720 O, non-significant) in patients with stable
chronic obstructive pulmonary disease. BIA results
are most affected by whether subjects was in a
fasting or a fed state.5 Compared to baseline,
exercise was shown to decrease R by E3% and Xc
by E8% immediately post-exercise, with measurements returning to normal when repeated 1 h later.6
A 3% increase in R (17 O) was observed after 60 min of
recumbence.7 Errors of E1.0–1.5 l in predicted TBW
may occur in individuals who are restricted to bed
rest for several hours or days when BIA equations are
used that were developed in subjects who were
measured within 5 min after subjects were lying
down. Greater errors can be expected for ECW
because this compartment is more dependent on
gravitational shifts. This is reflected by a greater shift
in R at low frequencies of measurements. No
interference with pacemaker or defibrillators is
anticipated.6 Although there are no known incidents
reported as a result of BIA measurements, the
possibility cannot be eliminated that the induced
field of current during the measurement could alter
the pacemaker or defibrillator activity. Therefore the
patient should be monitored for cardiac activity.
Conclusion: Standardized methodology (Table 1)
must be observed to optimize measurements.
Universally standardized protocols of BIA measurements have to be developed and implemented.

Healthy subjects, ethnic groups and body
shape abnormalities
It is essential that appropriate BIA equations
are chosen for the population studies. Published
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Recommendations for clinical application of bioelectrical impedance analysis*

Instruments/material
Generator

Analyzer

Definition/comments

Recommendations

Consistent signal of reproducible
amplitude
Batteries

Calibration of electrical equipment

Measures R or impedance and Xc or
phase angle

Automatic verification of skin
resistance
Cables

Length
Diameter/isolation

Electrodes

Surface size
Integrity of gel

Statiometer

Calibrated to 0.5 cm

Scale

Calibrated to 0.1 kg

Subjects
Height
Weight

Food, drink, alcohol

Measure height (0.5 cm) and weight
(0.1 kg) at the time of the BIA
measurement

Self-reported height and weight
are not valid

Fasting/no alcohol for 48 h
recommended

Shorter periods of fasting may be
acceptable for clinical practice
(versus research)
Subject has voided before
measurement
No exercise for 48 h
For longitudinal follow-up, perform
measurement at the same time of
day
Note menstrual cycle
Ambient temperature
No skin lesions at the sight of
electrodes. Change site of
electrodes
Clean with alcohol
Always measure same body side
Minimum of 5 cm between
electrodes. If needed, move
proximal electrode
Arms separated from trunk by
about 30o and legs separated by
about 451
Ambulatory subjects supine for
5–10 min. For research protocol,
standardize time that subjects are

Bladder voided
Physical exercise
Timing

Skin condition

Battery-powered to avoid
interference with current
variations
Autonomy for 420 measurements
Regular calibration against known
ohmmeter
Identify type of signal measured
(i.e. impedance or R or PhA or Xc)
Identify abnormal skin resistance,
in cases of excessive resistance
(e.g. pachydermia)
Appropriate for length of subject
height (up to 2 m)
Meets manufacturer’s
recommendation
Meets instrument requirements
(44 cm2)
Keep electrodes in sealed bag.
Protect against heat
Use tape measure for subjects who
are unable to stand and for kneeankle height or arm span
Regular cross-calibration with
other scales

Note time of measurement

Temperature
Integrity

Electrode position

Cleaning
Note body side of measurement
Distance between electrodes

Limb position

Abduction of limbs

Body position

Supine, except for ‘‘scale’’ type
BIA instruments
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Table 1 (continued )
Definition/comments

Environment

Electrical interference

Body shape

Note body abnormalities

Amputation

Atrophy, hemiplegia
Abnormal limb or trunk (e.g.
scoliosis)
Dystrophy (HIV, Cushing’s syndrome
etc.)
Obesity

Ethnic group
Disease conditions
Cardiac insufficiency

Abnormal serum electrolyte
concentrations

Edema interferes with
measurement
Ascites/edema interferes with
measurement accuracy
Edema/altered ion balance
interferes with measurement
Electrolyte concentration affects
BIA measurement

Hypothyroid

Pachydermia

Liver failure
Kidney failure

Treatments
IV/Electrolyte infusions
Drugs that affect water balance

Dialysis

Ascites puncture

Peripheral edema interferes with
measurement
Steroids, growth hormone,
diurectics

Hemo-, peritoneal dialysis

Recommendations
supine before measurement. Note
if subject is confined to bed
(patients)
No contact with metal frame of
bed. Neutral environment (no
strong electrical or magnetic
fields)
Note measurement validity (e.g. R
or Xc outside of expected range for
subject). Consider validity of
measurement when interpreting
results (e.g. abnormally low R
suggests edema)
Measure non-affected limb. Not
valid for research, but permits
determination of body
compartment, because
measurement error is consistent
Measure non-affected side. See
Table 6 for limitations
Note abnormal condition
Limited validity in conditions of
abnormal body compartment
distribution
Use electricity-isolating material
(e.g. towel) between arm and
trunk, and between thighs
Note race. Use race-specific BIA
equation, if applicable
Measure patient in stable condition
Consider segmental BIA
measurement

Perform BIA when serum
electrolytes are within normal
range. Compare BIA results when
serum electrolyte concentrations
are similar
May invalidate measurement
because of high skin resistance
Measurements are invalid if patient
is abnormally hydrated
If patient is in stable condition,
measurement should be effected
at the same time after medication
administration
Use special protocols, standardize
measurement procedure, i.e.
measurement should be performed
20–30 min post-dialysis
Use special protocols, standardize
measurement procedure
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Table 1 (continued )

Orthopedic prosthesis/implants
(metal)
Pacemakers
Defibrillators

Definition/comments

Recommendations

E.g. hip prothesis

Measure non-affected body side.
Note prosthesis/implants

Implanted cardiac defibrillator

No interference with pacemakers
or defibrillators is anticipated.6
Although there are no known
incidents reported as a result of BIA
measurements, the possibility
cannot be eliminated that the
induced field of current during the
measurement could alter the
pacemaker or defibrillator activity.
Therefore, the patient should be
monitored for cardiac activity

 See Table 6 for further discussion.

equations and criteria of selection are presented in
part 1. Longitudinal changes in FFM and BF can be
assessed with BIA, but are controversial when
significant weight loss occurs because of physiological changes.8–13 Assessment of changes in FFM, BF
or TBW of less than 1.5–2 kg is limited, because of
limitations in BIA precision.14 Reproducibility over a
7-week period was excellent in weight stable
subjects.15 Longitudinal changes in FFM or BF must
be interpreted with caution in the presence of
altered hydration.16,17
The use of general prediction equations across
ethnic populations without prior testing of their
validity should be avoided, because of existing
differences in body build among ethnic groups.18,19
Failing to adjust for differences in FFM hydration
fraction in ethnic groups may result in systematic
biases.19
The inhomogeneous nature of the various
body compartments and large variations in crosssectional areas are likely responsible for the lack
of portability of BIA equations from one population
to another, such as from young to elderly subjects,
or from normal weight to obese or severely underweight subjects. In addition, differences in
conductor lengths from limbs and trunk are likely
to be responsible for the lack of portability of
BIA equations between ethnic groups. In this
context, Heitmann et al.20 previously showed that
variations between R and height, most likely due to
the different relative sitting heights, influence BIA
results. This might support the use of segmental BIA
(trunk or limb BIA), which overcomes differences in
distribution of body compartments between limb
and trunk. However, the distribution of body water
between the intra- and extracellular space is also

partly responsible for population specificity of
prediction equations (e.g. age or sex effects,
pregnancy).
Conclusions: In addition to methodological limitations mentioned in Table 1, we draw the
following conclusions:









Healthy adults: BIA equation has to be validated
in the population studied (e.g. race, age, sexspecific).
Healthy elderly: A number of BIA equations
developed in young subjects result in large bias
in older subjects. Population-specific equations
or equations that adjust for FFM and BF changes
with age are recommended.
Ethnic groups: The use of BIA equations has to be
adapted to the ethnic group studied.
Longitudinal changes: FFM and BF changes can be
assessed by BIA in subjects without abnormal
hydration, but must be interpreted with caution
and are limited by BIA precision.
Body shape abnormalities, very small or large
body heights or relative sitting heights: The use
of general prediction equations in subjects with
abnormal body build, e.g. acromegaly or amputation, should be interpreted with caution. Use
of segmental BIA requires further validation in
such conditions.

Future developments:




BIA equations and reference values should be
developed for ethnic groups.
The validity of segmental BIA in subjects with
body shape abnormalities or extreme body height
is to be determined.
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Conditions in specific groups with an
emphasis on those at risk for
malnutrition and weight loss
Table 2 shows that variable and contradictory
results are obtained by BIA for FFM, BF and
BCM in various pathologies15–17,21–33 by a number
of different BIA equations22,27,29,30,34–49 with
comments or evaluation shown in the last
two column of the table. These discrepancies stem
not only from the BIA method limitations but
also from limitations in reference methods (see
part I).1
Abnormal tissue conductivity may also be responsible for the inadequacy of BIA equations
developed in healthy subjects when applied to
patients with lean tissue abnormalities, such as
neurological disorders.50 Potential sources of
errors for BIA in subjects with acromegaly
syndrome may be due to increased bone mass of
limbs and changes in skin thickness and hydration,
which might influence the extension of the
tissues electrical characteristics.32 In patients
with moderate fluid overload, such as cirrhotic
patients without ascites, changes in electrical
conductivity of the lean tissue might be less marked
in the arms than in the legs.32 This might explain
the advantage of segmental BIA (trunk or limb
BIA).51
A greater variability of ECW:ICW ratio may be
responsible for the lower accuracy of BIA and the
greater contribution of weight to the unexplained
variance of total FFM and FFMleg in anorexia
nervosa33 and cachexia. An altered ICW to ECW
distribution is suggested by low phase angle.52
Thus, SF-BIA body composition parameters must be
interpreted with caution in early refeeding in
anorexia nervosa and cachectic subjects who might
have altered tissue hydration.53
Studies using raw BIA data, i.e. phase angle
(PhA), are shown in Table 3. PhA has been
correlated with the disease prognosis in HIVinfection,54,55 hemodialysis,56 peritoneal dialysis,57
chronic renal failure58 and liver cirrhosis patients.59
These studies suggest that PhA may be useful in
determining increased risk of morbidity and that
PhA decreases with age.
Studies using the BIVA are shown in Table 4.60–68
Abnormal body composition was detected by BIVA
in renal insufficiency,66 dialysis,67 liver disease,68
lung cancer patients64 and patients with other
cancers.65 The BIVA in the elderly showed a clear
trend for a reduction of FFM with age, with the
greatest changes occurring after 80 y.62 BIVA requires further validation.
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Conclusions: Based on these studies in Tables
2–4, we draw the following conclusions:














Severely malnourished and anorexia nervosa
patients (BMI o16 kg/m2): BIA results are affected by variable tissue hydration and should be
interpreted with caution during early refeeding.
In patients with extremes BMI (o16 or 434 kg/
m2), prediction errors appear to be important,
but it is possible to obtain estimates of longitudinal changes in FFM and BF with weight gain
or loss in subjects with BMIs of 16.0–34 kg/m2.
Abnormal tissue hydration, edema: Inter-individual differences of lean tissue hydration are
probably too high to develop uniform equations
to assess FFM, BF or BCM and thus the application
of whole-body, SF-BIA is not appropriate in these
circumstances.
Neuromuscular diseases (e.g. Duchenne muscular
dystrophy, post-traumatic paraplegia/hemiplegia): use of BIA equations requires further
validation. Use of segmental BIA may be recommended in these conditions for long-term followup.
Segmental-BIA appears to be able to detect
abnormalities in patients with altered body
geometry and may detect altered fluid status.
Phase angle: Low PhAs have been shown to be of
prognostic relevance in HIV-infected, peritoneal
and hemodialysis, liver disease patients and
elderly subjects.
BIVA method is able to detect altered tissue
electrical properties in ill subjects and may be
more predictive of prognosis than weight loss,
but this method is limited, because it does not
give any indication of FFM and BF reserves.
Future developments:





Further validation of segmental-BIA in subjects
with altered body geometry, fluid status and fat
distribution is necessary.
Confirmation of the relevance of low PhA in the
prediction of survival in larger populations is
necessary.
Confirmation of altered tissue electrical properties by BIVA in the prediction of disease prognosis
in larger populations is necessary.

Conditions of overweight and obesity
The studies69–74 that have evaluated BIA in overweight and obese subjects are shown in Table 5,
with comments or evaluation shown in the last
column of the table. Currently, it appears that BIA

BIA studies evaluating FFM, BF and BCM in specific groups of subjects and with an emphasis on those at risk of malnutrition
Subject group

n

BIA
parameter

Reference

Method/ equation
used

Instrument

Mean bias7SD
or 95%CIa

r

SEE

Comments/
appreciation

Study type;
Limitations (L)

Bosaeus et
al.16

GH deficient
subjects

23

BF

DXA -L

Manufacturer

RJL

3.5;
2.0

5.0;

0.88

3.5

A; longitudinal study;
L: small sample size

0.03;

0.55

2.8

At baseline, large
underestimation of
BF. Population
specific equation
might improve results
At follow-up, lower
correlations between
methods, with
overestimation of BF
loss
DXA- and BIA-derived
FFM highly
correlated. Use of BIA
is questioned in
clinical situations
associated with TBW
D
Large errors between
BIA and reference
methods for % BF
were noted in
prostate cancer with
geriatric equation
Disease (HIV) did not
affect the prediction
Lukaski and
Bolonchuk and Segal
equations resulted in
minimal bias in lean
subjects. BIA
significantly different
from DXA with other
equations. BIA
overestimated FFM in
those with greater BF

GH
longitudinal
follow-up

22

BF

DXA -L

Manufacturer

RJL

1.23;
2.5

Beshyah et
al.17

GH deficient
subjects

43

FFM

DXA -L

Lukaski et al.,34
Kushner and
Schoeller35

Holtain

0.8

Smith et
al.21

Cancer

38

%BF

DXA-H

Segal et al.36
Deurenberg et al.37

RJL

4.274.1
11.474.9

Kotler et
al.22
Corcoran
et al.23

HIV

134

RJL

132

DXA -L
TBK
DXA-H

Kotler et al.22

AIDS wasting

FFM
BCM
FFM

Manufacturer
Lukaski et al.34
Lukaski and
Bolonchuk38
Kotler et al.22
Deurenberg et al.39
Segal et al.36
Van Loan and
Mayclin40

RJL

0.93

1.572.9
1.572.9
0.772.8

0.9
0.89
0.92
0.94
0.94

1.473.2
2.472.6
1.072.6
6.274.1

0.90
0.94
0.94
0.86

COPD

85

FFM

DXA -L

Gray et al.41
Schols et al.42

Bodystat

1.373.3
0.72; 5.7;
7.2

0.93
0.51

Kyle et
al.24

Heart, lung
and liver
transplant
patients

245

FFM

DXA-H

Kyle et al.43

Xitron

0.372.3

0.97

2.3

BIA overestimated
FFM. Mean
differences were
small, but limits of
agreement relatively
large. Reproducibility
over a 7-week period
was excellent
BIA permits
estimation of FFM in
pre- and posttransplant patients

B

B
B

B

B

U.G. Kyle et al.

Steiner et
al.15

4.80%
10.20%

A; longitudinal study

ARTICLE IN PRESS

Author

1436

Table 2

23

Desport et
al.26

ALS

32

Roubenoff
et al.27

Elderly,
Framingham
study

161
294
161
294
116
167
116
167

Elderly, New
Mexico

Haapala et
al.29

Elderly

Elderly
women

DXA –L

Segal et al.45

RJL

Lukaski et al.34

RJL

0.24

Analycor3

0.775.1%

RJL

0.0
0.0
2.13
2.64
2.5
2.5
0.47
0.12

0.85
0.88
0.85
0.88
0.87
0.86
0.87
0.85

3.4
2.1
4.0
2.7
2.3
1.6
3.2
2.2

6.772.7
1.472.5
2.372.1
0.272.0
7.172.3
4.372.9
2.971.7
0.071.6

0.87
0.88
0.94
0.94
0.89
0.91
0.94
0.89

2.6
2.4
1.7
2.0
2.0
2.8
1.2
1.6

FFM

DXA –L

Various
equations34,40,41

M
F
M
F
M
F
M
F

FFM

DXA –L

Roubenoff
Roubenoff
Lukaski et
Lukaski et
Roubenoff
Roubenoff
Lukaski et
Lukaski et

100 M

FFM

DXA-H

Xitron

106 F

FFM

DXA-H

Deurenberg et al.37
Baumgartner et al.46
Roubenoff et al.27
Kyle et al.43
Deurenberg et al.37
Baumgartner et al.46
Roubenoff et al.27
Kyle et al.43

93

FFM

DXA -L

Manufacturer

RJL

et al.27
et al.27
al.34
al.34
et al.27
et al.27
al.34
al.34

Segal et al.

45

Deurenberg et al.37
Heitmann47
Swendsen et al.48
Roubenoff et al.27
Piers et al.49
Kyle et al.43

5.572.7;
0.1;10.9
0.372.0;
3.7; 4.3
6.572.4;
11.3; 1.7
0.471.9;
3.4;4.2
2.373.2;
4.1; 8.7
2.072.0;
6.0;2.0
0.872.4;
5.6; 4.0
1.372.5;
3.7; 6.3
0.571.6;
3.7; 2.7

0.88

3.2

0.93

3.3

Non-significant
difference between
DXA and BIA for the
two equations
Suggests need for
populations-specific
BIA equations
Lukaski equation,
derived in thinner/
younger subjects,
underestimated FFM
in the older/heavier
Framingham cohort.
The Roubenoff
equation, derived in
the Framingham
subjects,
overestimated FFM in
taller/less obese New
Mexico Study
subjects. Differences
in DXA instruments
(same manufacturer)
may have contributed
to result differences
Deurenberg and
Roubenoff equations
underestimate and
Baumgartner
overestimated FFM.
Geneva equations
accurately predicted
FFM in Swiss elderly
subjects
BIA prediction
equations must be
chosen with care

B; L: small sample
size

B; L: small sample
size
B

B

B; L: BIA and DXA
measurements not
performed at the
same time
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Xitron

0.95
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Amyotrophic
lateral
sclerosis

Nau et
al.25
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Table 2

(Continued)

Author

Subject
group

n

BIA
parameter

Reference

Method/
equation
used

Instrument

Mean
bias7SD
or 95%CI

r

SEE

Comments/
appreciation

Study type;
Limitations (L)

Dey and
Bosaeus30

Elderly

106

FFM

4 comp

Roubenoff et al.27
Deurenberg et al.37
Kyle et al.43
Dey and Bosaeus30

RJL

0.95
0.95
0.94
0.95

2.8
2.9
3.1
2.5

Cushing
syndrome

15

BCM

TBK

see reference

Data input

Pirlich et
al.32

Cirrhosis w/o
ascites
with ascites
Cushing’s

17

BCM

TBK

Kotler et al.22

Data input

16
12

BCM
BCM

TBK
TBK

22

Kotler et al.
Kotler et al.22

BIA equations need to
be developed and
validated in the
population under
study
BIA overestimated
BCM by 18%. Limits of
agreement between
methods were large
Inclusion of
segmental impedance
data in patients
improved the
predictive power of
final BIA

B

Pirlich et
al.31

3.4; 2.2; 9.0
8.5; 2.8; 14.2
0.6; 5.4; 6.7
0.01; 5.2;
5.2
3.973.2

Acromegaly
Cushing
syndrome
Acromegaly

18
12

BCM
BCM

TBK
TBK

Kotler et al.22
Segmental using arm

B; L: small sample
size

18

BCM

TBK

Segmental using
trunk

Anorexia
Nervosa

35

FFM

DXA -L

SF-BIA and segmental

FFMleg

DXA -L

Segmental BIA
improved assessment
of BCM in
malnourished and
patients with
acromegaly, but not
in patients with fluid
overload
Population-specific
BIA equations gave
good estimates of
total and
appendicular FFM in
anorexics, with
higher prediction
error in anorexics
than controls. Lower
BIA accuracy may be
due to greater
ECW:ICW ratio
variability

Bedogni et
al.33

0.95

2.3

0.66
0.84

2.5
3.0

0.95
0.96

2.3
1.6

0.97

2.1

RJL

0.88

RJL

0.87

1.9
(5%)b
0.5
(7%)b

Data input

B; L: small sample
size

B; L: small sample
size
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Pirlich et
al.32

0.85

B
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FFM, fat-free mass; BF, body fat; BCM, body cell mass; DXA, dual energy X-ray absortiometry; DXA-L, Lunar; DXA-H, Hologic; DXA-N, Norland; TBK, total body potassium; GH, growth
hormone; COPD, chronic obstructive pulmonary disease.
Data Input, Hofheim, Germany; RJL Systems, Inc, Clinton Twp, MI, USA; Xitron Technologies, San Diego, CA; Human-IM Scanner, Dietosystem, Milan, Italy; Analycor3, Spengler, France;
Valhalla Scientific, San Diego, CA, USA; Holtain, Holtain Ltd, Crosswell, United Kingdom; BodyStat, Bodystat Ltd, Douglas, UK.
A: randomized, controlled clinical trial; B: controlled clinical trial, non-randomized; C: non-controlled prospective clinical trial; D: controlled study of case studies with weak
methodology; R: review article.
a
95% confidence interval.
b
RSME=root square mean error.
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BIA studies showing an association between Phase Angle (PhA) and survival

Author

Subject group

n

BIA
parameter

Instrument

Comments/
appreciation

Study type;
Limitations (L)

Ott et al.54

HIV

75

PhA

RJL

B

Schwenk
et al.55

HIV

469

PhA

Data input

Maggiore
et al.56

Hemodialysis

131

PhA

RJL

Fein et
al.57

Peritoneal
dialysis

45

PhA

RJL

Bellizzi et
al.58

Chronic renal
failure

46

PhA

RJL

Selberg
and
Selberg59

Cirrhosis

305

PhA

RJL

PhA 45.61 was a
significant predictor
( po0.001) of survival
in HIV-infected
patients
Low PhA (o5.31)
remained an
independent
prognostic marker of
clinical progression
and survival. Survival
was shorter in
patients with PhA
o5.31 (463 d; 397,
528) compared to
patients with PhA
45.31 (697 d; 690,
705)
Patients with PhA in
lowest quartile
(meno4.51, women
o4.21) had
significantly lower 2-y
survival (51.3% versus
91.3%)
Peritoneal dialysis
patients with a
PhA46.001 had
significantly longer
survival (p=0.01)
Decline in PhA was
associated with
reduced survival,
even when
biochemical markers
were unchanged.
Mortality was 28% in
patients with
PhAo3.01 versus 3%
with PhA 431
Patients with
PhAo5.41 had
significant (po0.01)
shorter survival

B

B

B

C; L: abstract only

B

BIA-2000-M, Data Input, Hofheim, Germany; RJL Systems, Inc, Clinton Twp, MI, USA.
A: randomized, controlled clinical trial; B: controlled clinical trial, non-randomized; C: non-controlled prospective clinical trial;
D: controlled study of case studies with weak methodology; R: review article.

equations can estimate body composition in overweight patients. BIA has been shown to be valid
with BMIs to 34 kg/m2.24,43 In morbid obesity, most
predictive equations are unable to predict static
body composition and are not reproducible for
individuals over time.69 The disproportion between
body mass and body conductivity lowers the
accuracy of BIA in obesity. The trunk contributes
about 50% of conductive mass, but only about 10%

of total body impedance.75–77 Despite of enhancements in BIS technology, the differentiation of ICW
and ECW in obesity remains elusive.78
Empirical regression models are of limited value
and very population-specific because of interference effects (abnormal hydration, increased fat
fraction, abnormal geometric tissue distribution,
etc.) across various body segments in different
populations, but especially in obese subjects.79
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Table 4 BIA studies showing changes in body composition by bioelectrical impedance vector analysis (BIVA)
vector graph
Author

Subject group

n

Piccoli et al.60

Obesity

540

Guida et al.61

Obesity

516

Buffa et al.62

Elderly

201

Cox-Reijven et
al.63

Gastrointestinal
disease

70

Toso et al.64
Toso et al.65

Lung cancer
Cancer of mixed
origin

63
92

Piccoli et al.66

Chronic renal failure

91

Piccoli and Italian
CAPD BIA study
group67

Peritoneal dialysis

200

Guglielmi et al.68

Cirrhosis

305

Comments/appreciation

Study type
Limitations (L)

Edema could be identify in 91% of
obese subjects with impedance
vectors. A different impedance
vector pattern was associated with
weight loss in obesity due to fluid
removal versus an energyrestricted diet
BMI influenced the impedance
vector distribution pattern, which
proved to be consistent up to a BMI
of 65 kg/m2. Obese women with an
altered body composition can be
identified and monitored using
vector BIA
Lean body mass reductions were
noted with age, with the greatest
changes occurring after age 80 y.
BIA parameters approached values
typical of pathological lean
subjects (cachexia and anorexia)
Low sensitivity, but high specificity
of vector BIA in detecting
depletion in gastrointestinal
patients. Further validation seems
necessary
Altered body composition in lung
cancer and cancer patients of
mixed origin, as reflected by
reduced Xc and preserved R values
Vectors from patients with edema
were displaced downward on the R
Xc graph, compared to the healthy
population
Vectors from patients with edema
were displaced downward on the R
Xc graph (88% sensitivity, 87%
specificity), and were close to
vectors from nephrotic patients.
Whether CAPD patients with vector
within the target ellipse have
better outcome needs longitudinal
evaluation
All liver cirrhosis patients with
clinically detectable edema fell
outside the 50% tolerance ellipse
for the healthy subjects. The
abnormalities were proportional to
the stage of liver failure and the
degree of fluid imbalance. BVIA
can detect fluid imbalances, but
cannot quantify fluid volume

B

B

B

B; L: used
published data
for control
group, not the
same population
B
B

B

B

B

Comment: All studies used RJL instruments by RJL Systems, Inc, Clinton Twp, MI, USA
A: randomized, controlled clinical trial; B: controlled clinical trial, non-randomized; C: non-controlled prospective clinical trial;
D: controlled study of case studies with weak methodology.

Scharfetter et al.80 proposed a localized fat
estimation procedure which measures a welldefined abdominal segments and found highly

linear correlations between subcutaneous fat layer
thickness and SF-BIA across the waist. This method
may permit to assess abdominal obesity, but

Bioelectrical impedance analysis (BIA) studies in overweight and obese subjects

Author

Subject
group

n

BIA
parameter

Reference

Method/
equation used

Instrument

Hendel et
al.69

Obese

16

FFM

DXA-N

SF-BIA, various
equations

Animeter

Das et al.70

Extremely
obese

20

%BF

3 comp

Manufacturer

RJL

Lukaski et al.

34

Segal et al.36
Manufacturer
Lukaski et al.

RJL
34

Segal et al.36
Tagliabue
et al.71
Cox-Reijven
and Soeters72

Cox-Reijven
et al.73

De Lorenzo et
al.74

Obese

68

Arm FFM

Obese

68

r

SEE

5.770.6; 0.6;
10.8*
1.170.7;
4.7; 6.9*
1.570.5;
2.8;5.9*
5.171.1;
4.8; 14.9*
0.471.2;
10.6; 11.4*

MF-BIA

Human-IM

0.93

0.8

Leg FFM

DXA –L

MF-BIA

Human-IM

0.93

1.5

BIS-Hanai

Xitron

0.3;

3.9; 4.5

0.95

Obese

90

TBW

2

Obese

90

ECW

NaBr

BIS

Xitron

0.8;

2.6; 4.2

0.86

Obese

10

DTBW

2

H 2O

BIS-Hanai

Xitron

0.69

Obese

10

DECW

NaBr

BIS-Hanai

Xitron

2.4; 8.1;
3.4
0.7; 5.3; 3.9

Obese

55

TBW

2

MF-BIA

Xitron

0.1;

0.94

H 2O

Study type;
Limitations (L)

In obesity, most predictive
equations are unable to predict
static body composition and are
not reproducible for individuals
over time. However, a
significant or insignificant
change in R may be used to
indicate whether FFM is lost or
preserved in groups of obese
subjects
Lukaski equation provided mean
% BF values closest to reference
method in extremely obese,
weight-reduced state and for
changes over time. The %BF
limits of agreement were much
broader than with other body
composition methods, making
BIA a method more suitable for
population groups than for
individuals

B; L: small
sample size

B; L: small
sample size

4.871.2;
15.4;5.8*

DXA –L

H 2O

Comments/appreciation
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Weight
reduced

Mean
bias7SD or
95%CI
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Table 5

5.4; 5.5

0.54

2.8

Better prediction of FFM in
obese with segmental BIA (low
frequencies for the arm and
high frequencies for the leg)
BIS, with obesity specific
constants, was slightly more
accurate in obese subjects than
linear regression, but was not
sensitive enough for clinical use
BIS overestimated fluid loss
during weight loss in morbidly
obese subjects. The higher the
% BF of the weight loss, the
more BIS overestimated the loss
of TBW
MF-BIA to determine TBW
included body volume and
impedance at 2 frequencies
(1 and 100 kHz)

B

B; crossvalidation

B; longitudinal; L:
small sample size

B
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FFM, fat-free mass; TBW, total body water; BF, body fat; DXA, dual energy X-ray absortiometry; 2H2O, deuterium oxide; NaBr, sodium bromide; MF-BIA, multifrequency BIA; BIS,
bioelectrical impedance spectroscopy; DXA-L, Lunar, Lunar Radiation Corp, Madison, WI, USA; DXA-N, Norland, Norland Medical Systems, Fort Atkinson, WI, USA; SD, standard
deviation; SEE, standard error of the estimate.
Animeter, Odense, Denmark; RJL Systems, Inc, Clinton Twp, MI, USA; Human-IM Scanner, Dietosystem, Milan, Italy; Xitron Technologies, San Diego, CA, USA.
A: randomized, controlled clinical trial; B: controlled clinical trial, non-randomized; C: non-controlled prospective clinical trial; D: controlled study of case studies with weak
methodology.
*
Limits of agreement.
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requires further investigation to determine its
clinical application.
Conclusions: Based on these studies in Table 5,
we draw the following conclusions:







Initial measurement: BIA results are valid up to
34 kg/m2, but must be interpreted with caution
in subjects with BMI434 kg/m2 and requires
further validation in these subjects.
Longitudinal follow-up: Although the error in
absolute values of FFM and BF are greater at
extremes of body weight, it is possible to obtain
estimates of longitudinal changes in FFM and BF
with weight gain or loss in moderately obese
subjects, subject to limitations in BIA precision
(1.5–2.0 kg).
Segmental-BIA (trunk) and localized BIA (arm,
thigh or abdominal section) may be able to
evaluate BF in obese subjects, but further
validation is required.

Future development: Further validation of BIA,
including segmental- and localized BIA, is necessary
in obese and morbidly obese subjects.

Conditions with a potential for altered
hydration
Table 6 shows various studies81–118 in subjects with
altered hydration, which determine TBW, ECW and
BCM based on a number of body composition
models or equations,22,35,38,40,45,119–125 with comments or evaluation shown in the last two columns
of the table. These discrepancies stem not only
from the BIA method limitations but also from
limitations in reference methods (see part I).1
In a short-term within-subjects experiment,
Gudivaka et al.82 found an accuracy of 0–200 ml
and a precision of 500–800 ml with the Cole–Cole
model when the effects of other biological parameters (orthostatic changes, conductivity of body
tissue, etc.) that influence impedance independent
of volume were eliminated.
MF-BIA correlated well with changes in weight
and body fluid compartments in patients going from
overhydration to euvolemia, but did not correlate
with these changes in patients going from dehydration to euvolemia.85 This suggests that MF-BIA is
limited in its ability to quantify the magnitude of
fluid volumes over time. Confounding effects, such
as simultaneous changes in electrolyte concentration, changes in cylinder (leg) diameter and
skin temperature in addition to changes in impedance, may be in part responsible for the
inability to measure changes in hydration.79

U.G. Kyle et al.
Furthermore, it is necessary to demonstrate that
the results are not influenced by changes in specific
conductivity (muscle, blood, etc.) or orthostatic
effects.3
Differences noted between dilution (bromide,
deuterium) and BIA methods (MF-BIA and BIS) are
largely due to errors because BIA does not measure
the body compartments directly, and errors are
likely due to the inhomogeneous nature of the
various body compartments and the large variations
in cross-sectional area between, for example, thigh
versus trunk.110 BIA is limited because large
changes in the volume of the trunk may result in
relatively small changes in total body R. The errors
found limit the clinical usefulness of the MF-BIA and
BIS methods for the assessment of ECW and TBW in
individual patients. In patients with severe fluid
overload, inter-individual differences of lean tissue
hydration are probably too high to develop uniform
equations to assess ICW and BCM.32
Mean TBW was reasonably well predicted in both
controls and HIV subjects by the three model
impedance predictors (Cole–Cole model, an inductor circuit and a modified circuit model).100
However, the application of the HIV-derived predictors to the control group underestimated TBW,
whilst the predictor derived in the control group
overestimated TBW in the HIV subjects. ECW was
poorly predicted in both subject groups by any of
the predictors as indicated by poor correlations
(0.29–0.43), biases ranging from 6.1% to 21% and
wide limits of agreement. The authors100 found
that algorithms derived in one group of subjects are
not necessarily equally accurate when applied to
another group of subjects with differing characteristics. The lack of portability of empirically derived
algorithms, particularly for the estimation of ECW,
implies an inadequacy in the fundamental model
underlying estimation of body fluids by MF-BIA and
BIS.100
Although the relationship between fluid removed
during hemodialysis and BIA indices were well
correlated in individual subjects, the gradients of
the relationships varied considerably between
subjects.126 The overestimation of fluid loss may
be affected by shifts in ion concentration, variable
changes in impedance as a result of differential loss
of fluid from different body segments and postural
changes.126 Scharfetter et al.116 estimated that,
due to electrolyte changes, at the end of dialysis,
the error with respect to the volume change was
large (up to 15% for ECW and 420% for ICW). The
authors concluded that a correction of the fluid
distribution model for resistivity changes is necessary to obtain more reliable intracellular volume
data.

BIA studies evaluating TBW, ECW and ICW in subjects with altered hydration

Author

Subject
group

Martinoli et
al.81

Various

Healthy subjects
Healthy
Gudivaka et
subjects
al.82

n

BIA parameter

Reference

28

TBW

48

TBW

2

H2O-NaBr

R50, R50p, X50p, Recf, Ricf,
BIS, depending on model
used

Xitron

MF-BIA, BIS

Xitron

ECW

De Lorenzo et
al.84

Healthy
subjects

Olde Rikkert et
al.85

Elderly

Berneis and
Keller 86

Healthy
subjects

Mean
bias7SD or
95%CIa

r

SEE

2.0–2.4

0.84–0.95
0.45–0.95

1.0–1.5
1.5–3.5

0.96–0.98
0.94–0.95

2

H2O-NaBr

Hanai mixture

Xitron

73
53

TBW
ICW
ECW
ICW
DTBW DECW

TBK
H2O-NaBr

Hanai mixture
MF-BIA

Xitron
Human-IM

8

TBW, ECW

Plasma Na, K,
H2O balance

MF-BIA

Data input

14

0.96–0.97

2

0.95
0.87
0.91
0.85

1.33
1.69
0.9
2.22
TBW 11%, ECW
10–18%

Comments/appreciation

Study type;
Limitations (L)

SF-BIA and BIS significantly
overestimated TBW in healthy
individuals, whereas there was no
overestimation by MF-BIA. MF-BIA
seems to be a more accurate
method for determining the TBW
compartment for healthy and
obese adults and for persons with
chronic renal failure

Meta-analysis

Cole model is useful to assess body
fluid compartments in subjects
with altered ratio of ECW-to-ICW.
In this short-term within-subjects
paradigm, the authors found an
accuracy of 0–200 ml and a
precision of 500–800 ml when other
biological effects that influence
impedance independent of volume
were eliminated. If the goal is to
assess small changes in fluid
volume, it is necessary to
demonstrate that the results are
not influenced by changes in
specific conductivity or orthostatic
effects
Modelling impedance data has no
advantage over impedance values
measured at fixed frequencies in
healthy individual with normal
body water distribution
Results support the validity of the
Hanai theory and the conclusion
that ECW and ICW can be predicted
by this model in healthy subjects
Detection of dehydration or
overhydration based on a single
MF-BIA measurement is not
possible. MF-BIA correlated well
with changes in weight and body
fluid compartments in patients
going from overhydration to
euvolemia, but not from
dehydration to euvolemia. MF-BIA
cannot detect changes in the
distribution or movement of fluid
between ICW and ECW space
Measurement of TBW using BIA
under unknown hydration status
and unknown osmolality may not
be reliable, because BIA is
disturbed by altered plasma
sodium levels

B
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Healthy
subjects

Instrument

Meta-analysis

ECW
ICW

Deurenberg et
al.83

Method/equation
used

Bioelectrical impedance analysis

Table 6

B; R

B

B
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A; L: small
sample size;
hydration status
based on plasma
osmolality, not
TBW and ECW
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Table 6

(Continued)

Author

Pregnancy
Van Loan et
al.87

Löf and
Forsum88

Subject
group

n

BIA
parameter

Reference

Method/
equation
used

Instrument

Pregnant
women

10

TBW

2

BIS

Xitron

ECW

NaBr

TBW

2

H2O

BIS

ECW

NaBr

BIS

Pregnant
women

21

H2O

Hydra 4200

Mean
bias7SD
or 95%CI*

14 week
1.172.3
32 week
3.872.9
14 week
0.871.7
32 week
3.171.5

r

SEE

Comments/appreciation

Study type;
Limitations (L)

0.77–0.93

1.6–3.0b

B; L: small
sample size

0.41–0.74

1.2–3.4

No significant differences between
BIS and dilution estimates of TBW
and ECW. More research is needed
to determine population-specific
resistivity coefficients
BIS estimated increases in ICW
accurately, whereas increases in
ECW and TBW tended to be
underestimated. BIS may be useful
in pregnancy, but that further
research is needed

Equation developed in normal
weight subjects overestimated
TBW in underweight subjects
Ht2/R was significant correlated
with DTBW. However, precision of
prediction of TBW changes was
poor
Lymphedema was detected by MFBIA up to 10 month before the
condition could be clinically
detected

B

14 week 0.13.
32 week–0.39

14 week
32 week

0.16,
0.57

Cancer

41

TBW

2

SF-BIA

RJL

Simons et al.90

Cancer

33

DTBW

2

SF-BIA

RJL

Cornish et
al.91,92

Lymph-edema
in breast cancer

20

Baarends et
al.93

COPD

77

TBW

2

H2O

BIS

Xitron

M=0.88, F=0.85

M=2.3, F=2.9

77

ECW

NaBr

BIS

Xitron

M=0.75, F=0.73

M=1.4, F=1.2

H2O

H2O

1.6; 0.2; 3.2

0.81

Segmental MF-BIS

Chronic cardiac
failure

12

TBW

2

SF-BIA

Holtain

2.4;
8.9

Van den Ham et
al.95

Post kidney
transplant

77

TBW

2

H2O

BIS

Xitron

0.772.1 l

77

ECW

NaBr

BIS

31

TBW

2

H2O

Population-specific

ECW

NaBr

Population-specific

Buchholz et
al.96

Paraplegic
patients

H2O

1.4;

3.371.8 l

N/A

0.91

2.5

0.81

2.4

B

C: L:
parameters not
compared to
reference
method
B

B

B; L: small
sample size

B
B

B

U.G. Kyle et al.

Steele et al.94

TBW by BIS not significantly
different from actual TBW. TBW
bias and error were comparable to
SF-BIA
ECW by BIS was not significantly
different from actual ECW, but
showed large errors and low
correlation compared to studies in
healthy subjects. ECW prediction
error unable to predict fluid shifts
in individual patients
Although there was a strong
correlation between dilution
methods and SF-BIA, BIA
overestimated TBW
BIS is suitable for measurement of
TBW
BIS significantly underestimated
ECW and is not suitable for
measurement of ECW
Suggests need for populationsspecific BIA equations; equations
require further cross-validation.
MF-BIA did not improve prediction
of TBW or ECW
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Various diseases
Simons et al.89

B

20

Rutkove et al.98

Neuro-muscular
disease

45 cont,
25 pt

Scalfi et al.99

Anorexia
nervosa

19

TBW

2

Population-specific

RJL

Ward et al.100

Controls
HIV

27
33

TBW
TBW

2

H2O
H2O

Various model, see Ref.
[100] for details

SFB2

3

0.86–0.87
0.90–0.92

3.08–3.40
2.33–2.50

Ward et al.100

Controls
HIV

27
33

ECW
ECW

NaBr
NaBr

Various model, see Ref.
[100] for details

SFB2

0.76–0.79
0.54–0.55

3.00–3.05

Earthman et
al.101

HIV

21

TBW

2

HannanR200120

Xitron

0.97

1.2

0.95
0.97
0.90
0.80
0.89

1.4
1.2
2.0
1.4
1.1

0.78
0.87

1.5
1.7

0.84

1.9

0.88

1.7

TBW100
TBW50

O

Vache et al.119

Analycor3

0.7671.85
1.2171.89

RJL

TBW
TBW
TBW
ECW
ECW
ECW
ICW

H2O

H2O

NaBr

2

H2O-NaBr

HannanR500121
KotlerZ5022
BIS
HannanR5120
Kotler
TBWZ50 ICWXc5022
BIS
Hannan TBW200R ECW5R

0.571.7

120

ICW
ICW

Hannan
TBW500R ECW5R120,121
KotlerXc50 (22)

Acceptable estimation of TBW for
TBW100; less accurate and
concordant at TBW50
Phase angle reductions correlated
with disease progression and
normalization of phase angle
correlated with disease remission.
Localized BIA may play a role in the
therapeutic evaluation of
neuromuscular disease
BIA at 100 kHz can be used to
predict TBW in anorexia women at
the population level, but the
individual bias is sometimes high
A Cole model, an inductor circuit
model and a modified circuit model
predicted TBW well in both
controls and HIV subjects. Best
predictors were based on estimates
of Rtbw derived from polynomial
fits and worst predictor was Z-Cole.
Application of the HIV-derived
predictors to the control group
underestimated TBW, and
predictor from control group
overestimated TBW in the HIV
subjects
Algorithms derived in one group
are not necessarily equally
accurate when applied to another
subject group with differing
characteristics as indicated by poor
correlations (0.29–0.43), large
biases (6.1–21%) and wide limits of
agreement when algorithm is
applied to alternate subject group.
Lack of portability of empirically
derived algorithms, particularly for
ECW estimation, suggests that the
fundamental model underlying
estimation of body fluids by MF-BIA
and BIS is inadequate
TBW prediction by Kotler gave
highest correlation and lowest SEE

B

C; L:
parameters not
compared to
reference
method

B; L: small
sample size

B

ARTICLE IN PRESS

ALS
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18

Desport et al.97

B

B; L: small
sample size

Subtraction of ICW from TBW
produced best correlation and SEE
for ECW
ICW prediction for all 4 methods
evaluated was similar

1445
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Table 6
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Author

Subject
group

n

Earthman et
al.,101
prediction of
longitudinal
change in TBW,
ICW and ECW
with anabolic
steroid
treatment

HIV

21

BIA
parameter

ICW
DTBW
DTBW
DTBW
DTBW
DECW
DECW
DECW
DICW

Reference

2

H2O

NaBr

2

H2O-NaBr

42

ICW

Mean
bias7SD
or 95%CI*

Xitron

1.1

TBK

BIS
HannanR5120
Kotler
TBWZ50 ICWXc5022
BIS
Hannan
TBW200R ECW5R120
Hannan
TBW500R ECW5R120,121
KotlerXc5022
BIS

Kotler22

Data Input

Data Input
122

Paton

123

Cornish
Xitron

Xitron HIV
134

TBW

Soderberg et
al.103

Congestive
heart failure

12

DTBW

D weight

BIS

Xitron

Carlson et al.104

Laparoscopic
and open
abdominal
surgery

24

DZ

D weight

SF-BIA

EZ COMP 1500

Tatara and
Tsuzaki105

Abdominal
surgery patients

30

DECW

net fluid
balance

BIS

Xitron

H2O

22

SEE

0.81
0.82

2.1
1.5b

0.2
0.9
0.7
0.3
0.2

0.82
0.81
0.73
0.73
0.79

b

1.4
1.5b
1.7b
0.8b
0.7b

0.4
1.4

0.75
0.68

0.8b
1.5b

0.5

0.67

b

1.4

1.2
0.2

0.64
0.59

1.5b
1.6b

1.6;
4.9
1.2;
4.6
0.1;
3.7
4.0;
8.1
2.9;
7.7
1.6;
3.0

1.8;

0.73

2.2;

0.73

3.4;

0.72

0.1;

0.62

1.9;

0.58

6.2;

Study type;
Limitations (L)

D TBW by BIS and R500 was not
different from dilution-determined
TBW D. Further research is
necessary to confirm these results

B; L: small
sample size

RSME was larger than the average
dilution D in ECW. The ECW D was
too small to draw any conclusions
ICW D by BIS was not different from
dilution-determined D in ICW. ICW
D was poorly predicted by BIA at
frequencies below 200 kHz. ICW D
predicted by TBW500R ECW5R was
closer to, but statistically different
from dilution-determined ICW D.
Systematic error was 12–13% of the
average measured D in ICW
BIA is unreliable in this population
compared to better established
estimation of TBW or ECW

B

0.57

Kotler

RJL

0.92
0.11

0.0370.37

Comments/appreciation

0.89

7.80%

Disease (HIV) did not affect the
prediction of TBW
BIS corresponded well to weight
changes at the group level, but
correlations were poor in individual
patients with acute congestive
heart failure undergoing diuretic
treatment
Impedance did not correlate with
changes in net postoperative fluid
balance in laparoscopic and open
abdominal surgery
Segmental BIA124 can determine
fluid accumulation in the trunk
during surgery, and monitor
perioperative ECW redistribution

B
C; L: small
sample size;
TBW not
measured by
reference
method
C; L:
parameters not
compared to
reference
method
C; L:
parameters not
compared to
reference

U.G. Kyle et al.

HIV

3

Kotler et al.

22

r
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DICW
DICW

HIV

BIS
HannanR200120

Instrument

HannanR500121
KotlerZ5022

DICW

Schwenk et
al.102

Method/
equation
used

Cardiopulmonary
bypass

18

DR

cumulative fluid
balance

SF-BIA

RJL

0.81

2.30

18

DR

D weight

SF-BIA

RJL

0.89

2.07

MF-BIA

University
Lausanne

Bracco et al.107

Cardiac surgery

26

Perko et al.108

Cardiac surgery

16

DTotal Z
D Thoracoabdominal Z

D fluid balance

Segmental BIA

Patel et al.109

Coronary artery
bypass surgery

8

TBW

2

SF-BIA Kushner35, BIS

McCullough et
al.111

Surgical
patients

Cirrhosis with
and w/o ascites

40

RJL, Xitron

8

ECW

NaBr

SF-BIA Van Loan , BIS

RJL, Xitron

29

TBW

3

TBW

Xitron

29

ECW

NaBr

MF-BIA200 BIS
ECW MFBIA5 ECW BIS

Xitron

21

TBW

2

21

ECW

NaBr

2

Borghi et al.112

Cirrhosis w/o
ascites

34

TBW

Lehnert et al.113

Cirrhosis

21
21

ECW
TBW
ECW

Pirlich et al.114

Cirrhosis with
and w/o ascites

20

DTBW DECW

H2O-NaBr

0.94 0.90
0.86 0.86

RJL

Deurenberg et al.125,
Segal et al.45

Human-IM

2

BIS

SFB2

CI79.2%a
CI714.4%a

volume of
paracentesis

SF-BIA

Data input

TBW-1.4 kg,
paracentesis
-6.2 l

H2O

NaBr
H2O
NaBr

0.86
0.87

SF 0.873.3,
BIS 5.673.3
SF 1.772.7,
BIS
1.272.0

Kushner and Schoella35
Lukaski et al.38
Lukaski et al.38

H2O

Cardiac surgery produced a
decrease in segmental trunk
impedance, which suggests that
fluid accumulation is more
predominant in the trunk
Alteration in electric impedance
closely followed changes in fluid
balance during postoperative
period

2.6 3.3
1.94 1.90

0.86–0.90

1.8–2.5

0.79–0.85
0.89
0.73

1.6–2.1

SF-BIA was more accurate to
predict TBW and BIS to predict ECW
than BIS in critically ill patients.
However the accuracy and bias
need to be substantially improved
before these methods are useful at
the patient’s bedside
MF-BIA compares favorably to BIS.
Differences between dilution and
MF-BIA or BIS are due to errors in
the indirect BIA method, and are
due to inhomogeneous nature of
body compartments and large
variations in cross-sectional trunk,
arm and leg area. Methods are
limited because large changes in
the volume of the trunk result in
small changes in total body
resistance
Good correlation for TBW in
controls and patients without
ascites, but not in patients with
ascites. SF-BIA was unable to
determine changes of TBW and
ECW after paracentesis
MF-BIA was able to estimate TBW
and ECW, but SEE were higher in
patients than controls
Despite strong correlations in TBW
and ECW, large limits of agreement
suggest that MF-BIA technique
requires further refinement
Measured changes of TBW were low
compared with the amount of fluid
removed. No significant ECW
changes were found even in
patients who lost up to 13 l of
ascites. Whole-body BIA is unable

method
C; L: small
sample size;
parameters not
compared to
reference
method
C; L:
parameters not
compared to
reference
method
C; L: small
sample size;
parameters not
compared to
reference
method
B; small sample
size
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Hannan et al.110

H2O

0.070.1

Relative day-to-day D in whole
body resistance may be more
appropriate than calculating
absolute fluid changes over time

Bioelectrical impedance analysis

Gonzales et
al.106

B

B; small sample
size

B

B; small sample
size

C; small sample
size;
parameters not
compared to
reference
method

1447
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Table 6

(Continued)
Subject
group

n

BIA
parameter

Reference

Method/
equation
used

Instrument

Ho et al.115

Hemodialysis

16

DTBW

2

MF-BIA, BIS

Xitron

Scharfetter et
al.116

Hemodialysis

6

ECW
ICW

Ion
concentration

Hanai mixture

Xitron

Zhu et al.117

Hemodialysis

10

ECW

Ultrafiltration

Segmental BIS

Xitron

Jaeger and
Ravindra118

Hemodialysis

H2O

Mean
bias7SD
or 95%CI*

na;
na;

r

1.0%; 1.9%
1.2%; 2.1%

SEE

Comments/appreciation

to detect changes in peritoneum
SF and BIS correlated well with
TBW by 2H2O. BIS was slightly more
precise than linear equation (6.2%
versus 6.7%, resp)
At the end of dialysis, the error
percentage with respect to the
volume change was up to 15% for
the ECW and420% for ICW. The
authors concluded that a
correction of the fluid distribution
model for resistivity changes is
necessary to obtain more reliable
intracellular volume data
Segmental BIA detected 100% and
101% of changes in ECW in sitting
and supine position, compared to
80% and 65% with whole body BIA.
Results required changes in
electrode placement, estimation
of trunk extra-cellular volume
using a new algorithm and
consideration of changes in
dialysate conductivity
Because the extrapolation of Recw
and Ricw, determined by BIS, into
volumetric terms is based on
resistivity constants derived
regression against NaBr or 2H2O
from nonuremic subjects, the
hydric volumes estimated for
dialysis patients from these
equations must be interpreted with
caution until more data is available

Study type;
Limitations (L)

B; small sample
size

C; small sample
size;
parameters not
compared to
reference
method

C; small sample
size;
parameters not
compared to
reference
method
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Author

R

U.G. Kyle et al.

TBW, total body water; ECW, extracellular water; ICW, intracellular water; TBK, total body potassium; 2H2O, deuterium oxide; NaBr, sodium bromide; R, resistance; Z, impedance;
Xc, Reactance; SF-BIA, single frequency BIA; MF-BIA, multifrequency BIA; BIS, bioelectrical impedance spectroscopy.
BIA-2000-M, Data Input, Hofheim, Germany; RJL Systems, Inc, Clinton Twp, MI, USA; Xitron Technologies, San Diego, CA, USA; Human-IM Scanner, Dietosystem, Milan, Italy; Hydra4200,Xitron, Technologies, San Diego, CA, USA; Analycor3, Spengler, France; Valhalla Scientific, San Diego, CA, USA; Holtain, Holtain Ltd, Crymych, UK; SFB2, SEAC, Brisbane, Australia;
EZ COMP 1500, Cranleigh, Birmingham, UK.
A: randomized, controlled clinical trial; B: controlled clinical trial, non-randomized; C: non-controlled prospective clinical trial; D: controlled study of case studies with weak
methodology; R: review article.
a
95% confidence interval.
b
RSME=root square mean error, na=not available.
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The BIVA showed that all liver cirrhosis patients
with clinically detectable edema fell outside the
50% tolerance ellipse for the healthy population
and the progressively greater abnormalities were
proportional to the stage of liver failure and the
degree of fluid imbalance.68 Thus BIVA is capable of
detecting fluid imbalances, but cannot quantify the
fluid volume.
Segmental MF-BIA was significantly more sensitive than circumference measurements both in
early diagnosis of lymphedema and in monitoring
changes in upper limb following surgery for breast
cancer.91,92 Edema was detected by MF-BIA up to 10
month before the condition could be clinically
detected.
Conclusions: Based on these studies in Table 6,
we draw the following conclusions:












Visible edema: Hand-to-foot BIA is not valid. BIS
and segmental-BIA require further validation.
Significantly altered hydration states (e.g. large
volume IVs, diuretic therapy, edema, ascites,
kidney, liver and cardiac disease, status post
major surgery, intensive care, pregnancy): Interindividual differences of lean tissue hydration
are probably too high to develop uniform
equations to assess body composition, and thus
the application of standard SF-BIA is not appropriate to assess ICW or ECW.
Dialysis (hemo- and peritoneal) and liver diseases
with ascites: Currently, BIA and BIS do not appear
to be sufficiently accurate to determine dialysis
volume and intraperitoneal fluid changes.
MF-BIA and BIS may be useful for non-invasive
monitoring of metabolic changes in subjects with
altered hydration state. However, further validation of MF-BIA and BIS is necessary for clinical
application of these methods in abnormal hydration states. The potential of MF-BIA and BIS can
only be exhausted if the data are interpreted
with adequate algorithm that include reliable
data fitting and a valid fluid distribution model
which considers tissue inhomogeneities. A valid
model must guarantee that extracellular volume
changes do not corrupt the intracellular volume
and vice versa.
Segmental BIA may prove to be best in determining abnormal hydration in trunk; however, this
method has not yet been sufficiently standardized to be used as a bedside technique.
BIVA method is able to detect altered tissue
electric property in ill subjects and this may be
more predictive of prognosis than weight loss.

Future development: Further validations of
MF-BIA, segmental-BIA and BIS against dilution
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methods (bromide, deuterium) is necessary to
determine their usefulness in under- or overhydration, as well as in abnormal fluid distribution, such
as in case of pregnancy, diurectic therapy, edema,
ascites, kidney, liver and cardiac disease, status
post major surgery, intensive care or dialysis.

Conclusion
BIA is non-invasive, relatively inexpensive, does not
expose to ionizing radiation, has very limited
between observer variations and can be performed
in almost any subject because it is portable. BIA
works well in healthy subjects and chronic diseases
with a validated BIA equation that is appropriate
with regard to age, sex and race. However, clinical
use of BIA in subjects at extremes of BMI ranges and
in subjects with abnormal hydration cannot be
recommended for routine assessment of patients
until further validation has proven for BIA algorithm
to be accurate in such conditions. MF- and
segmental-BIA may have advantages over SF-BIA
in these conditions, but further validation is
necessary. Longitudinal follow-up is possible in
subjects with BMI between 16 and 34 kg/m2 without
abnormal hydration, but must be interpreted with
caution. Further validation of BIA is necessary to
understand the mechanisms for the changes in
acute illness, fat/lean mass ratios, extreme
heights, and body shape abnormalities.
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B, Elia M. Phase angle from bioelectrical impedance
analysis remains an independent predictive marker in
HIV-infected patients in the era of highly active antiretroviral treatment. Am J Clin Nutr 2000;72:496–501.
56. Maggiore Q, Nigrelli S, Ciccarelli C, Grimaldi C, Rossi GA,
Michelassi C. Nutritional and prognostic correlates of
bioimpedance indexes in hemodialysis patients. Kidney
Int 1996;50:2103–8.
57. Fein PA, Gundumalla G, Jorden A, Matza B, Chattopadhyay
J, Avram MM. Usefulness of bioelectrical impedance
analysis in monitoring nutrition status and survival of
peritoneal dialysis patients. Adv Perit Dial 2002;18:195–9.

1451
58. Bellizzi V, Terracciano V, Gaudiano G, Cianciaruso B, De
Nicola L, Di Iorio B. Early changes of body composition
detected by bioelectrical impedance analysis can predict
survival in CRF. J Am Soc Nephrol 1998;9:140A (Abstract).
59. Selberg O, Selberg D. Norms and correlates of bioimpedance phase angle in healthy human subjects, hospitalized
patients, and patients with liver cirrhosis. Eur J Appl
Physiol 2002;86:509–16.
60. Piccoli A, Brunani A, Savia G, et al. Discriminating between
body fat and fluid changes in the obese adult using
bioimpedance vector analysis. Int J Obesity 1998;22:
97–104.
61. Guida B, Trio R, Pecoraro P, et al. Impedance vector
distribution by body mass index and conventional bioelectrical impedance analysis in obese women. Nutr Metab
Cardiovasc Dis 2003;13:72–9.
62. Buffa R, Floris G, Marini E. Migration of the bioelectrical
impedance vector in healthy elderly subjects. Nutrition
2003;19:917–21.
63. Cox-Reijven PL, van Kreel B, Soeters PB. Bioelectrical
impedance measurements in patients with gastrointestinal
disease: validation of the spectrum approach and a
comparison of different methods for screening for nutritional depletion. Am J Clin Nutr 2003;78:1111–9.
64. Toso S, Piccoli A, Gusella M, et al. Altered tissue electric
properties in lung cancer patients as detected by bioelectric impedance vector analysis. Nutrition 2000;16:
120–4.
65. Toso S, Piccoli A, Gusella M, et al. Bioimpedance vector
pattern in cancer patients without disease versus locally
advanced or disseminated disease. Nutrition 2003;19:
510–4.
66. Piccoli A, Rossi B, Pillon L, Bucciante G. Body fluid overload
and bioelectrical impedance analysis in renal patients. Min
Electrolyte Metab 1996;22:76–8.
67. Piccoli A. Italian CAPD-BIA Study Group. Bioelectric
impedance vector distribution in peritoneal dialysis patients with different hydration status. Kidney Int
2004;65:1050–63.
68. Guglielmi FW, Mastronuzzi T, Pietrini L, Panarese A, Panella
C, Francavilla A. The RXc graph in evaluating and
monitoring fluid balance in patients with liver cirrhosis.
An NY Acad Sci 1999;873:105–11.
69. Hendel HW, Gotfredsen A, Hojgaard L, Andersen T, Hilsted
J. Change in fat-free mass assessed by bioelectrical
impedance, total body potassium and dual energy X-ray
absorptiometry during prolonged weight loss. Scand J Clin
Lab Invest 1996;56:671–9.
70. Das SK, Roberts SB, Kehayias JJ, et al. Body composition
assessment in extreme obesity and after massive weight
loss induced by gastric bypass surgery. Am J Physiol
Endocrinol Metab 2003;284:E1080–8.
71. Tagliabue A, Andreoli A, Comelli M, et al. Prediction of lean
body mass from multifrequency segmental impedance:
influence of adiposity. Acta Diabetol 2001;38:93–7.
72. Cox-Reijven PL, Soeters PB. Validation of bio-impedance
spectroscopy: effects of degree of obesity and ways of
calculating volumes from measured resistance values. Int J
Obesity Rel Metab Disord 2000;24:271–80.
73. Cox-Reijven PL, van Kreel B, Soeters PB. Accuracy of
bioelectrical impedance spectroscopy in measuring
changes in body composition during severe weight loss.
J Parent Enteral Nutr 2002;26:120–7.
74. De Lorenzo A, Sorge RP, Candeloro C, Di Campli C, Sesti G,
Lauro R. New insights into body composition assessment in
obese women. Can J Physiol Pharmacol 1999;77:17–21.

ARTICLE IN PRESS
1452
75. Van Loan MD, Mayclin PL. Use of multi-frequency bioelectrical impedance analysis for the estimation of extracellular fluid. Eur J Clin Nutr 1992;46:117–24.
76. Bracco D, Thiebaud D, Chiolero R, Landry M, Burckhardt P,
Schutz Y. Segmental body composition assessed by bioelectrical impedance analysis and DEXA in humans. J Appl
Physiol 1996;81:2580–7.
77. Fuller NJ, Elia M. Potential use of bioelectrical impedance
of the ‘‘whole body’’ and of body segments for the
assessment of body composition: comparison with densitometry and anthropometry. Eur J Clin Nutr 1989;43:
779–91.
78. Chertow GM. With bioimpedance spectroscopy, the errors
get fat when the patients get slim. J Parent Enteral Nutr
2002;26:128–9.
79. O’Brien C, Young AJ, Sawka MN. Bioelectrical impedance to
estimate changes in hydration status. Int J Sports Med
2002;23:361–6.
80. Scharfetter H, Schlager T, Stollberger R, Felsberger R,
Hutten H, Hinghofer-Szalkay H. Assessing abdominal
fatness with local bioimpedance analysis: basics and
experimental findings. Int J Obesity Rel Metab Disord
2001;25:502–11.
81. Martinoli R, Mohamed EI, Maiolo C, et al. Total body water
estimation using bioelectrical impedance: a meta-analysis
of the data available in the literature. Acta Diabetol
2003;40(Suppl. 1):S203–6.
82. Gudivaka R, Schoeller DA, Kushner RF, Bolt MJ. Single- and
multifrequency models for bioelectrical impedance analysis of body water compartments. J Appl Physiol
1999;87:1087–96.
83. Deurenberg P, Andreoli A, de Lorenzo A. Multi-frequency
bioelectrical impedance: a comparison between the
Cole–Cole modelling and Hanai equations with the classical
impedance index approach. Ann Hum Biol 1996;23:
31–40.
84. De Lorenzo A, Andreoli A, Matthie J, Withers P. Predicting
body cell mass with biompedance by using theorectical
methods: a technological review. J Appl Physiol 1997;85:
1542–58.
85. Olde Rikkert MGM, Deurenberg P, Jansen RWMM, van’t Hof
MA, Hoefnagels WHL. Validation of multifrequency bioelectrical impedance analysis in detecting changes in geriatric
patients. J Am Geriatr Soc 1997;45:1345–51.
86. Berneis K, Keller U. Bioelectrical impedance analysis during
acute changes of extracelular osmolality in man. Clin Nutr
2000;19:361–6.
87. Van Loan MD, Kopp LE, King JC, Wong WW, Mayclin PL. Fluid
changes during pregnancy: use of bioimpedance spectroscopy. J Appl Physiol 1995;78:1037–42.
88. Lof M, Forsum E. Evaluation of bioimpedance spectroscopy
for measurements of body water distribution in healthy
women before, during and after pregnancy. J Appl Physiol
2004;96:967–73.
89. Simons JPFHA, Schols AMWJ, Westerterp KR, ten Velde
GPM, Wouters EFM. The use of bioelectrical impedance
analysis to predict total body water in patients with cancer
cachexia. Am J Clin Nutr 1995;61:741–5.
90. Simons JPFHA, Schols AMWJ, Westerterp KR, Ten Velde
GPM, Wouters EFM. Bioelectrical impedance analysis to
assess changes in total body water in patients with cancer.
Clin Nutr 1999;18:35–9.
91. Cornish BH, Bunce IH, Ward LC, Jones LC, Thomas BJ.
Bioelectrical impedance for monitoring the efficacy of
lymphoedema treatment programmes. Breast Cancer Res
Treat 1996;38:169–76.

U.G. Kyle et al.
92. Cornish BH, Chapman M, Hirst C, et al. Early diagnosis of
lymphedema using multiple frequency bioimpedance.
Lymphology 2001;34:2–11.
93. Baarends EM, Van Marken Lichtenbelt WD, Wouters EFM,
Schols AMWJ. Body-water compartments measured by bioelectrical impedance spectroscopy in patients with chronic
obstructive pulmonary disease. Clin Nutr 1998;17:
15–22.
94. Steele IC, Young IS, Stevenson HP, et al. Body composition
and energy expenditure of patients with chronic cardiac
failure. Eur J Clin Invest 1998;28:33–40.
95. van den Ham E, Kooman J, Christiaans M, et al. Body
composition in renal transplant patients: bioimpedance
analysis compared to isotope dilution, dual energy X-ray
absorptiometry, and anthropometry. J Am Soc Nephrol
1999;10:1067–79.
96. Buchholz AC, McGillivray CF, Pencharz PB. The use of
bioelectric impedance analysis to measure fluid compartments in subjects with chronic paraplegia. Arch Phys Med
Rehabil 2003;84:854–61.
97. Desport JC, Preux PM, Guinvarc’h S, et al. Total body water
and percentage fat mass measurements using bioelectrical
impedance analysis and anthropometry in spinal cordinjured patients. Clin Nutr 2000;19:185–90.
98. Rutkove SB, Aaron R, Shiffman CA. Localized bioimpedance
analysis in the evaluation of neuromuscular disease. Muscle
Nerve 2002;25:390–7.
99. Scalfi L, Bedogni G, Marra M, et al. The prediction of total
body water from bioelectrical impedance in patients with
anorexia nervosa. Br J Nutr 1997;78:357–65.
100. Ward L, Cornish BH, Paton NI, Thomas BJ. Multiple
frequency bioelectrical impedance analysis: a cross-validation study of the inductor circuit and Cole models. Physiol
Meas 1999;20:333–47.
101. Earthman CP, Matthie JR, Reid PM, Harper IT, Ravussin E,
Howell WH. A comparison of bioimpedance methods for
detection of body cell mass change in HIV infection. J Appl
Physiol 2000;88:944–56.
102. Schwenk A, Eschner W, Kremer G, Ward LC. Assessment of
intracellular water by whole body bioelectrical impedance
and total body potassium in HIV-positive patients. Clin Nutr
2000;19:109–13.
103. Soderberg M, Hahn RG, Cederholm T. Bioelectric
impedance analysis of acute body water changes in
congestive heart failure. Scand J Clin Lab Invest
2001;61:89–94.
104. Carlson GL, Visvanathan R, Pannarale OC, Little RA, Irving
MH. Change in bioelectrical impedance following laparoscopic and open abdominal surgery. Clin Nutr
1994;13:171–6.
105. Tatara T, Tsuzaki K. Segmental bioelectrical impedance
analysis improves the prediction for extracellular water
volume changes during abdominal surgery. Crit Care Med
1998;26:470–6.
106. Gonzales J, Morrissey T, Byrne T, Rizzo R, Wilmore D.
Bioelectric impedance detects fluid retention in patients
undergoing cardiopulmonary bypass. J Thoracic Cardiovasc
Surg 1995;110:111–8.
107. Bracco D, Revelly JP, Berger MM, Chioléro RL. Bedside
determination of fluid accumulation after cardiac surgery
using segmental bioelectrical impedance. Crit Care Med
1998;26:1065–70.
108. Perko MJ, Jarnvig IL, Hojgaard-Rasmussen N, Eliasen K,
Arendrup H. Electric impedance for evaluation of body fluid
balance in cardiac surgical patients. J Cardiothorac Vasc
Anesth 2001;15:44–8.

ARTICLE IN PRESS
Bioelectrical impedance analysis
109. Patel RV, Peterson EL, Silverman N, Zarowitz BJ. Estimation
of total body and extracellular water in post-coronary
artery bypass surgical patients using single and multiple
frequency bioimpedance. Crit Care Med 1996;24:
1824–8.
110. Hannan WJ, Cowen SJ, Plester CE, Fearon KCH, de Beau A.
Comparison of bio-impedance spectroscopy and multifrequency bio-impedance analysis for the assessment of
extracellular and total body water in surgical patients. Clin
Sci 1995;89:651–8.
111. McCullough AJ, Mullen KD, Kalhan SC. Measurements of
total body and extracellular water in cirrhotic patients
with and without ascites. Hepatology 1991;14:
1102–11.
112. Borghi A, Bedogni G, Rocchi E, Severi S, Farina F, Battistini
N. Multi-frequency bioelectrical impedance measurements
for predicting body water compartments in patients with
non-ascitic liver cirrhosis. Br J Nutr 1996;76:325–32.
113. Lehnert ME, Clarke DD, Gibbons JG, et al. Estimation of
body water compartments in cirrhosis by multiple-frequency bioelectrical–impedance analysis. Nutrition
2001;17:31–4.
114. Pirlich M, Schutz T, Spachos T, et al. Bioelectrical
impedance analysis is a useful bedside technique to assess
malnutrition in cirrhotic patients with and without ascites.
Hepatology 2000;32:1208–15.
115. Ho LT, Kushner RF, Schoeller DA, Gudivaka R, Spiegel DM.
Bioimpedance analysis of total body water in hemodialysis
patients. Kidney Int 1994;46:1438–42.
116. Scharfetter H, Wirnsberger GH, Holzer H, Hutten H.
Influence of ionic shifts during dialysis on volume estimations with multifrequency impedance analysis. Med Biol
Eng Comput 1997;35:96–102.
117. Zhu F, Schneditz D, Levin NW. Sum of segmental bioimpedance analysis during ultrafiltration and hemodialysis
reduces sensitivity to changes in body position. Kidney Int
1999;56:692–9.

1453
118. Jaeger JQ, Ravindra LM. Assessment of dry weight in
hemodilayis: an overview. J Am Soc Nephrol 1999;10:
392–403.
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