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Wearable Impedance Monitoring system for dialysis patients

S. Bonnet, A. Bourgerette, S. Gharbi, C. Rubeck, W. Arkouche, B. Massot,
E. McAdams, A. Montalibet, P. Jallon

Abstract— This paper describes the development and the
validation of a prototype wearable miniaturized impedance
monitoring system for remote monitoring in home-based
dialysis patients. This device is intended to assess the hydration
status of dialysis patients using calf impedance measurements.
The system is based on the low-power AD8302 component. The
impedance calibration procedure is described together with the
Cole parameter estimation and the hydric volume estimation.
Results are given on a test cell to validate the design and on
preliminary calf measurements showing Cole parameter
variations during hemodialysis.

I. INTRODUCTION

In conventional body composition studies, a four-
electrode measurement technique is generally used. In
whole-body impedance analysis (WBIA), the current-
injecting electrodes are placed on the right side, with one
electrode at the right hand, and the other electrode at the foot
[1]. A pair of voltage-measuring electrodes is placed within
the current-injecting electrodes. The four-electrode
technique works on the principle that the two outer
electrodes drive a relatively homogeneously distributed
current through the tissue under study. Two inner electrodes
are used to measure the voltage drop across the tissue of
interest, sandwiched directly between them. The advantage
of this technique is that the four electrode-gel-skin interfaces
do not influence the measurement of the targeted ‘core’
tissue impedance.

An alternative is to consider segmental BIA with
electrodes placed on a single limb. The calf location seems
well suited for monitoring hydration [2]. Electrodes could
easily be placed into a garment and the body composition
could be monitored during long period of time. In order to
envisage such long-term monitoring, a wearable
miniaturized device has to be developed. Specifications are
mostly in terms of power consumption, weight and
ergonomics. Moreover, the system must be able to perform
bioimpedance spectroscopy measurements. Multifrequency
BIA allows estimating the extracellular and intracellular
fluid (ECF/ICF) volume compartment.
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P. Bogoénez —Franco [3], has found that commercially
available devices are still sensitive to electrode-skin contact
impedance, especially when used for localized
measurements with their associated smaller tissue
impedances. As the length of the skin segment measured is
decreased, electrode contact impedance plays a more
important role and adversely influences the accuracy of the
impedances measured, causing gross distortion of the
measured impedance loci — hence the importance of using
multi-frequency impedance measurements to detect these
distortions. It is therefore very important to achieve a contact
impedance as low as possible, for example by using
electrodes with larger contact areas and, of course, by
improving the measurement circuitry.

This paper deals with the measurement system that has
been developed for this application. It is described in Section
II together with the calibration phase together with the high-
frequency compensation. Section III describes the Cole
parameter estimation technique that has been used and that
can be embedded in the firmware. Section IV presents
results obtained with this device with test cells and using
calf impedance measurements.

II. SYSTEM DESCRIPTION

A. Impedancemeter

The low-power programmable waveform generator
AD9837 is used to establish a 210mV sinusoidal voltage (2-
500kHz). This voltage is converted by a VCCS into a
sinusoidal current of either 70 pA,,s or 200 pA s by the
transconductance amplifier OPA861. The current is applied
to the stimulation electrodes (I+/I). The injected current
(Meslz) and the measurement voltage at measurement
electrodes (MesVz) are amplified by a custom-designed
amplifier circuit. The component AD8302 is finally used to
extract the modulus and phase difference between the two
signals for each frequency. By the trigonometric functions of
the MSP430 microcontroller, the real and imaginary parts of
the impedance may finally be calculated
R = |Z| cos ¢,,X = |Z| sin ¢,. The impedance spectrum is
stored into several memory blocks of the microcontroller
and may be transferred to a terminal (e.g. PC or smartphone)
via USB or Bluetooth, on demand.

The HOMEDEVICE impedance system allows the
measurement of 128 frequencies in less than 10 seconds. A
Low Energy Bluetooth connection is available. A
smartphone application has been developed to receive the
data from the impedance device. An isolated USB port is
also available. The device is powered by an internal battery
for safety.



Figure 1. Electronic board of the impedancemeter
(dimensions are 70x50 mm).

B. Calibration
The ADS8302 returns the continuous voltage Vyue =

Apac 10810 :”fzz] + Byac where (.) indicates the RMS of
‘'z

the signal. The coefficients (@4, Byac) are obtained in a
preliminary calibration step using known signals.

In the proposed impedancemeter, the transfer function H;
is automatically adapted by adjusting a register value Dy, 5 so
that the ratio of RMS values is approximately unity. Using

the relation <H”—UZ) = |2 |Z], the calibration consists in
(Hiiz) H;
determining the regression coefficients (@, ;) such that
% = a;Dy5 + ;. The impedance module is finally
v

estimated as
AMAG 5!
|Z| = 10Vmac=Bmac (azDy3 + B7)

C. Phase compensation

Artefacts are seen on phase measurements at high
frequency with the so-called hook effect [4]. Some authors
have proposed to correct the complex impedance
measurements by adding a frequency-dependent phase term:
2(w) = Zpeqs(w)e™/Td_ The T, term is considered to be a
simple time delay. The parameters of the expanded Cole
model are obtained using a nonlinear complex data fit. In our
case, we have implemented the approach of Buendia
5 Zmeas(w)
Z(w) N 1-jZmeas(®) Cparw
Cpar is easily estimated by regression from the susceptance
spectrum.

where the parasitic capacitance

III. METHODS

A typical Cole-Cole plot obtained with our impedance
system (frequency range: 2kHz-500kHz) is shown in Fig. 2.
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Figure 2. Cole-Cole plot on a R//(R+C) cell test.

As it can be observed, the Cole-Cole plot is distributed along
a circular arc. Each point in the impedance plane (x is the
resistance part, y is the (negative) reactance part)
corresponds to a measurement at a given frequency. High-
frequency points are on the left hand side, close to the origin.

A. Circular fit

The Kasa method is used to fit a semi-circle to the
impedance measurements. The objective criterion is given
by ¢t yer) =N, ¢Z where ¢, =[x, —c|l> =12
denotes the algebraic distance of the point x,, to the circle.
The partial derivatives of the cost function are nonlinear
with respect to the input variables. By making the change of
variables, u = —2x,,v = —2y,w = x2 + y? —r? we can
rewrite the cost function as ¢(u,v,w) = ¥N_,[z, + ux, +
vy, + w]* where 2z, =xZ+y2. Setting the partial
derivatives to zero, yields a 3 X 3 linear system of equations,
for 3 unknowns:

XX Xy X\ su Xz )
x y 1/ \w -Z
where X means the average value of the quantity x.

The variables of interest are finally recovered by computing

_u v _ Ju?+v2-4w
Xe == Ve =—3r=—""1""

B. Impedance parameter estimation
Once a circle has been fitted to the impedance
measurements, it is then possible to extract relevant
parameters. The Cole model is given by
Ry—R 3
7 = Roo + 0 ' oo ( )
1+ (jrw)*
By denoting u = Z — Ry, v = (jTw)%u, we obtain u + v =
Ry— R, and argv —argu = a%. According to the
inscribed angle theorem, the set of points M(Z) in the
complex plane for which the angle RyMR,, is constant is an
arc of circle. According to Fig. 3, the angle £(R,,MR,) =
T — a% and thus the measure of the angle 4(R,OR,) =

2T — arm.

The locus of the impedance measurements is a semi-
circular arc where the center of the semicircle is located
beneath the real axis. The characteristic pulsation is given by
w. = 1/7 and corresponds to the apex of the semi-circle.

Cole-Cole plot on a R//(R+C) cell test.

Figure 3.



From these relations, we may deduce the following
algorithm to compute the intersections of the real axis
(impedance axis) to obtain an estimate of Rp. and R,.

The resistances are obtained using Pythagorean theorem

(Rg,R,) = R, + /7?2 — X,. The a angle is obtained using
the relation (1 — a)% = atan( X; ) Finally, the time

Rc—
constant 7 is obtained by noting that
In |E| =1In Ro—2 = aln(tw) “
u Z — Ry

C. Hydric volume estimation

From these values, it is possible to estimate fluid volumes
using the fundamental relation R = pl/S with [ the length
between the inner electrodes. By considering the calf as a
homogeneous conductive cylinder, one obtains V = Sl =
pl?/R. In order to take into account the medium
inhomogeneity (muscle, fat), an apparent resistivity is
introduced. At low frequencies, it is defined as p =

3/2
(Vle) / p. where V' is the calf volume. We obtain
Ve3/2 _ &Vl/zlz )
R,

where V, is the extracellular calf volume.

This methodology can be extended to estimate the total calf
water by introducing an equivalent resistivity p,,.The ratio is
thus related to the percentage of extracellular fluid.

3

(V;)? PeRos

Vi PoRe

where V, is the total calf volume,
extracellular and intracellular volume.

The resistivity p, has been calibrated using Bromide dilution
techniques and p, has been calibrated using dual
absorptiometry (DXA) [5].

(6)

including both

TABLE L APPARENT RESISTIVITIES

men women

Estimation technique

Pe(Q.cm) 40.3 423 Bromide dilution technique
Do (Q.cm) 104.3 100.5 DXA

IV. RESULTS
A. Test cell

The Impedimed SFB7 [6] Test Cell is a test circuit that
consists of the resistance R, = 6040 (ECF) wired in parallel
with the resistance R; = 1211Q (ICF), where the current
must pass the capacitance C,, = 1nF (from the cell
membranes) to run through R; : it is abbreviated as
R.||(R; + C,). At very low frequency, Rpc = R, and at
very high frequency, R, = R.R;/(R. + R;) = 403Q. The
cell test is conform to the Cole model since

_ Re(Ri + ZC) _ + Re - Ro )

CR.+HR+Zo) T 14+ (R.+R)Z

where Z;! = jCpw. This gives T = (R, + R;)C,, = 1.8ps.
The Cole-Cole plot is given at Fig. 4
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Figure 4. Circular fit for cell test.
Raw impedance points (color), fitted circle (blue).

The extracted parameters using the Kasa method are
(x.v:) = (503.1Q,—1.26Q) and r = 100.6Q from which
we estimate R, = 603.7Q,R; = 1208.1Q,a« = 0.99,7 =
1.7us. The agreement is quite good between the theoretical
and experimental values. Note that these experimental data
have been collected with the SFB7 (Impedimed) to validate
the circular fit and the Cole parameter extraction algorithms
(256 frequencies, 200uArms, 4-1000kHz).

B. Calf measurement

The proposed method has been applied on a volunteer
subject, as illustrated in Fig.5. The HOMEDEVICE (white
box, strapped onto the calf) is connected to current-injecting
and voltage-measurement hydrogel electrodes, developed by
INSA-Lyon.

Figure 5. Calf bioimpedance measurement on a volunteer subject.

As can be seen in Fig. 6, the bioimpedance data

measurements follow a circular locus.
THOMEDEVICE-INSA_S3-#-WB-Sadok2-0

+3e+05 Hz

+1e+05 Hz

-lmag part (Chm)
5 & 3

' ' ' i : ' ' ' +1.4e404 Hz
40 45 50 55 60 65 70 75 80
Real part (Ohm)
Figure 6. Circular fit for segmental impedance.
Raw impedance points (color), fitted circle (blue).



For this measurement, the extracted parameters using the
Kasa method are given below: (x.,y.) = (60.7Q,—-10.7Q)
and r = 21.5Q from which we estimate R, = 79.3Q),R; =
89.3Q0,a = 0.67,7 = 3.6ps. The center is located beneath
the real line and the impedance values have a 60Q
magnitude.

Note that the time constant can also be estimated from the
apex determination which gives the characteristics pulsation.
This method is not preferred here since it relies only on one
point. Also it has been observed that the alpha angle
obtained using geometry gives better fit compared to alpha
deduced by regression. We plot in Fig. 7, the experimental
values in the regression of (4) from which the time constant
is estimated.
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Figure 7. Linear regression plot to obtain alpha and tau.

The phase compensation is illustrated in Fig. 8 on real data
from the HOMEDEVICE. It can be appreciated that the
phase measurement at high frequencies are correctly
rectified according to the method described by Buendia [4].
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Figure 8. Raw calf impedance measurement (green), corrected (red) and
fitted measurement (blue)

C. Hemodialysis measurement

The proposed method has been applied on a patient under
hemodialysis (HD), male, age=54y, BMI=23.4. Three
WBIA impedance measurements at different time instants of
the HD are considered. The Impedimed SFB7 system has
been used since this device is certified for human studies.
We see in Fig. 9 that both quantities R,, R; are modified.
This could be explained by the fact that fluids from both

compartments are extracted during HD and this will result is
an impedance increase as expected. Another explanation
could be the fluid shift (after 10 min) due to the person
changing from vertical to horizontal posture during HD.
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Figure 9. Whole-body bioimpedance spectra during hemodialysis.

V. CONCLUSION

The paper describes an integrated and wireless impedance
monitoring system based on localized measurements on the
calf. The first tests in our laboratory show a good agreement
between theoretical and experimental values from the SFB7
(Impedimed SFB7). We plan in the future to do a
comparison (or a conversion factor that enables comparison)
between the estimates obtained with the HOMEDEVICE
and the SFB7. The HOMEDEVICE was tested and calf-
based calculations were made. When the HOMEDEVICE
will be certified, we aim to collect data during long-term
monitoring of patients between their dialysis.
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