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Inter-Instrument Comparison of Bioimpedance Spectroscopic Analysers

L.C. Ward*

The University of Queensland, School of Chemistry and Molecular Biosciences, St. Lucia, Brisbane, Australia

Abstract: Three commercially available bioimpedance spectroscopy analysers were compared for technical performance
and for their design purpose of prediction of body composition. All three analysers were electronically stable, remaining
in calibration over a year, and provided highly reproducible (coefficients of variation < 0.5%) and accurate (within 0.5%
of component values) measurements of impedances of a test circuit. Whole body impedances in humans were highly cor-
related between all three instruments although significant biases between instruments were observed, particularly for the
measurement of intracellular resistance. However, when the measured impedances, and using instrument-specific resist-
ivity coefficients, were used to predict fat-free mass of the subjects, the difference between instruments was approxi-
mately 1.7 kg fat-free mass, a value comparable with that observed for the error associated with reference methods such as
multi-compartment models of body composition. It is concluded that, with appropriate regard to standardisation of meas-
urement protocol, all three analysers are suitable for their design purpose of estimating body composition in humans.

INTRODUCTION

Bioelectrical impedance analysis (BIA) is a popular tech-
nique for the assessment of body composition. In BIA, an
imperceptible low voltage, low AC electrical current is ap-
plied to the body and the opposition to the flow of this elec-
trical current, the impedance (Z), is measured. The measured
impedance is related to the total body water volume (TBW)
according to the following relationship:

L2
V=p—"
pZ

where V is the volume (ml); L is the inter-electrode distance
(cm), Z is the impedance (ohm) and p is the resistivity co-
efficient (ohm.cm) of tissue fluid (for more detailed explan-
ation the reader is referred to Cornish et al. [1], Thomas et
al. [2] and Matthie [3]. In early BIA instruments, the drive
current was fixed at a frequency of 50 kHz. This frequency
approximates the characteristic frequency of lean tissue of
the body where the majority of body water resides. Hence,
when Z is measured at this frequency, it is a measure of total
body water according to equation 1. In order to use this rela-
tionship to predict TBW from measurements of whole body
impedance, the value of the resistivity coefficient needs to be
known. In practice, instead of using values for p directly, the
relationship between the impedance quotient (L*/Z) and vol-
ume is determined empirically by regression of the imped-
ance quotient against TBW volume measured by an inde-
pendent method. This relationship is then used as the predic-
tion equation for TBW in all future studies. It should be re-
cognised that impedance, Z, is a vector quantity comprising
the inherent resistance of tissue fluids (R) and the opposition
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to current flow due to cell membranes, the reactance (Xc).
Frequently, R is what is actually measured and substituted
for Z in equation 1.

Bioimpedance spectroscopy (BIS) is a variation on BIA
in which current is applied over a range of frequencies, typi-
cally in a range of about 5 to 1000 kHz [1-7]. BIS devices
are phase—sensitive instruments, i.e., the phase shift that oc-
curs as current flows through the body is measured as well as
the impedance. Thus for each frequency of measurement, Z,
R and Xc may be determined. Data are analysed according to
the Cole model [8] which assumes that the body can be
modelled electrically as a resistor (R.) in parallel with a re-
sistor (R;) and a capacitor (Cm) representing the resistance of
the extra-, intracellular resistances and membrane capaci-
tance respectively. From the fit of the measured data to the
model, typically achieved graphically [1, 7], the resistances
at zero (Ry) and infinite (R.,) frequencies can be estimated.
Theoretically, at zero frequency, current cannot penetrate
cell membranes and thus, R is the resistance solely of extra-
cellular water (ECW), i.e.,, R, [1]. Conversely, at infinite
frequency, current readily passes across the cell membrane
and, hence, R, is the resistance of TBW. R;, the resistance of
intracellular water (ICW), can be calculated from the meas-
ured Ry and R,, by:

R=BexR) @)
(R,-R.)

Hence, ECW, ICW and TBW water volumes can then be
predicted from Ry, R; and R, respectively by equation 1,
where the impedance quotient becomes L*/R,, L*R; and
L*/R., respectively.

Typically, however, in BIS, rather than using such em-
pirically-based prediction equations, body water volumes are
predicted, using mixture theory [5, 9, 10] from R, and R;.
Mixture theory is based upon a model that describes the con-
ductive properties of the body as a conductive medium (i.e.,
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ECW) containing a volume of non-conductive material (i.e.,
membrane-bound cells) in suspension [9]. As with empirical
equations, required input data are Ry, R;, height (as a surro-
gate for the inter-electrode distance, L) and resistivity co-
efficients for ECW and ICW for each sex. In addition,
weight is required and values for body density (Db) and a
factor (kb) to account for body proportions when using a
wrist-ankle measurement geometry are incorporated.

Both BIA and BIS instruments are commercially avail-
able. Unfortunately, it has been observed that instruments
from different manufacturers do not always provide identical
results, particularly when used to measure the impedance of
the human body, their intended purpose, compared to meas-
urement of electrical circuit components [1, 11-15].

A recent study [16], designed to derive values for resist-
ivity coefficients (p) for control subjects, provided the op-
portunity to compare the three commercially available BIS
instruments: the BIS 4200 Hydra (Xitron Technologies, San
Diego, USA); the BIS SFB7 (ImpediMed Ltd., Brisbane,
Australia) and the older model BIS SFB3 (UniQuest-SEAC,
Brisbane, Australia). Many independent studies of body
composition using all three analysers have been published
[17, 18] but few inter-instrument comparisons have been
performed and have been largely limited to electrical testing
using simulation circuits [12, 14, 15]. This report presents
the results of an inter-machine comparison using both meas-
urements of a component circuit artefact and measurements
in humans.

MATERIALS AND METHODS
Subjects

The study was an analysis of data drawn from a database
of impedance data collected from control subjects, generally
recruited from staff and students of the University of
Queensland, as part of an ongoing study designed to deter-
mine resistivity coefficients in healthy normal subjects. The
study received ethical approval from the University of
Queensland Medical Research Ethics Committee and written
informed consent was obtained from all subjects. Subjects
were a sub-group of participants in this study in which im-
pedance data was available for each of the impedance in-
struments and comprised 25 males and 25 females. The
characteristics of the subjects are presented in Table 1.

Impedance Measurements
Instruments and Calibration

Impedance measurements were performed using a Hydra
4200, SFB3 and SFB7 impedance analysers. All instruments
were used according to the respective manufacturers’ in-
structions. The Hydra 4200 and SFB7 are calibrated by the
manufacturer and there is no facility for user calibration. The
SFB3 is provided with a series of calibration resistors and a
resistor-resistor plus capacitor (RRC) circuit for calibration
and the instrument was calibrated in accordance with the
manufacturer’s instructions as described elsewhere [5].

Circuit Measurements

An RRC circuit (604 ohm - 402 ohm - 1 nF) was used to
check instrument calibration for quality control purposes
prior to each measurement session. These occurred on 10
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separate occasions on over a 13-month period, Measure-
ments were made in triplicate on each occasion.

Human Measurements

Whole body, wrist to ankle, impedance was determined
on the right side of the body according to procedures de-
scribed previously [19, 20] and commonly adopted for im-
pedance measurements in humans [17, 18]. Briefly, subjects
were asked to lie supine on a non-conductive examination
couch arms at their sides and legs slightly straight and
slightly abducted. Subjects were dressed in light indoor
clothing without shoes and socks and with jewellery re-
moved. Sites of attachment of EKG-style gel electrodes (Im-
pediMed, Brisbane, Australia) were cleaned with alcohol
wipes prior to electrode attachment. Electrode sites were:
current drive electrodes at the base of the toes and fingers
and voltage sense electrodes on the dorsal surface of the
wrist and ankle between centrally between the malleoli.

The order in which instruments were used was random.
Measurement time varied between approximately 1 s for the
SFB7 and 10 s for the SFB3 and Hydra. Consecutive tripli-
cate measurements were obtained with the Hydra and SFB7
instruments and single measurements only with the SFB3,
necessitated by the limited memory capacity of this instru-
ment. Immediately following measurement with an instru-
ment, its leads were unclipped from the electrodes and the
leads of the next instrument attached. This procedure was
then repeated with the third instrument and all measurements
were concluded within a 10-min period.

Reproducibility of measurement was assessed in a sub-
group of ten subjects, each measured three times in a single
measurement session with both the SFB7 and Hydra instru-
ments.

Data Analysis

Data from each instrument were uploaded to a PC for an-
alysis. The SFB3 provides an ASCII text file listing of im-
pedance and phase angle, from which R and Xc were calcu-
lated, at each frequency of measurement, using the relation-
ship Z> = R* + Xc”. Both the SFB7 and Hydra 4200 provide,
again as ASCII files, listings of R and Xc at each frequency
of measurement. These frequency-resistance-reactance files
for each instrument provided a common data input format
for further analysis, Conventionally such data are fitted to
the Cole model by regression of Xc versus R, depicted
graphically as a semi-circular plot [1, 6, 7, 13, 20], with R,
and R, determined by extrapolation.

The fat-free masses (FFM) of the human subjects was
predicted from the SFB7 and Hydra data using mixture
theory as described above. Resistivity coefficients for ECW
and ICW have been derived using both the SFB7 [16] and
Hydra 4200 instruments [5] but not, to the author’s know-
ledge, for the SFB3. FFM was predicted from the SFB7 and
Hydra 4200 impedance data using all combinations of data
and resistivity coefficients. All other required data were
maintained constant, viz, Db = 1.05 g/ml, kb = 4.3 and a hy-
dration factor (TBW:FFM) of 0.732 ml/g.

All analyses were performed using Bioimp software (ver-
sion 4.5.0 2005, ImpediMed Ltd., Brisbane, Australia). In
order to provide a consistent data analysis procedure for each
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Table 1. Characteristics of Subjects Used for the Assessment of Body Composition by Bioimpedance Spectroscopy. Data Presented as

mean = SD (Range)

Parameter Sex
Male Female
Number 25 25
Age (¥) 36.3+14.5 292+7.1
B (18.7-63.2) (21.0 - 52.5)
. 78.7+£9.8 60.0 £8.1
Body weight (kg) (61.5-101.6) (44,1 - 75.0)
. 178.5+5,5 166.1 £7.1
Height (cm) (168.5 - 190.1) (154.1-183.5)
. 2 24.7+3.0 21.6+£1.9
Body mass index (kg/m®) (20.0 - 32.5) (17.8-25.2)

Table 2. Precision and Accuracy of Measurement of Impedance of a Test Resistor-Resistor + Capacitor (RRC) circuit simulating a

Cole Model
R, R. Ri
Cv CvV CV
SEE of
data fit
to Cole Value Intra- Inter- Value Intra- Inter- Value Intra- Inter-
model (ohm) session session (ohm) session session (ohm) session session
(%)
Theoretical 604 401.8 1200
SFB3 1.17 600.8 0.085 0.261 398.8 0.088 0.173 1186.1 0.248 0.298
SFB7 0.21 604.4 0.010 0.014 404.4 0.013 0.101 1218.1 0.059 0.330
Hydra 4200 0.17 601.4 0.071 0.197 402.7 0.079 0.190 1218.8 0.185 0.252

data set for each instrument, the software default settings
(frequency range 10 to 500 kHz, no noise rejection, Td cor-
rection applied) were used for all analyses.

Statistical Analysis

Data are presented, where appropriate, as means + stan-
dard deviation (SD). Comparison of group data, where ap-
propriate, was performed by paired #-test [21]. Agreement
between the methods, for the measurement of fat-free and fat
mass, was performed by concordance correlation analysis
[21, 22] and the limits of agreement procedure [23]. Statisti-
cal significance was set at P < 0.05. Statistical analysis was
performed was performed using MedCalc (version 9.6.4.0,
Gent, Belgium).

RESULTS

Anthropometric characteristics of the subjects are pre-
sented in Table 1. The subjects were a random cross-section

of the population and although no attempt was made to
match the genders for characteristics, they were generally
similar. As expected, the males were taller and heavier and
slightly older. The mean body mass index of each group was
within the normal weight range (20 — 24.9 kg/mz) although
the males included some subjects in the obese range (> 30
kg/m?).

All three instruments provided impedance data for the
test circuit that were well fitted to the Cole model (Table 2).
The Bioimp software provides an estimate of the goodness
of fit (% standard error of the estimate) and this was < 0.3%
for the SFB7 and Hydra 4200 instruments and slightly over
1% (1.17%) for the older model SFB3. The coefficients of
variation for replicate measurements were excellent (< 0.5%)
for all instruments. CVs were generally smaller for replicate
measurements within a single measurement session than
between measurement sessions but all instruments remained
within calibration over the 13-month test period. Reproduci-
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Table 3. Reproducibility of Measurement of Impedance for 10 Subjects
'cv
SEE of data fit to Cole
model R, R. R;
(% + SD)
SFB7 0.661 £0.051 0.152 0.321 0.877
Hydra 4200 0.256 +£0.028 0.117 0.123 0.442

) . . .
Mean coefficient of variation for three measurements per subject.

bility was slightly worse for R; than for Ry and R,,, as ob-
served previously [6] reflecting propagation of error as this
value is calculated from the estimated R, and R,, values. Ac-
curacy of determination of Ry and R., was very good, all in-
struments being within 0.5% of the component value (0.1%
precision components were used). Accuracy of measurement
of R; was less good but was still within 1.6% of the theoreti-
cal value, again reflecting propagation of error in the deter-
mination of this value.

Reproducibility of measurement for human subjects was
generally poorer than that observed for test circuits. Data
exhibited a greater degree of noise such that the standard
error of the fit of the data to the Cole model was approxi-

mately 2-fold greater than that for the test circuit but was,
nevertheless, was less than 1% for both the SFB7 and Hydra
instruments (Table 3). Correspondingly, the coefficients of
variation for determination of Ry, R, and R; were greater
than observed for the test circuit but again were all less than
1% (Table 3).

Comparisons between the three analysers for the meas-
urement of impedance parameters in the human subjects are
presented in Table 4. All three analysers provided data that
were highly and significantly correlated (7. = 0.839 to 0.997,
P < 0.0001) for Ry and R.,, Table 1 and Fig. 1). Correlations
between the SFB7 and SFB3 instruments when measuring R;
were also good (7. = 0.894 to 0.990) but were poor between

Table 4. Correlation and Limits of Agreement between BIS instruments for Measurement of Whole Body Ry, R, and R; in Humans

Comparison Male Female
2
EE EE
Iy, S Bias (Q) Limits () re S Bias (Q) Limits () P<
(Q) (Q)
Ro
1.9 -6.1t0 10.0 07 9310107
SFBT v 0.997 4.1 © 0.023 0.997 52 © 0.0521
SFB3 (0.3%) (-1.0to 1.7%) (0.1%) (-1.3 t0 1.5%)
SFB3 v -14.3 3381052 165 280 t0-4.9
0.962 96 0.0001 0971 6.0 0.0001
Hydra (-2.4%) (-5.7t0 0.9%) (-2.4%) (-4.1 t0 0.7%)
. 123 32.0t073 -15.8 25510 -6.1
SFBT v Hy 0.968 10.0 0.0001 0.974 50 0.0001
dra (-2.1%) (-5.4t0 1.2%) (-2.3%) (-3.7 t0 -0.9%)
R,
10.8 -1.9t023.6 23 5.0t09.7
SFBT v 0971 6.6 © 0.0001 0.997 32 © 0.005
SFB3 (2.7%) (-0.5 to 5.8%) (0.5%) (-1.0 to 1.9%)
13.4 -0.81t027.5 31.1 11.5 t0 50.7
SFB3 v 0.955 59 0.0001 0.857 59 0.0001
Hydra (3.4%) (-0.2 to 7.0%) (6.3%) 2310103
. 242 11.0t037.4 335 17.3 10 49.6
SFBT v Hy 0.886 55 0.0001 0.839 57 0.0001
dra (6.0) (2.7 0 9.2%) (6.8%) (3.5 to 10.0%)
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Table 4. Contd...

Comparison Male Female
2,
EE EE
', S Bias (22) Limits (2) ‘P< re S Bias (22) Limits (€2) P<
Q) Q)
Ri
-26.3 to -67.7 to
94.6 215.4 22.1 111.9
SEB7 v 0.894 61.27 0.002 0.990 42.0 0.022
SFB3 (7.3%) (-2.0to (1.3%) (-3.8t0
16.7%) 6.3%)
-5. . 52.0to 801.6
SFB3 v 1672 5.0 t0 339.5 4269 0
Hvdra 0.682 56.9 14.0% (-0.4 to 0.0001 0.390 87.0 24 5% (3.0 to 0.0001
Y (14.0%) 28.3%) (24.5%) 46.0%)
101.7 to
SFB7 v Hy- 256.4 411.1 426.7 130.5 to 723
0.540 49.6 0.0001 0.404 61.2 0.0001
dra (19.8%) (79 to (24.2%) (7.4 t0 4.9%)
31.8%)

'Concordance correlation; *standard error of the estimate of regression; ’statistical significance of paired comparison.
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Fig. (1). Plot of agreement between three different impedance analysers for the measurement of Ry, R,, and R;.
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either of these two instruments and the Hydra 4200 (r. =
0.390 to 0.682). Despite these strong correlations the instru-
ments were not always in agreement. The biases and limits
of agreement were good between all analysers when measur-
ing Ry and R,,, being generally less than 5% and 6% respec-
tively. Agreement was much poorer for R;, particularly for
comparisons between the SFB3 or SFB7 and the Hydra
4200. In all cases, however, the differences were significant
(P <0.05to 0.0001) upon pair-wise testing.

BIS analysers, unlike impedance circuit analysers, are
designed for the assessment of body composition. It is pos-
sible that, despite the differences observed for the measured
impedances between analysers, these differences are ac-
counted for by instrument-specific resistivity coefficients
when predicting body composition. Comparisons of fat-free
masses predicted from the impedance data for each analyser
are presented in Fig. (2) and the statistical analyses of these
data in Table 5. As observed for the measured impedances,

all three instruments produce predictions that are highly cor-
related with generally good agreement. Most notably, the
closest agreement was achieved for comparisons between
analysers when data obtained with a specific analyser were
analysed using coefficients specific for that analyser, e.g.,
SFB7 versus Hydra 4200 yielded a bias of 3.3% with limits
of agreement of = 6.7% (Table 5, comparison 3).

DISCUSSION

The determination of human body composition in vivo is
difficult [24]. The methods used should be accurate, precise
and reliable yet as minimally invasive as possible, ideally
totally non-invasive, easily used and inexpensive. BIS tech-
niques, and BIA methods in general, certainly fulfil these
latter requirements but questions have been raised over the
validity of the former. Previous studies have generally found
that impedance analysers used in human body composition
research are generally highly precise and repeatable but of
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Fig. (2). Plot of fat-free masses for all subjects predicted by different combinations of instrument and resistivity coefficients used in the pre-
diction model. Data are presented as means + standard deviation. For statistical comparison of the data see Table 5.

Table 5. Comparison of Fat-Free Masses Predicted by Bioimpedance Spectroscopy for Different Combinations of Instruments and

Resistivity Coefficients. Pooled Data for All Subjects

Instrument Comparison
Cocefficients Instrument Cocefficients Instrument Limits of A. t
- 'SEE (kg) Bias (kg) imits of Agreemen
Used Used Used (kg)
-6.8to -1.1
SFB7 SFB7 versus SFB7 Hydra 0.938 1.4 -4.0 (7.5%)
(-12.8 to -2.1%)
-125t0-4.4
Hydra SFB7 versus SFB7 Hydra 0.783 2.1 -8.5 (17.4%)
(-25.8 t0 -9.0%)
-541t01.9
SFB7 SFB7 versus Hydra Hydra 0.978 1.5 -1.7 (3.3%)
(-10.1 to 3.6%)
-10.1t0-2.3
Hydra SFB7 versus Hydra Hydra 0.872 1.8 -6.2 (12.8%)
(-20.8 to -4.7%)

'Concordance correlation; *standard error of the estimate of the correlation

questionable accuracy when compared to reference methods
such as multi-compartment models or tracer dilution [25,
26]. In addition, the technical performance of impedance
analysers has been questioned [14] and new instrument de-
signs continue to appear e.g., [27]. In particular, the ability
of bioimpedance spectrometers to measure impedances accu-
rately at high frequencies has been of concern [13, 15]. Sur-
prisingly however, there appears to have been no systematic

attempt to compare commercially available analysers with
regard to the degree to which they provide data that agree or
are interchangeable. The present study aimed to fulfil this
need.

It is clear from the data presented here that all three ana-
lysers perform creditably when measuring electronic circuits.
It could be argued from engineering principles, that this is
the only true test of instrument accuracy and precision. BIS
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analysers are designed to measure an electrical property,
impedance or its derivatives, resistance and reactance, and in
this regard they were all found to be highly precise and re-
producible and accurate to within 0.5% when tested on test
circuits of known impedance values. Reproducibility was
slightly worse when measuring human subjects but coeffici-
ents of variation were still less than 1%. These performance
figures, obtained for the current model instruments, SFB7
and Hydra only, are slightly better than those reported previ-
ously for the older SFB3 instrument [6]. Not surprisingly,
instrument performance was also slightly worse when esti-
mating impedance parameters that can not be measured di-
rectly. It is important, however, to recognise the principle of
“fit for intended purpose”. Under most commercial law,
goods and services should be fit for or fulfil the purpose for
which they were purchased. With respect to BIS analysers,
this is the prediction of body composition. All three analys-
ers provided similar but not identical estimates of FFM when
tested in humans under typical measurement conditions. The
magnitude of the difference between instruments varied de-
pending upon which pair of instruments was being com-
pared, the smallest mean difference being only 3.3% for the
two BIS instruments in current production, namely the SFB7
and Hydra 4200. The limit of agreement between these two
instruments was approximately + 7%.

It is appropriate to question whether this difference is
clinically important. In absolute terms, the bias was -1.7 kg
(SFB7-Hydra 4200) with a standard deviation of 1.8 kg and
a standard error of 0.26 kg. The corresponding ¢ value for 49
degrees of freedom is 2.01. The 95% confidence interval for
the bias is therefore -1.7 = 2.01 x 0.26 = -2.27 to -1.19 kg.
Thus the potential bias between these instruments could be
as much as 2.3 kg. It is instructive to compare this to errors
in determination of FFM from measurement of body density,
an accepted reference method, of between 1.5 and 1.9 kg
[28].

It is important to recognise that the data presented here
provide no information about the inherent accuracy of the
BIS technique for the measurement of body composition.
Although the data show that the different instruments per-
form similarly, they may all be equally accurate or inaccu-
rate when predicting body composition compared to ac-
cepted reference methods such as multi-compartment models
or tracer dilution. Many validation studies of BIS against
these reference techniques have been performed [3, 4, 17, 18,
29] but it is generally accepted that overall error is of the
order of 2 to 4 kg FFM. The sources of the errors are various
and include, technical errors of measurement associated with
the equipment, inappropriate or non-standardised measure-
ment protocols, errors in data analysis and inadequacies in
the predictive algorithms. The present data suggests that
technical performance of BIS analysers is very good and,
since, the measurement protocol was standardised for all
analysers, this implies that the major sources of error when
predicting body composition are data analysis and predic-
tion. In the present study, an identical data analytical tech-
nique was used for all data irrespective of analyser used for
measurement yet differences of up to 8.5 kg in the prediction
of FFM were observed between different combinations of
instrument and resistivity coefficients in the predictive algor-
ithm. That this difference could be reduced to as little as 1.7
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kg by appropriate choice of resistivity coefficients highlights
the importance of method standardisation and the need to
ensure that coefficients used for prediction are specific to the
analyser being used.

CONCLUSIONS

In conclusion, the currently available BIS analysers are
suitable for their intended purpose of measuring the imped-
ance of the human body. It should be recognised that while
they perform similarly, they do not provide identical data.
Inter-instrument differences can be minimised by standardi-
sation of measurement protocol, adoption of common data
analytical methods and, where appropriate, instrument-
specific resistivity coefficients. Under such circumstances,
inter-instrument differences approximate 2 kg when predict-
ing fat-free mass.
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