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Abstract—Bioimpedance analysis is a simple, safe and nonin-
vasive method for Body Composition Estimation (BCE), which
is of great interest for the monitoring of patients on renal re-
placement therapy. The most featured bioimpedance devices
available are based on the bioimpedance spectroscopy tech-
nique, the extended Cole model and the Hanai Mixture theory.
However, a set of anomalies using these methods has been found
in this paper during the study of the evolution of body composi-
tion in patients on peritoneal dialysis. The main results obtained
show that the estimates resulting from bioimpedance values that
differ significantly from the single-dispersion Cole model have to
be taken with some caution. This issue highlights the importance
of medical assessment (technical or specialist) when interpreting
any bioimpedance related data.
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I. INTRODUCTION

Uremic patients treated with both hemodialysis (HD) and
peritoneal dialysis (PD) show alterations in the metabolism
of water with continuous variations in hydration status [1-3].
After a hemodialysis session is quite common for patients to
have a significant fluid excess or to be in an undesirable state
of dehydration, which can cause or aggravate any cardiovas-
cular disease [4].

It is very important for renal patients treated by dialy-
sis to assess the amount of fluid excess to determine how
much should be removed through ultrafiltration to achieve
a desired state of normohydration [4]. Bioimpedance meth-
ods are common techniques to estimate body composition be-
cause they have not the restrictions of solution methods [5-7]
and provide more accurate estimations than the anthropomet-
ric methods [7]. Thanks to bioimpedance techniques, it is
possible to obtain an estimation of body fluids and body com-
position in both normal and disease states. Bioimpedance
measurements also have many practical advantages that have
led to their rapid development [5, 6].

After years of research about bioimpedance analysis for
dialysis patients, this technique has significantly increased
its clinical use [1, 8], both for estimating body volumes as
to assess patient’s nutritional status. The clinical utility of
the body composition analysis through bioimpedance tech-
niques for patients treated with PD has been demonstrated
in numerous studies [6, 9, 10]. In this context, this paper
describes a number of “anomalies” in the BCE using the
bioimpedance analysis, which have been identified during an
evolution study of a group of PD patients. These anomalies
were not detected by a bioimpedance device that uses the
models described below, requiring the analysis of nephrol-
ogist specialists in order to evaluate their importance for
patient welfare assessment.

II. MATERIALS AND METHODS

A. Cole Bioimpedance Model

A simple model that describes the phenomenon of electric
current conduction through the human body is represented by
a parallel circuit in which a branch represents the current path
through the extracellular medium and the other one the intra-
cellular environment [1]. The extracellular path is modeled
by aresistor (R,, extracellular resistance) and the intracellular
pathway by means of a resistor (R;, intracellular resistance) in
series with a capacity (C,,, membrane capacity) (see Fig. 1).

If the real part of the bioimpedance is plotted as a function
of frequency versus the imaginary part in absolute values, the
points obtained correspond to a semicircle (single-dispersion)
in the first quadrant whose center is on the real axis (see
Fig. 1). A more complete model of bioimpedance includes
the effects of the variability of cell membranes, which are not
perfect capacities due to different shape and size characteris-
tics. This results in a shift pattern of the model in the center
of the semicircle below the real axis, which can be expressed
by the following equation (single-dispersion Cole model):
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Fig. 1 Simple bioimpedance model and bioimpedance Cole diagram
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Ry is equivalent to R,, R.. is the parallel of R, and R;, C,,
is related to the characteristics of the cell membrane, @ =
2% 1+ frequency and ¢ is a parameter (0 < o < 1) related to
the shift of the curve.

A more realistic model also includes the effects of
delays in the signals caused by the electrodes, the wires and
the hardware, which can be modeled by a delay in phase
(T;) which increases linearly with frequency (extended Cole
model).
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B. Bioimpedance Spectroscopy for BCE

The first equations for the estimation of body fluid
volumes were based on linear regressions defined from
Height? /Resistance at 50 kHz. The regression parameters
differed depending on the population group with which they
were obtained [11]. Subsequent equations included other
components to improve the accuracy of the estimations, such
as weight, age, gender, ethnicity or anthropometric measure-
ments of trunk and/or limbs.

Thomasset became the first to use the Cole model in or-
der to differentiate between the extracellular water and the
body water [1]. In 1992, the bioimpedance spectroscopy tech-
nique was introduced. This tecnique uses a multifrequency
bioimpedance based Cole model and Hanai’s mixture theory
in order to estimate the extracellular water and the body wa-
ter, avoiding the population imbalances obtained by linear re-
gression approaches [1,4]. In this method the determination
of body fluid volumes is based on the fact that low-frequency
electric current does not penetrate cell membranes, so it flows
only for the extracellular compartment, while high-frequency
current flows through both the extracellular and intracellu-
lar compartments. Therefore, the resistance at low and high
frequencies are related to the Extracellular Water and the
Total Body Water, respectively. By applying the mixtures
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theory of Hanai, the human body is considered as a super-
position of a conductive medium (water, electrolytes, soft tis-
sue, etc.) and a non-conductive (bone, fat, air, etc.). These
considerations improve estimations by introducing the effects
of non-conductive substances in body water, eliminating the
apparent population specificity found in the regression
equations and improving its sensitivity to changes in body
hydration status [1].

Bioimpedance spectroscopy have been broadly used to
quantify body composition, estimate fluid volume and lo-
cate mass anatomy (muscles, fat, water) in certain parts of
the body. This technique is used by devices with higher fea-
tures/prices in the market for the monitoring of dialysis pa-
tients, such as the Body Composition Monitor of Fresenius
Medical Care [4].

C. Description of the Study

The initial objective of the study (cross sectional, ob-
servational) was to analyze the evolution of the hydration
and nutritional status in a representative sample of preva-
lent PD patients. In the center of the study, all prevalent
patients on PD were chosen as possible candidates for their
inclusion. Patients were excluded if they had a cardiac pace-
maker or metallic implants, were amputees or were pregnant.
The study lasted a year and a half and the measurements
were repeated with the same group of patients during their
clinical routine practice. BCEs were performed by a single
PD physician or nurse, using a portable body bioimpedance
spectroscopy device: the Body Composition Monitor (Frese-
nius Medical Care). This device and the bioimpedance spec-
troscopy technique have been intensively validated against
gold-standard methods [4, 6].

Table 1 shows the characteristics of the patients under
study:

Table 1 Patient characteristics

10 men/10 women Min Medium Max o
Age (years) 31 61.8 86 15.6
Weight (kg) 45.8 71.1 107 17.3
Height (cm) 140 160.5 184 9.3
Body Mass Index 20.4 27.4 41.8 5.5

The evolution of the patients was analyzed using the fol-
lowing parameters derived from data provided by the device:
hydration level, Fat percentage [12], Fat Mass Index [13] and
Fat Free Mass Index [14].
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Table 2 sumarizes the average ratings of BCEs of the
patients.

Table 2 BCE patients results

10 men/10 women Min Medium Max o
Overhydration (1) -3.7 1.1 6 1.9
Percentage of Fat 8.8 34.5 53.6 9.8
Fat Mass Index 1.9 9.4 17.8 3.5
Fat Free Mass Index 11.5 17.4 24 3

This seems to indicate that the patients usually present on
average a slight over-hydration and a good nutritional status,
but with a slight excess of fat. When analyzing the evolution
of the patients, there were no significant trends or character-
istics, at least during the time of the study.

However, the technical analysis of the bioimpedance data
shown that the cases in which they did not fit the model
of single-dispersion Cole, the nutritional and hydration sta-
tus of the patient undergone significant changes in valuations
not too temporarily far. This technical analysis was clinically
confirmed with the help of the nephrology specialists. Below
there are two examples that highlight the anomalies detected.

A. Example A

Figure 2 show bioimpedance values for two consecutive
measurements on a Cole diagram (only two are shown for
the sake of clarity). The dashed line represents the fitting for
a single-dispersion Cole model. One of the measurements
(number 4) show a relevant mismatch at high frequency
which is corrected by the extended Cole model (solid line)
and a major phase delay (7; = 5.27nseg).

Measurement 4
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Fig. 2 Cole diagram of patient in example A

The body estimates in this case showed a significant vari-
ation with respect to other measures (see Fig. 3).
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Fig. 3 Classification by percentage of FAT [12] of patient in example A

B. Example B

Figure 4 also shows bioimpedance values on two con-
secutive measurements on the Cole diagram. In this case
the measurement 1 is corrected with a large phase lead
(T; = —6.12nseg).
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Fig. 4 Cole diagram of patient in example B

Assessments of BCE in this case also showed a significant
variation with respect to the rest of measures (see Fig. 5).

IV. DISCUSSION AND CONCLUSIONS

The study described in this paper has analyzed the evolu-
tion of a group of peritoneal dialysis patients for over one
year. BCEs were performed by a highly used device that
employs the bioelectrical impedance spectroscopy technique,
the extended Cole model and the Hanai Mixture theory. The
results obtained have not shown relevant features to highlight
regarding the clinical evolution of the patients. However, a
number of anomalies were detected in those cases in which
bioelectrical impedance values significantly differ compared
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Fig. 5 Classification by Fat Mass Index [13] of patient in example B

to the single-dispersion Cole mole (the purpose of the ex-
tended Cole model is to correct and explain this effect). The
anomalies were clinically evaluated in order to discard the
related measurements for further studies.

BCEs were not compared with another reference method
that could indicate a possible error in the measurement. How-
ever, in this paper the evolution of the patient has been ana-
lyzed, so that, assuming a progressive evolution of patient’s
condition, significant changes in the BCE on measures not
too remote in time or regarding normal patient values in the
patient may indicate a possible error in the estimation. If these
estimates are considered to be mistaken, the possible sources
of error can be multiple: defects in the electrodes or inappro-
priate placement on the body, the patient was not in the proper
position, enough time was not spent so that the volume of
fluid in the different compartments could be stabilized, etc.

According to the analysis carried out on the model pa-
rameters, the authors consider that those BCEs derived from
the extended Cole model where the phase delay module 7,
is greater than 5 nsec, must be taken with some caution. In
these cases, it may be advisable to make a second estimate re-
peating the whole process of measurement (cleaning the skin,
electrode placement, etc.) in order to compare the results
obtained.

On the other hand, perhaps the peritoneal compartment of
this particular type of patients has a greater influence and in
certain situations it may be manifesting as a second disper-
sion. It is possible that more complex models (two disper-
sions maybe) could explain better these phenomena, and can
provide more accurate measurements of BCEs for a higher
number of situations.
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