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Abstract

The article presents a preclinical study focused on developing a non-invasive blood glucose
monitoring device. Current glucose monitoring methods, such as capillary or venous tests, are
inconvenient for frequent use, making continuous monitoring challenging. This study explores the
BGP (Bruna Gabriela Pedro) model, which links electrical impedance to blood glucose levels, as a
potential alternative. Using the Geselowitz Theorem and impedance spectroscopy in a 4-electrode
configuration, the study investigates the relationship between blood conductivity and glucose
concentration. Impedance spectra were recorded for five human blood samples with glucose
concentrations between 106 and 188 mg/dL. These samples were housed in an insulating container
with four stainless steel electrodes. Conductivity was calculated using the Geselowitz Theorem at
1.0, 3.9, and 24.9 kHz. A finite element model built in COMSOL was employed to assess electrode
sensitivity, which had a maximum regression error of 3.75%. The results demonstrated a sigmoid
relationship between blood glucose concentration and conductivity, with impedance decreasing
non-linearly as glucose levels increased. Sensitivity diminished for glucose concentrations

exceeding 188 mg/dL. An increase of 82 mg/dL in glucose concentration led to conductivity
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changes of 1.14, 2.82, and 5.14 S/m at frequencies of 1.0, 3.9, and 24.9 kHz, respectively. The
findings suggest that the BGP analytical model could be refined through the inclusion of additional
data on glucose’s impact on electrical impedance. These improvements could support the
development of non-invasive glucose meters. The research holds significant clinical potential for
the creation of a simple, cost-effective glucose monitoring device. Continuous glucose monitoring
could enhance diagnostic accuracy and support better therapeutic decision-making, particularly in
emergency care. The affordability and accessibility of such a device may benefit a broad patient

base.
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1. Introduction

The accurate characterization of human blood with respect to various parameters is
essential for medical applications, including the estimation of hematocrit, erythrocyte
sedimentation rate, and cardiac output [1]. Diabetes, now one of the top ten causes of death
globally, has seen a significant rise in mortality over the past decade [2]. While preventive
measures are critical, they are complicated by autoimmune dysfunctions [3]. Continuous
monitoring is necessary but often impractical with invasive techniques, such as hair testing and
colorimetric enzyme testing [4]. Frequent finger pricks, commonly required for those with severe
diabetes relying on hair tests, present a costly, painful, and inconvenient method [5].

Current blood glucose monitoring methods include invasive techniques like venipuncture

and capillary testing. Semi-invasive techniques, such as fixed sensors, penetrate the interstitial



skin layer [6]. Although venipuncture with colorimetric tests is the gold standard for reliability, it
is not feasible for routine monitoring [7]. Capillary tests, while repeatable, cause discomfort and
are prone to measurement errors, including issues with sample size and high test strip costs [8].
Semi-invasive devices, which measure interstitial fluid, are expensive and may not always
complete the intended monitoring cycle, raising concerns about safety and reliability [8, 9].

The glycated hemoglobin test, which measures glucose molecules bound to hemoglobin
[6], also falls short for daily monitoring. Recent advancements in non-invasive and continuous
glucose monitoring, including wearable technologies like smartwatches, offer potential solutions.
Chang et al. [10] have explored such devices based on semi-infinite diffusion models, though these
have not yet reached commercial production. Given the high healthcare costs (US$760 billion in
2019, projected to reach US$825 billion by 2030) [2], there is a pressing need for cost-effective
non-invasive glucose monitoring solutions.

Optical [4], microwave [11], electrochemical [4] and electrical impedance spectroscopy
[12] techniques have been investigated for non-invasive blood glucose detection. The primary
challenge is to correlate measurable parameters with biological behavior at the cellular level to
develop a physically significant model. The conductivity of human blood at low frequencies is
critical for designing numerical simulations for radio-frequency and pulsed electric field ablation
treatments [13]. While artificial neural networks (ANNs) have also been widely used in
non-invasive blood glucose measurement devices [12], imposing an advantage into comparison to
analytical models (AM). Although AMs are more complex, they have some benefits such as
detailed behavioral prediction and error propagation management.

Our previous published work proposed an analytical model for blood conductivity related

to glucose changes [14]. The objective of this work is to enhance the BGP analytical model of



blood glucose concentration and its correlation with impedance spectroscopy measurements by

using in-vitro human samples.

2.  Methodology

BGP analytical model

The BGP model expresses the electrical impedance modulus (| Z |) as a function of glucose
concentration [14]. The primary application of this model is in the development of non-invasive
glucose monitoring devices, specifically through electrical bioimpedance spectroscopy. While the
model describes impedance behavior in an in-vivo experiment, understanding the individual
behavior of parameters affected by glucose variations would enable a more comprehensive
characterization. This would allow the BGP model not only to describe the behavior but also to
predict it.

The model is based on the assumption that human blood is a two-phase composite made up
of a conductive main matrix and non-conductive particles that simulate blood glucose. Our
previous work showed that glucose, inside an ionic medium, exhibits a dual behavior, either
increasing and decreasing the conductivity of the medium. These results showed that blood
conductivity cannot be simulated merely by Bruggeman’s model and then it should be furthered

investigated [15]. The original version of the BGP model is expressed as:
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where o, is the conductivity of the blood plasma and k' is the volume fraction of glucose in the

volume.



Modeling according to Geselowitz’s theorem

Geselowitz’s theorem states that an impedance change AZ is directly proportional to a

negative change in conductivity Ao :

Figure 1: Measuring set up modelled in COMSOL using 4 punctual electrodes, where VCCS is a

voltage controlled current source, V., is the measuring voltage across electrodes C and D.

Ao =—-AZ.S (2)
where S is the sensitivity which converts impedance into conductivity. Sensitivity is
directly related to the geometry of the electrodes and the distance between the element of the
volume conductor, where the change in conductivity occurs, and the electrodes on the surface of
this volume [16].

Figure 1 shows a homogeneous and semi-infinite medium subjected to an impedance
measurement. According to the Geselowitz’s theorem [16], the differential change in transfer
impedance T, is given by the ratio the measured potential and the applied current (T, = VC,—D). The
measuring voltage between electrodes C:D (V) is produced by the injecting current |

between electrodes A:B, which means of a voltage controlled current source V.. . The

measuring voltage V., can be given by:

1 1 1 1 1
VCD = ( - + - ] (3)
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Considering a uniform, homogeneous and semi-infinite medium, and point source electrodes, then



the electrical conductivity of the medium can be described as:

1 1 1 1 1
o= - + - 4)
27T,\Rpc Rap Ree Ry

where R,. is the distance between electrodes A and C, R,, is the distance between

electrodes A and D, R,. is the distance between electrodes B and C, and R, is the
distance between electrodes B and D.
Based on the Geselowitz’s theorem and rewriting equation 2, the sensitivity for an
infinitesimal unit of volume (voxel) is given by:
Si(r,p) = J(r, 1y, 1) (N, ¥, T ) (®)
where J and J’ are the current densities generated by electrodes A:B and C: D, respectively,

My

and ry; are the distances between the voxel i and the injecting electrodes, whereas r;
and r,; are the distances related to the measruing electrodes.

In order to better explore this equation, we have used the COMSOL [17] aiming to analyze
the sensitivity of a tetrapolar impedance probe and to investigate limiting factors which might
impact when dealing with in-vitro experiment. COMSOL is a general-purpose simulation software
based on advanced numerical methods containing a coupled multiphysics and single-physics
modeling capabilities. The sensitivity equation can be described as:

S = (ec.Jx-ec2.Jx+ec.Jy-ec2.Jy +ec.Jz-ec2.Jz) (6)
where ec.Jx, ec.Jy, and ec.Jz are the components of the current density vector of the current
injection electrodes (e.g., electrodes A:B inFigure 1), and ec2.Jx, ec2.Jy,and ec2.Jz arethe

components of the induced current density vector of the voltage measurement electrodes (e.g.,

electrodes C:D in Figure 1). All the model parameters and boundary conditions for COMSOL



simulations can be seen in the complimentary files of this manuscript.

Figure 2: Sample box for measurements. It was printed with an insulating material with

dimensions of 12.45 mmx12.45mmx6.35mm (LxAxH).

Experimental Measurements

In this article, the sample preservation during 2 hours follows the standard procedures for
clinical laboratory. Fluoride tubes were used to collect human blood for the in-vitro experiment.
Fluoride acts as a glycolytic inhibitor and has a sufficient anticoagulant effect during the interval
between sample collection and measurement. The colorimetric enzymatic test was used to make
five blood samples, each one corresponding to a point of the glycemic curve. The initial sample
was taken from a volunteer who was fasting, and the other four were obtained after ingesting 75
grams of anhydrous dextrose (glucose) at 30, 60, 90, and 120 minutes.

Figure 2 shows a disposable plastic box that was printed with a non-conductive material
sizing 12.45x12.45x6.35 mm. The electrodes material are made of stainless steel (type AISI 304 -
American Iron and Steel Institute) of 0.18 mm diameter and equally spaced 5.08 mm apart
between center.

The MFIA (Multi Frequency Impedance Analyser from Zurich Instruments) measures both
modulus an impedance phase of the samples in a range of 10 Hz to 1 MHz. The process was
repeated 5 times for stability purpose. The container shown in Figure 2 was filled with (1 mL) of
blood. Distilled water was used to clean up the container prior to each measurement, and a paper

towel was used to remove all moisture during sanitizing.



3. Results

Figure 3 shows that the glucose impose a dispersion in the electric field created by the
injecting current in the medium, which might be related to a capacitive behavior. It can be
observed that the impedance decreases as increasing glucose concentration, which was also
pointed by [14]. The linear slope might be explained by a double-layer capacitance and a transfer

resistance [18] in the range of 100 Hz to 10 kHz.

Figure 3: Impedance modulus as a function of frequency for different blood glucose

concentrations.

The chosen frequencies for running 2 were selected randomly in order to calculate |Z].

Figure 4 shows a sigmoid behavior of the conductivity into respect to the glucose volumetric ratio
of the blood. It must be emphasized that the frequencies were chosen based on the modelling
adopted in this article. Therefore, based both on the impedance measurements and modelling
technique, it was selected by convenience a linear range between 1 and 24.5 kHz. The equations

f(k"), g(k") and h(k") are the curve regressions for 1, 3.9 and 24.9 kHz, respectively. The

conductivity o(k") as a function of the glucose volume fraction k' can be calculated by:

Figure 4: Curves for conductivity as a function of the volume fraction of blood glucose.The

equations f(k'), g(k") and h(k") are the curve regressions for 1, 3.9 and 24.9 kHz,

respectively.



N _ a
0(k)—m+g (7)

where a, b, ¢, d and g are coefficients.
The simulated conductivity was calculated using the coefficients found in h(k") ,

according to equation 8, with a maximum error of 3.75%.

(k) = 0.0545

B (l+l4 94e21A80719,500k‘)) +00015 (8)

The sensitivity distribution within the volume conductor (e.g. the container shown in figure
2) was calculated using Geselowitz’s theorem for different glucose concentrations by using the
equation 6 [19]. Figure 6 shows both positive and negative areas, where the positive one is called
focused zone as defined in [20]. The figure shows symmetry in both yz and xz planes. It can be
observed that the number of pixels of positive sensitivity increases as increasing the glucose
concentration up to a saturation value of 188 mg/dl. The pixels with maximum negative sensitivity

also increases, but in a lesser extent, along the peripheral area of the volume conductor.

Figure 5: XY plane sensitivity upon glucose concentrations. (a) 106 mg/dL. (b) 123 mg/dL. (c) 132

mg/dL. (d) 188 mg/dL.

Figure 6: XZ plane sensitivity upon glucose concentrations. (a) 106 mg/dl. (b) 123 mg/dl. (c) 132

mg/dl. (d) 188 mg/dl.

The simulation results also permits to analyze the variation of both conductivity
parameters and glucose concentration in a time domain. Figure 7 shows the relationship of both

conductivity and glucose concentration changes into respect to time.



Figure 7: Variation of conductivity and glucose concentration in relation to time.

4., Discussion

Correlation between impedance and glucose
Figure 3 shows that |Z| is inversely proportional to the glucose concentration. This

finding agrees with the data used in the work published by [14]. However, for a fixed frequency,

the behavior of | Z| versus k' was found to be non-linear in this work. The non-linearity might
be explained by a faradaic redox reaction of H,O, on the surface of the AISI 304 electrode [21],

which might exhibits a catalytic activity based on the constitutive transition metal. It is also
important to mention that the AISI 304 contains manganese which reacts with hydrogen peroxide
improving the electrochemical reaction, as fully described at
https://doi.org/10.1016/j.snb.2021.130552.

It was observed that the tetrapolar configuration of the electrodes at low glucose
concentrations (<132mg/dl ) showed small increase in the sensitivity (Figures 6 and 5). At
higher glucose concentrations, the fluid reaches the limit of ionic mobility becoming saturated and
then, stops the sensitivity to increase. The geometric factor of the electrode limits the sensitivity
distribution inside the volume conductor [22], as observed in figures 6 and 5. This limitation might
be related to the oscillation or reorientation of the ionic charges due to the electrostatic forces in
the volume, and to the reorganization of the atomic structures of the sample on the electrode
surface [23].

Glucose becomes non-conductive and poorly ionizable when it is added into water,



contributing to an increase in resistivity [24]. This might be the case when the increasing in blood
glucose decreases the conductivity of the total fluid. However, glucose becomes polarizable
through the process of glycolysis [25], generating an organization of the molecules that reduces the
probability of charge carrier collisions and, then, contributing to ionic mobility [26].

This process of breaking down the glucose molecule not only makes it polar, but also
increases the number of ions in the solution. During the process, the glucose is transported into the
red blood cell which activates the sodium-potassium pump which, in turns, increases the number
of ions until the solution becomes saturated. Saturation occurs at the peak of glucose
concentration, where insulin reaches its highest levels, thereby promoting glycolysis and
regulating electrolyte balance in the blood [27]. As the ion concentration in the solution increases
significantly, the portion allocated for polarization decreases, in accordance with the principle of

energy conservation in the system. This could explain why the inflections of the |Z| curve in

Figure 3 shift along glucose concentration increases [28]. According to the results presented here,
this inflection occurs at 10 kHz for 188 mg/dl, at 100 kHz for 123 mg/dl, while any change in the
spectra was observed for 106 mg/dl.

It can also be observed in figure 3 that the variation of |Z | tends to zero when glucose

concentrations increase. This limitation is due to the electrode geometry array, as shown in figure
6. Therefore, the bench test performed in this work is not suitable for blood samples with glucose
concentrations greater than 188 mg/dl. For tangible value in diabetic blood (> 300 mg/dl), the
electrode geometry array shoudl be changed accordingly. Based on the measuring technique and
on the electrode geometry, our coplanar tetrapolar design limited values higher than 188 mg/dl.
One solution would be the use of concentric electrode geometry due to the linearity of the electric

field near by the electrode’s effective zone [23].



Correlation between conductivity and glucose

Analysis of figure 4 and the physical interpretation of equation 7 reveal points of
agreement and disagreement with the original BGP model, which can described by:

1

9
J1+k' ®)

The first part of equation 9 shows that glycolysis and the potassium pump phenomenon

oK) =K.

increase ion levels in the plasma. This would justify the increase in conductivity as glucose
concentration in the blood rises, which disagrees with the original BGP model. In the second part,
glucose in the blood should be considered as a large molecule that becomes ionizable after
glycolysis. Due to its larger size compared to ions, glucose does not contribute significantly to
charge transport and stores less energy for polarization as glucose levels peak (note that

polarization impedance decreases with increasing glucose levels).

Figure 8 shows the resulting curve by subtracting k' from ~1+k'? , which shows the

increasing response of the conductivity as increasing the glucose inside the solution.

Figure 8: Curve resulting from the subtraction of the plots that make up the conductivity

exemplified in the equation 9.

Impact of results

In an analytical model, the relationship between variables is typically expressed using
equations that quantify how one parameter affects another. These equations may involve simple

linear relationships or more complex non-linear interactions, depending on the nature of the



system being modeled. Regarding the relationship between blood glucose and electrical

impedance spectroscopy (EIS) data, k' asa function of conductivity (k'(c)) can be calculated by
first converting |Z(o)| to |Z(k")|, and then obtaining | Z(o)|, by using EIS data, where i is
the impedance index for each discrete frequency f.. Once f, values are pre-established, o, can
be calculated for each respective frequency. All conductivity values (o, = o, ~....~ g,) are then

summed for averaging calculation. finally, the mean conductivity is inserted into equation 7 in

order to obtain k' as a function of conductivity (k'(c)).
For prediction purpose, figure 7 might be used to investigate the analyzed quantities upon

time. For instance, by knowing o(t) and o(t+At), assuming that At — ot the rate 2= can be
calculated. This last, leads to predict how glucose concentration varies into respect to time (4 ).
By using equation 7 considering the time variation of conductivity (=), then time changes of k' (

2) can be predicted. This might be the case for any intervention by the user/patient of such

measuring device due to a glycemic abnormality, avoiding hypo/hyperglycemia.

In a more realistic case, equation 7 can be used in the BGP model, such that:

L 14+bes® Y 1 1
Zl == | 4] —=—= 10
1Z oo A\/[a+g(1+be°dk))j (471252f2j (10)

where L and A are the length and cross-sectional area of the vessel, respectively.

Figure 9 shows a proposed setup for in vivo measurements. The external current (i, ) 1S

injected by electrodes 1 and 6 for blood investigations and an internal current (i ) by electrodes

resting

2 and 5 for bones, sin, nerves and fat tissue investigations. This might allow measuring the surface

layer that corresponds t0 [Z |y (FV /iiging) » Whereas |Z | a GV /igeny) to deeper



materials/tissues within the sample. Both |Z | and |Z | is then used to calculate k'

external resting

proposed in this model.

By the fact that | Z |,;,. = Z | —|Z| then equation 10 can be used to describe k'

external resting !

as:

C—ln (a+g)M -1
k! — [(;(1_9’\/' )) ] (11)

where the frequency f is pre-established for each acquisition data, L and A depend on the
geometry of the electrodes, the coefficients a, b, ¢, d and g must be clinically calibrated for

each patient.

(A ? 1 1)P
M _I:(E|Z|blood) _(471282 F]:l (12)

Figure 9: Schematic diagram of a proposed measuring system to better predict the glucose

concentration in deep tissue by using six electrodes.

Sensitivity analysis in COMSOL

Figures 3 and 4 showed a glucose concentration saturation above 145 mg/dl, which might
be due to either electrode geometry or sensitivity. It means that the displacement of electrodes in
the measuring device plays a great importance in the accuracy of the model when predicting
glucose concentration from EIS data.

Figure 6 indicates impedance changes in the volume surrounding the electrodes. In
addition, the correct interpretation of both positive and negative sensitivity allows us to analyze

whether the BGP model is being correctly used in terms of blood glucose upon conductivity.



According to [20], both negative and positive sensitivity, close to their maximums, may lead to a
misinterpretation saying that conductivity is inversely proportional to impedance, or vice versa.
These behaviors can be observed in figure 3, where impedance decreases as increasing glucose
concentration, and in figure 4 which shows that conductivity increases as increasing the glucose
concentration. This confirms the reliability of the results presented here, which agrees with the
BGP model.

The results showed that the sensitivity can be used as a parameter to measure electrode
saturation, as shown in figure 6. The size variation of the sample may lead to a reduction in the
sensitivity for a chosen geometry. Therefore, simulations can be used to find the best geometry for
a specific application. It must be highlighted the manner how sensitivity is calculated in this work.
As described in [29] and [30], the sensitivity is calculated by using a pair of current electrodes to
induce the electrical field in the volume conductor and calculating the resulting field using the
same pair of electrodes. The use of only current electrodes in the simulation does not represent in
vivo/vitro experiments, therefore voltage electrodes for picking up the measuring electrical field
should be used in the simulations.

The complete instructions proceedings used to build the model in COMSOL are present in
the supplement file of this article. This shows how we have simulated voltage electrodes from the

potential difference generated by the current injection electrodes.

5. Conclusion

We intended to improve the model by describing the conductivity with more accuracy as a
function of glucose concentration. Originally, conductivity is described by the Bruggeman model

assuming simple composites, such as lactated Ringer’s solution and albumin [1]. However, it does



not take into account the complexities of human blood due to glycolysis and protein glycation.
Therefore, when using human blood is necessary to consider changes by the electrolytes triggered
by the introduction of glucose. This work presented a description of conductivity as a function of
glucose concentration in order to improve the original BGP model for non-invasive glucose
measuring systems. These findings might be led to a better physical interpretation of the
microscopic phenomena involved in vivo/vitro measurements, and to better explain why
impedance and conductivity are altered by changing the sample user study.

The addition of glucose to in vitro samples may not characterize the real phenomena, as
chemical reactions and metabolic changes were not considered in this work. Care should be taken
when comparing the finds here to the ones get in real blood glucose measurements. However, the
data obtained to establish the relationship between the blood conductivity of health volunteer and
the concentration of blood glucose has proven to be reliable into respect to sensitivity simulations.

Electrode sensitivity should be used to map whether the electrode configuration is capable
of measuring the range of variation for a given parameter. It was shown that a coplanar electrode
geometry using a tetrapolar configuration proved to be efficient for a maximum glucose
concentration of 188 mg/dl. Future work will involve analyzing the sensitivity of concentric
configurations, as the electrical field is more uniform and linear within the voxels close to the
electrodes. Further experimental texts with healthy and diabetic blood samples will also be
necessary to calculate repeatability and accuracy.

It can be concluded that the original BGP model was optimized and can be calculated by
equation 10. We believe that the optimized model might be useful for the development of

non-invasive glucose measuring systems.
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