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Is whole body impedance a predictor of
blood viscosity?
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Abstract. Bioelectrical impedancemetry (BIA) has received a widespread interest as a non-invasive approach to body fluid
volumes. Since similar techniques have been studied to assessin vitro rheological properties of blood, we investigated the rela-
tionships between whole body impedance and blood viscosity parameters in order to determine possible predictive equations.
30 sportsmen (24.6 ± 1.01 years; 73.96± 1.62 kg; 177.73± 1.33 cm) were enrolled into the study. Body composition was
assessed with a multifrequency bioelectrical impedancemeter (Dietosystem Human IM Scan) using low intensity at the follow-
ing frequencies: 1, 5, 10, 50 and 100 kHz. Viscometric measurements were done at 1000 s−1 with a falling ball viscometer
(MT 90 Medicatest). Hematocrit (Hct) was measured with microcentrifuge. A standardized exercise test was performed on a
cycloergometer during 25 minutes. Physical working capacity (W170) was calculated andVO2 max was evaluated with Astrand
nomograms. Two hemorheological parameters were independently correlated with impedance (Z) measurements: whole blood
viscosity (WBV) at 100 kHz (r = 0.518;p = 0.01) and Hct at 1 kHz (r = −0.485;p = 0.01). Plasma viscosity was correlated
multilinearly with water/fat free mass andZ at 10 kHz (r = 0.441; p = 0.02). In addition both WBV andZ at 100 kHz
exhibited correlations with aerobic working capacity (VO2 max) with r = −0.482 andr = −0.475 (p � 0.05), respectively.
A stepwise regression analysis selectsZ at 100 kHz instead of WBV as a predictor ofVO2 max. These findings confirm our
previous reports about relationships between whole body conductance for high frequency and aerobic working capacity and
suggest a new approach for non-invasive evaluation of blood rheology with BIA.
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1. Introduction

Bioelectrical impedance analysis (BIA) is a non-invasive bed-side technique which provides indirect
estimations of fat mass, fat free mass and body fluid volumes [1–15]. This technique is based upon the
following principle [16]: the impedance of simple geometric systems is a function of conductor configu-
ration and length, its cross-sectional area, and the measuring signal frequency. With use of a fixed signal
frequency and a relatively constant conductor configuration, the impedance then becomes a function of
conductor length and cross-section, or conductor volume. Therefore, assuming signal frequency and con-
ductor configuration to be constant, the impedance to the flow of current can be related to the size, or
volume of the conductor. This relationship is shown as follows:

Z = ρL/A,
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whereZ = resistance in ohms,ρ = specific, resistivity in ohm-centimeters,L = length in centimeters,
A = cross-sectional area in square-centimeters. Multiplying byL/L givesZ = ρL2/AL; sinceAL = V
(or volume), rearranging then givesV = ρL2/Z.

Provided that conditions of validity for its application are respected, BIA has been demonstrated to
accurately determine alterations in these body composition parameters that can be observed as a conse-
quence of exercise training [4,11,12,17].

In previous papers [18,19], strong correlations between BIA measurements and aerobic working ca-
pacity in athletes were reported, leading to predictive equations of athletic performance from the crude
measurements ofZ.

Moreover, blood viscosity factors (mostly plasma viscosity and hematocrit) have been regularly re-
ported to be negatively correlated to athletic performance. In addition, attempts to measurein vitro
hemorheological parameters from impedance and other electric properties of blood have been repeat-
edly reported [20–31].

Therefore, we made the hypothesis that BIA, which depends upon the concentration of ions and pro-
teins in body fluids, may also reflect viscosity which is actually influenced by these factors. In addition,
hematocrit, which isin vitro measurable by impedancemetry, may be expected to affect whole body
impedance. These relationships may be important to elucidate the reported correlations among hemorhe-
ology, fitness markers, and BIA-derived body composition measurements.

Finally, we also investigated to what extend BIA may provide predictive equations useful to indirectly
evaluate blood viscosity in athletes.

2. Methods

2.1. Study subjects

Thirty elite sportsmen submitted everyday to a physical training program (national level in football,
international level in basketball and triathlon) volunteered to participate in the study. Their character-
istics are shown on Table 1. All subjects were on good health and free from medications. Subjects’
characteristics were as follows (mean± SEM): age 24.6± 1.01 yr; weight 73.96± 1.62 kg; height was
177.73± 1.33 cm;VO2 max 47.53± 0.89 ml/min/kg.

2.2. Bioelectrical impedance measurements

Body composition was assessed with a four terminal impedance plethismograph Dietosystem Human
IM-Scan. The four electrode method minimizes contact impedance and skin–electrode interactions. Mea-
surements were made in fasting subjects after 15 min resting in a supine position. A low intensity (100
to 800µA) current is introduced into the subject at various frequencies (1, 5, 10, 50 and 100 kHz). The
measurement of the voltage drop allows the determination of total body reactance and impedance (Z).
These values are used with software Master 1.0., provided by the manufacturer, for calculating body
water (intracellular and extracellular), fat mass, fat-free mass, and body cell mass [18,32], that gives
the choice among 25 published equations for body composition calculation. However, we also included
crude values ofZ at various frequencies in our statistical analysis.
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Table 1

Anthropometry, body composition, hemorheologic para-
meters and ergometric data of study subjects (n = 30)

Age (years) 24.6±1.01
Weight (kg) 73.96±1.62
Height (cm) 177.73±1.33
Body mass index (kg/m2) 22.62±0.75
Fat mass (kg) 10±0.76
Percentage of fat (%) 13.51±0.77
Extracellular water (kg) 18.17±0.77
Intracellular water (kg) 27.43±0.82
Extracellular/total water (%) 39.62±0.7
Extracellular/total weight (%) 24.86±0.99
Hematocrit (%) 41.78±0.43
Blood viscosity (mPa.s) 2.93±0.05
Plasma viscosity (mPa.s) 1.4±0.01
W170 (watt/kg) 2.86±0.14
VO2 max (ml.min−1.kg−1) 47.53±1.93

2.3. Laboratory measurements

Blood samples for hemorheological measurements (7 ml) were drawn with potassium EDTA as the
anticoagulant in a vacuum tube (Vacutainer). Viscometric measurements were done at very high shear
rate (1000 s−1) with a falling ball viscometer (MT 90 Medicatest, F-86280 Saint Benoit) [33,34]. Accu-
racy of the measurements was regularly controlled with the Carrimed Rheometer “CS” (purchased from
Rhéo, 91120 Palaiseau, France) [35]. The coefficient of variation of this method ranges between 0.6 and
0.8%. We measured with this device apparent viscosity of whole blood at native hematocrit, plasma vis-
cosity, and blood viscosity at corrected hematocrit (45%) according to the equation of Quemada [36].
Hematocrit was measured with microcentrifuge.

2.4. Exercise-test

No diet restriction was imposed on days preceding the test. Subjects were asked to fast for 12 hr before
the beginning of the test at 8:30 A.M. A cannula was placed into the cephalic vein at the level of the
cubital fossa for blood sampling. The exercise-test was performed 2 hrs after a standardized breakfast
[37,38] which was composed of bread (80 g), butter (10 g), jam (20 g), skimmed concentrated milk
(80 ml) (Gloria SA, Paris, France), sugar (10 g) and powder coffee (2.5 g). The breakfast thus comprised
2070 kilojoules with 9.1% proteins, 27.5% lipids, and 63.4% carbohydrates. The standardized exercise-
test was performed on a cycloergometer (Bodyguard, Jonas Oglaend A.S,N4301 Sandnes, Norway) [39].
It consisted of a 25 min cycling session with the last 15 minutes at 85% of the theoretical maximal heart
rate given by the tables of the American Heart Association. Pedal speed was kept constant at 60 rpm by
the subjects. Physical working capacityW170 was calculated, this being the work in watts that subjects
were able to perform at a heart rate of 170 b.min−1 [40]. VO2 max was measured from the submaximal
steps according to Astrand’s nomograms [41].
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2.5. Statistics

Values are presented as mean± the SE of the mean. The relationships between (i) impedance mea-
surements and hemorheological parameters, (ii) working capacity and plasma viscosity and (iii) working
capacity andZ at 100 kHz were explored. Different models were tested: linear, exponential, logarithmic
and power analysis. The choice of the better model was performed on the basis of the correlation coeffi-
cient value. Stepwise linear regression analysis, after tests of normality and homoscedasticity had been
verified, with the software package “Statview” from Jandel scientific. Significance level was defined as
p < 0.05 [42].

Validation of equations against reference measurements was performed with the software “Method
Validator” by Ph Marquis, Metz, France and downloadable as freeware at http://perso.easynet.fr/~
philimar/methvalfra.htm.

3. Results

Mean values of body composition, hemorheologic and ergometric parameters are shown in Table 1.
VO2 max ranged from 24.0 to 66.0 ml.min−1.kg−1 andW170 ranged from 1.65 to 3.91 watt/kg.

3.1. Correlations

The whole blood viscosity (WBV) was positively correlated with impedance measurements at
100 kHz. This correlation fitted with a linear relationship (η = 1.745 + 2.784× 10−3Z100) (r =
0.504; p = 0.0199) but the best correlation was found using a non-linear reciprocal relationship
(η = 4.1466− 513.4069/Z100) (r = 0.518; p < 0.01) (Fig. 1). Other non-linear fittings gave less
close correlations (exponentialr = 0.502; geometricr = 0.512; power 2r = 0.496; power 3r = 0.488).

The hematocrit was negatively correlated with impedance measurements at 1 kHz. This correlation
fitted with a linear relationship (Hct= 49.28− 1.21× 10−2 × Z1) (r = 0.473) but even better with an
exponential (Hct= 50.42 exp(−3.07×10−4×Z1)) (r = −0.485) (Fig. 2). Other non-linear fittings were
less accurate (logarithmicr = 0.464; power 2r = 0.476; power 3r = 0.476; inverse (f (x) = a/x + b)
r = 0.450; geometric (f (x) = axb) r = 0.475).

Plasma viscosity was correlated multilinearly with water/fat free mass andZ at 10 kHz (r = 0.441
andp = 0.02).

Plasma viscosity could not be predicted by a simple equation involving a single value ofZ. Using a
stepwise regression analysis, a multilinear equation involving water/fat free mass ratio (W/FFM) andZ
at 10 kHz was found:ηpl = 1.07+ 0.00568 (W/FFM)− 0.000154× Z10 (r = 0.441).

Fig. 1. Correlation between whole blood viscosity and impedance at 100 kHz (r = 0.518,p = 0.01).
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Fig. 2. Correlation between hematocrit and impedance at 1 kHz (r = −0.485,p = 0.01).

Fig. 3. Bland and Altman diagram showing the concordance of the simplified evaluation of whole blood viscosity with the
formulaη = 4.1466− 513.4/Z100 and its measurement with the full protocol procedure in 30 subjects exhibiting a wide range
of whole blood viscosity.

In addition both WBV andZ at 100 kHz exhibited negative correlations with aerobic working capacity
(VO2 max) with respectivelyr = −0.482 andr = −0.475 (p � 0.05). A stepwise regression analysis
selectedZ at 100 kHz instead of WBV as a predictor ofVO2 max. Thus, in this study,Z at 100 kHz is the
major determinant of aerobic working capacity.

3.2. Validation of predictive equations

Bland and Altman linear difference plots were tested for the three predictive equations. Results show
that whole blood viscosity can be predicted with the relationshipη = 4.1466− 513.4/Z100 with a mean
difference of 5.9× 10−5 mPa.s and a 95% confidence interval of 0.0846 to 0.0847 mPa.s (Fig. 3).

For hematocrit, the relationship Hct= 50.42 × exp(−3.07 × 10−4Z1) gives a mean difference of
−0.187% with a 95% confidence interval ranging from−0.976 to+0.602%) (Fig. 4).

For plasma viscosity evaluated with the equationηpl = 1.07+ 0.00568(W/FFM) − 0.000154× Z10

the mean difference was±0.0023 mPa.s (95% confidence interval= −0.0242;+0.0289) (Fig. 5).
We made an attempt to calculate from these three predictive equations the rigidity index of red cells

“Tk”, but this evaluation gave poor results (r = 0.200 data not shown).
Number of other correlations were investigated, particularly taking into account body height or size

which was likely to influence the relationship betweenZ and hemorheology.
However, all these calculations gave poor results so that they are not reported here.
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Fig. 4. Bland and Altman diagram showing the concordance of the simplified evaluation of hematocrit with the formula
Hct = 50.42× exp(−3.07× 10−4Z1) and its measurement with the full protocol procedure in 30 subjects exhibiting a wide
range of hematocrit.

Fig. 5. Bland and Altman diagram showing the concordance of the simplified evaluation of plasma viscosity with the formula
ηpl = 1.07+0.00568 (W/FFM)−0.000154×Z10 and its measurement with the full protocol procedure in 30 subjects exhibiting
a wide range of plasma viscosity.

4. Discussion

These findings confirm our previous reports of relationships between whole body conductance for
high frequency and aerobic working capacity [18] and suggest that this approach may also lead to the
development of indirect non invasive indices of blood rheology.

This study indicates that BIA provides the basis for an indirect estimation of three major hemorheo-
logic parameters: whole blood viscosity (from high frequency whole body impedance), hematocrit (from
low frequency impedance) and plasma viscosity (from W/FFM andZ10).

Given the fact that electric charge carriers in body fluids are ions and proteins that also determine the
viscosity of plasma, it is not surprising to find some correlations betweenZ and viscosity. However, it is
more interesting to notice that, in the sample studied, these correlations are close enough to give rather
satisfactory predictive equations as can be seen on the Bland and Altman diagrams.

One could be surprised by the contrast between quite modestr coefficients (ranging between 0.441 and
0.518) and satisfactory concordance between prediction and reference values on the Bland and Altman
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diagrams. In fact, for bothZ and rheologic parameters, the range of values is quite narrow and this lack
of variability is likely to explain most of this apparently deceiving value ofr coefficients despite good
concordance.

However, this narrow range of variation of bothZ and viscosity, which is explained by the homo-
geneity of our sample of subjects, may also explain why, surprisingly, subjects’ height and size have
no measurable influence on this relationship. Obviously, extension of this study to other populations of
various height and body mass indexes will be needed, since the classical laws of electricity tell us that
length and section of the conducting body are essential determinants of impedance. At this stage of the
study we have been unable to obtain from whole body BIA measurements any index of red cell rheology
(rigidity and aggregation). However, sincein vitro BIA techniques have given promising results for this
purpose [43–46], this issue will require further studies.

The development of equations for predicting body composition from BIA measurements has been a
long story since the first reports of rather accurate predictions. In fact, such an empirical search for the
best formula explains the need of clearly defining the population in which equations can be applied.

A long time and numerous studies have been necessary to obtain satisfactory equations suitable for an
overall population [7,47–51], and there are still concerns for their limits of validity [52–56].

Concerning BIA derived predictions of viscosity, it is also clear that our findings will first need to
be confirmed on other populations, and that these further studies will probably result in new equations
slightly different from those we report in this publication.

Whether such studies, which are currently beginning in our laboratory, will result in more accurate and
more widely suitable equations is still, of course, a matter of speculation.

An other point which is interesting to comment is the confirmation of our previous finding [18] of
a correlation betweenZ at 100 kHz and the aerobic working capacity. We reported in that previous
paper that predictive equations directly based onZ values can be developed to calculate the aerobic
working capacity in athletes. Interestingly, in the present work,Z appears to be the best predictor of
the maximal oxygen consumption when compared in multivariate analysis with blood viscosity. This is
likely to reflect the fact thatZ is a physical marker sensitive to many factors involved in fitness, such as
hydration, percentage of lean versus fat mass, etc.. . .

However, once again, we have to point out a correlation between blood viscosity and aerobic working
capacity [57,58].

On the whole, this study, beside a confirmation of statistical relationships among fitness, body compo-
sition and total body impedance, suggests a new approach to viscosity measurement that may extend the
list of the numerous applications of whole body BIA.

Obviously, other studies in various populations will be required to confirm and to improve this ap-
proach, keeping in mind that BIA, as it does for body composition, may provide only indirect evaluations
based upon electric properties, rather than rheologic ones, of the conducting media. However, since both
are related, we assume that this new approach can be promising and requires extensive studies.
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