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Abstract:

Dialysis is a blood purification therapy indicated by kidney failure, where blood is pumped via an extracorpo-
real circuit into a dialyzer consisting of a semi-permeable membrane separating blood and the dialysate. Due
to the concentration gradients across this membrane, toxins can be removed from the blood by diffusion and
the electrolyte balance can be regulated [1]. However, excessive changes of osmotic substances such as
electrolytes can be critical. For instance, a rapid or excessive loss of sodium in blood, and thus a drop in
plasma osmolarity, can cause overhydrating of cells, cardiovascular instability and disequilibrium syndrome
with headache, muscle cramps and fatigue symptoms. On the other hand, an inefficient loss of sodium can
cause increased thirst, hypertension and risk of pulmonary edema [2-5]. Especially for critically ill patients
with acute kidney injury, any additional stress during dialysis has to be avoided. A dialysate with individually
adjusted electrolytic concentration can prevent such complications. Thus, it is necessary to monitor the
plasma electrolyte concentrations and other osmotic substances during dialysis treatment [6]. However, the
required hemocompatibility is often difficult with invasive in-line measurement methods [7]. In this work, we
present a new approach to non-invasively monitor sodium based on a differential transformer. The output
voltage of this transformer depends on the conductivity of the medium [8]. First measurements show a linear
correlation between sodium concentration and output voltage.
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Introduction and Experimental Setup Us =K (w?) € —j Ky(w) (w-€ +K) (1)
A differential transformer usually consists of three

¢ _ ] ' where j is the imaginary unit, w is the angular fre-
coils on a ferrite core. We use a ferrite core with a

quency, Ki and Kz are frequency-dependent con-

relative permeability of pr =300. Additionally, we
add a fourth compensation coil L. to the differential
transformer, which eliminates asymmetries in the
setup by active compensation. Fig. 1 shows the ex-
perimental setup. The primary coil L, excited with
an alternating voltage U,, generates a primary flux
through the secondary coils Ls1 and Ls2 as well as
the medium. Due to the opposite direction of wind-
ing and the same inductivity of the two secondary
coils, no output voltage Us should be induced by the
primary flux. However, small asymmetries in the
setup lead to an induced voltage, which can be ac-
tively reduced by the additional compensation
coil Lc. Inside the medium, the primary flux gener-
ates displacement and eddy currents causing a
secondary flux. Since the medium is closer to the
secondary coil Ls1 compared to Lsz, a higher voltage
is induced into Ls1 resulting in an output voltage Us.
The voltage Us can be calculated according to

Eq. (1):

stants, ¢’ is the polarizability of the medium, ¢” de-
scribes the dielectric losses and « is the electrical
conductivity [8].
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Fig. 1. Schematic setup of the differential trans-
former.
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Assuming a linear correlation between the conduc-
tivity of blood plasma and the sodium concentra-
tion, which is a sound assumption due to the signif-
icantly higher sodium concentration compared to
the other electrolytes, it is possible to determine the
sodium concentration from the inductively meas-
ured electrical conductivity of blood, when the die-
lectric losses ¢” are zero [3,9,10].

Results

In preliminary experiments, the sensor response is
investigated for different sodium concentrations in
Dl-water. In addition, the test solutions contain
5 mmol/l urea comparable to blood urea concentra-
tions to account for interfering effects. Fig. 2 illus-
trates the imaginary part of the output voltage Us.
As predicted by Eq. (1), a linear correlation be-
tween the sodium concentration and output voltage
Us, with a coefficient of determination R? = 0.99 and
a sensitivity S = 2.08 mV/mol/l, results after an ini-
tial step. The initial step only occurs at very low con-
centrations and may be the result of frequency and
concentration dependent dielectric losses [11].
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Fig. 2. Imaginary part of the output voltage Us ver-
sus sodium concentration in a 5 mmol/l urea solution.

In order to exclude possible cross-sensitivities, the
influence of other substances on the imaginary part
of Us, which can significantly change during dialysis
treatment, was investigated. For example, Fig. 3
shows the influence of urea in a 140 mmol/l sodium
chloride solution with a cross-sensitivity of just
0.07 mV/mol/l leading to an absolut error of approx-
imately +1.35 mmol sodium for possible changes of
urea of 40 mmol/l during dialysis treatment. This
gives a relative error of just 1 %. Similar results ap-
ply for glucose.
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Fig. 3. Imaginary part of the output voltage Us versus
urea concentration in a 140 mmol/l NaCl solution.
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We conclude that the actively compensated differ-
ential transformer is a promising approach for non-
invasive monitoring of the sodium concentration in
extracorporeal circuits, which is especially interest-
ing during hemodialysis.
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