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Abstract: Electrical methods are among the primarily studied non-invasive glucose measurement
techniques; however, various factors affect the accuracy of the sensors used. Of these, the temperature
is a critical factor; hence, the effects of temperature on the electrical properties of blood components
are investigated in this study. Furthermore, the changes in the electrical properties of blood
according to the glucose level are corrected by considering the effects of temperature on the electrical
properties. An impedance sensor is developed and used to measure whole blood impedance in 10
healthy participants at various temperatures and glucose levels. Subsequently, the conductivities
of the plasma and cytoplasm were extracted. Changes in the electrical properties of the blood
components are then analyzed using linear regression and repeated measures ANOVA. The electrical
conductivities of plasma and cytoplasm increased with increasing temperatures (plasma: 0.0397
(slope), 0.7814 (R2 ), cytoplasm: 0.014 (slope), 0.694 (R2 )). At three values of increasing glucose levels
(85.4, 158.1, and 271.8 mg/dL), the electrical conductivities of the plasma and cytoplasm decreased.
These tendencies are more significant upon temperature corrections (p-values; plasma: 0.001, 0.001,
cytoplasm: 0.003, 0.002). The relationships between temperature and electrical conductivity changes
can thus be used for temperature corrections in blood glucose measurement.
Keywords: blood impedance; electrochemical impedance spectroscopy; electrical properties; blood
glucose measurement; temperature correction

1. Introduction
Diabetes is a chronic disease with a globally increasing prevalence, and diabetic patients need to
perform self-management, such as diet control, exercise, and weight maintenance during treatment [1,2].
To help manage diabetes, the blood glucose levels are periodically monitored via a glucometer [3,4].
Currently, the most widely used method for measuring blood glucose levels is the finger stick.
This method is minimally invasive and measures glucose levels by collecting blood from the capillaries
at the fingertips. Although the importance of continuous blood glucose measurement has often been
emphasized clinically, the conventional method is difficult to use for repeated measurements owing
to the pain experienced during blood collection. Therefore, studies on non-invasive blood glucose
measurements have been actively performed [5].
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Optical and electrical methods have been mainly studied as non-invasive blood glucose
measurement methods [6]. For each method, there have been attempts at commercialization. Although
the electrical method is more suitable than the optical method for developing portable equipment,
to the best of our knowledge, these techniques have not been successfully commercialized because both
methods are less accurate than the finger-stick method [7]. The decreased measurement accuracy is
attributable to various factors. To improve the accuracy of measuring the blood glucose level, the effects
of these factors should be individually investigated and controlled or corrected [8,9]. These factors
can be broadly classified into extrinsic and intrinsic factors. The extrinsic factors mainly include skin
conditions [10] and posture [11], and the intrinsic factors include blood temperature [12–16], blood
flow rate [17–20], and hematocrit [13,14,21].
Numerous studies have investigated the effects of the intrinsic factors using in-vitro experiments.
In particular, temperature causes a direct change in the electrical properties of blood. Some of the
studies quantifying this effect are as follows. Mohapatra et al. [13] confirmed that the resistivity of
blood decreased with the temperature at 100 kHz. Although experiments were performed using pig
blood, Tjin et al. [14] reported that resistivity decreased by 22% as the temperature increased from
33 ◦ C to 42 ◦ C. Jaspard and Nadi [12] reported that the relative permittivity and conductivity of
whole blood changed by 0.3%/◦ C and 1%/◦ C, respectively, on average in the measured frequency band
(1 MHz–1 GHz). Ley et al. observed changes in the dielectric properties of whole blood according
to the temperature (30–50 ◦ C) in the high-frequency band (0.5–7 GHz). The reported electrical
conductivity changes with temperature were small, and those for permittivity were large in contrast to
the low-frequency range [15]. Furthermore, some studies observed changes in the electrical properties
of plasma, a component of blood, with temperature. Visser et al. [20] showed that plasma conductivity
at 100 kHz demonstrated a quadratic relationship with temperature, and the plasma conductivity
increased with temperature. These studies could be used to predict the electrical properties of in-vivo
blood in the body temperature range.
Voltages in the frequency range from kilohertz to megahertz are mainly used to measure the
impedance and electrical properties of whole blood [22–25]. Because whole blood is a cell-suspended
heterogeneous mixture, its impedance is not purely resistive but dielectric in nature. Therefore,
the arrangement of the electric flux varies according to the frequency of the applied alternating current
(AC) voltage, and the whole blood impedance is frequency dependent. Numerous studies have been
conducted to investigate impedance changes using specific frequencies according to various factors
and glucose levels; however, to the best of our knowledge, these impedance changes are quantified
differently for each frequency owing to the frequency-dependent characteristics of the impedance of
whole blood [26,27]. Accordingly, it is necessary to perform experiments at each frequency to utilize
the results for temperature correction in the electrical method for glucose monitoring.
Conversely, there are frequency-independent values among the electrical characteristics of blood.
Whole blood can be mainly classified into plasma, erythrocyte cytoplasm, and erythrocyte membrane.
Unlike the dielectric properties of whole blood, each of these elements is not a heterogeneous mixture.
Thus, it can be assumed that the dielectric properties of the individual elements are constant in the
frequency range of 1 GHz or less [22–25], and this assumption is often used in practical applications [24].
Therefore, we extracted the frequency-independent values from the blood impedance and quantified
the effects of temperature on the electrical properties of blood.
The electrical properties of the plasma and the other elements were extracted and quantified
using whole blood samples collected from healthy people to investigate the electrical changes in the
components of blood according to temperature. During the experiments, the other intrinsic factors
were controlled using fixed values of blood flow rate and hematocrit. Furthermore, these data were
used to correct the temperature factor in blood glucose level experiments and to investigate the effects
of the blood glucose levels on the electrical properties of blood.
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2. Materials and Methods
2.1. Impedance Sensor
2.1. Impedance Sensor
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2.2. Sample Preparation
2.2. Sample Preparation
The protocol of this study was approved by the Institutional Review Board of Gwangju Institute of
The protocol of this study was approved by the Institutional Review Board of Gwangju
Science and Technology (20190510-BR-45-07-02). Ten healthy subjects were recruited, and experiments
Institute of Science and Technology (20190510-BR-45-07-02). Ten healthy subjects were recruited,
were performed using blood collected from these subjects. All subjects provided informed consent.
and experiments were performed using blood collected from these subjects. All subjects provided
After collection, the blood was maintained in an ethylenediaminetetraacetic acid (EDTA) tube, stored
informed
consent. After collection, the blood was maintained in an ethylenediaminetetraacetic acid
at 4 ◦ C for 2 h, and then used in the experiment. For the glucose level tests, the blood was dispensed
(EDTA) tube, stored at 4 °C for 2 h, and then used in the experiment. For the glucose level tests, the
into three tubes, and two of the tubes were injected with a 50% dextrose solution (Daihan Pharm Co.,
blood was dispensed into three tubes, and two of the tubes were injected with a 50% dextrose
Seoul, Korea) to adjust the blood glucose concentration, increasing it by 100 mg/dL and 200 mg/dL as
solution (Daihan Pharm Co., Korea) to adjust the blood glucose concentration, increasing it by 100
compared to the original blood glucose concentration.
mg/dL and 200 mg/dL as compared to the original blood glucose concentration.
2.3. Experimental Setup
2.3. Experimental Setup
To extract the electrical characteristics of whole blood, an impedance probe kit (42941A, Agilent,
To
extract
theUSA)
electrical
of whole
blood,
an impedance
probe
kit CA,
(42941A,
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CA,
or an characteristics
impedance analyzer
fixture
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Agilent, USA) or an impedance analyzer fixture (16047E, Agilent, USA) equipped with an
impedance analyzer (4294A, Agilent, USA) was connected to the electrode part of the sensor. Using a
syringe pump (neMESYS, CETONI GmbH, Germany), whole blood was flowed into the channel at a
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equipped with an impedance analyzer (4294A, Agilent, Santa Clara, CA, USA) was connected to the
electrode part of the sensor. Using a syringe pump (neMESYS, CETONI GmbH, Korbußen, Germany),
whole blood was flowed into the channel at a constant flow rate. The impedance was obtained by
sweeping the AC voltage frequency (0.5 V, 1 kHz to 110 MHz) of the connected impedance analyzer
Sensors 2020, 20, x FOR PEER REVIEW
4 of 12
while flowing the sample. For temperature control, a forced convection oven (thermal chamber,
OF-12GW,
JEIO
TECH,
Daejeon,
Korea)
used,by
and
the temperature
was measured
in real
constant
flow
rate. The
impedance
waswas
obtained
sweeping
the AC voltage
frequency (0.5
V, 1time
during
impedance
measurements
viaimpedance
an inserted
thermocouple
(type-T,
copper-constantan)
in the
kHz
to 110 MHz)
of the connected
analyzer
while flowing
the sample.
For temperature
control,
a
forced
convection
oven
(thermal
chamber,
OF-12GW,
JEIO
TECH,
Korea)
was
used,
and
outlet of the sensor. In addition, the entire system was controlled using software based on the LabVIEW
the (National
temperature
was measured
in real
during impedance measurements via an inserted
program
Instruments,
Austin,
TX,time
USA).
thermocouple (type-T, copper-constantan) in the outlet of the sensor. In addition, the entire system
was controlled
using software
based on the LabVIEW program (National Instruments, USA).
2.4. Extraction
of Dielectric
Properties

The
measuredofdata
fromProperties
the impedance analyzer included not only the impedance of a sample
2.4. Extraction
Dielectric
(blood), but also the influence of the sensor’s geometrical shape, the parasitic impedance of the sensor
The measured data from the impedance analyzer included not only the impedance of a sample
itself,(blood),
and electrode
thegeometrical
cell constant
(α) was
used to consider
but alsopolarization
the influenceeffect.
of theThus,
sensor’s
shape,
the parasitic
impedancethe
of effect
the of
the sensor’s
geometry
[25]. The
stray capacitance
(Cthe
to consider
the to
sensor’s
s ) was
sensor itself,
and electrode
polarization
effect. Thus,
cell used
constant
(α) was used
considerparasitic
the
impedance.
The
effect
of
electrode
polarization
arises
at
the
interface
between
the
liquid
and the
effect of the sensor’s geometry [25]. The stray capacitance (Cs) was used to consider the
sensor’s
electrode
surfaces,
which The
is common
two-electrode
measuring
cells.
phenomenon
canliquid
be taken
parasitic
impedance.
effect ofin
electrode
polarization
arises at
the This
interface
between the
and the by
electrode
surfaces,
which is phase
common
in two-electrode
cells. for
Thisthe
phenomenon
into account
introducing
a constant
element
(CPEe ); e measuring
is the notation
electrode. The
taken
account
by introducing
a constant phase
(CPE e); e(DI)
is the
notation
for40
theHz to
valuescan
of be
α and
Csinto
were
extracted
from the impedance
of air element
and de-ionized
water
(0.5 V,
electrode.
The
values
of
α
and
Cs
were
extracted
from
the
impedance
of
air
and
de-ionized
(DI)
110 MHz). Then, as shown in Figure 2, curve fitting was performed using an equivalent circuit from
water (0.5 V, 40 Hz to 110 MHz). Then, as shown in Figure 2, curve fitting was performed using an
our previous study to extract the electrical properties of the blood from the measured impedance (0.5 V,
equivalent circuit from our previous study to extract the electrical properties of the blood from the
1 kHz to 110 MHz) [25]. In that study, we found that the best equivalent circuit model was basically
measured impedance (0.5 V, 1 kHz to 110 MHz) [25]. In that study, we found that the best equivalent
composed
Cs , CPE
, and Zwb
(intrinsic
blood
impedance). The lumped parameters contributing
circuitof
model
was ebasically
composed
of C
s, CPEe, and Zwb (intrinsic blood impedance). The lumped
to Z were
determined
numerically
and
compared
with the experimental
that the six
parameters contributing to Z were determined numerically
and compareddata,
withresulting
the experimental
elements
, Rp ,the
Ri , six
CPEelements
was
experimental
Thus,
e , Re , Cpthat
data,(Cresulting
e, Rthe
e, Cbest
p, Rp,fit
Riwith
, CPEthe
i) model
was the data.
best fit
withwe
thehave
i ) model(C
borrowed
and used
theThus,
six elements
(Figure
6D), [25])
denoted
them
as 6(D),
a whole
Zwb in
experimental
data.
we havemodel
borrowed
and used
the sixand
elements
model
(Fig.
[25])byand
denoted
current
study.them as a whole by Zwb in current study.

FigureFigure
2. Curve
fitting
datadata
withwith
an electrical
equivalent
was performed
performedusing
using an
2. Curve
fitting
an electrical
equivalentcircuit.
circuit.Curve
Curve fitting
fitting was
equivalent
circuit tocircuit
extract
electrical
properties
of theof
blood
from from
the measured
impedances.
For the
an equivalent
to the
extract
the electrical
properties
the blood
the measured
impedances.
impedance
the 7fitting,
kHz tothe
30 7MHz
of therange
impedance
graph wasgraph
usedwas
in the
temperature
For thefitting,
impedance
kHz range
to 30 MHz
of the impedance
used
in the
temperature
dependence
test. dependence test.

The frequency
range
fittingofofeach
eachtest
test is
is shown
shown in
impedance
in the
The frequency
range
forfor
thethe
fitting
inFigure
Figure3.3.TheThe
impedance
in the
of 7kHz-30MHz
usedfor
forfitting
fitting in
in the
the temperature
temperature test.
impedance
in the
range
of of
rangerange
of 7 kHz–30
MHz isisused
test.The
The
impedance
in the
range
7kHz-110MHz
is used
fittingin
inthe
the glucose
glucose level
7 kHz–110
MHz is used
forforfitting
leveltest.
test.

Sensors 2020, 20, 6231
Sensors 2020, 20, x FOR PEER REVIEW

5 of 12
5 of 12
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A correlation analysis was performed on the changes in the dielectric constant of the plasma and
Results
cytoplasm3.with
temperature, and the R-value between the temperature and dielectric constant was
calculated. Repeated measures analysis of variance (ANOVA) was performed because the changes
3.1. Temperature Dependence Test for the Electrical Properties of Whole Blood
in the electrical properties of the blood according to glucose levels were measured repeatedly after
Changes in the electrical conductivities of the plasma and cytoplasm were observed and
varying only
the blood glucose for the same blood sample. A p-value of < 0.05 was considered to be
quantified along with the temperature increase. The whole blood impedances were obtained at each
statisticallytemperature
significant.
and graphed as a Nyquist plot. The curve shows a tendency to move in the negative
3. Results
3.1. Temperature Dependence Test for the Electrical Properties of Whole Blood
Changes in the electrical conductivities of the plasma and cytoplasm were observed and quantified
along with the temperature increase. The whole blood impedances were obtained at each temperature
and graphed as a Nyquist plot. The curve shows a tendency to move in the negative x-axis direction
(arrow direction) as the temperature increases (Figure 4). The x-axis represents Z’ (resistance) of the
impedance, and the y-axis represents Z” (reactance) of the impedance. Here, Z’ decreases with increasing
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We observed the changes in the electrical conductivities of the plasma and cytoplasm according to
changes in the blood glucose levels without the thermal chamber and evaluated the correction effects
of temperature based on the previous experiment.
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4. Discussion
The experimental results show that increasing temperature decreases the whole blood impedance.
Because the resistance is inversely related to electrical conductivity, the electrical conductivity of
whole blood increases with increasing temperature. Whole blood is a heterogeneous mixture; in this
type of mixture, there are mainly extracellular currents at low frequencies (Hz–kHz), and the ratio
of intracellular currents increase with increasing frequency (GHz band). Thus, the impedance and
dielectric properties of blood have frequency-dependent values. In addition, when analyzing the
changes according to the temperatures for whole blood, such changes also vary depending on the
frequency [12]. Therefore, we investigated the changes in the conductivities of plasma and cytoplasm
with temperature. These can be assumed to be frequency-independent for frequency bands below
1 GHz [22–25]. As shown in Figure 5, the electrical conductivities of the plasma extracted from the
whole blood impedance and that of the cytoplasm increase with temperature. These phenomena
are expected to have occurred in the following sequence of steps. Increasing temperature decreases
the viscosity (η) of the fluids, such as plasma and cytoplasm. Thus, the mobilities of the ions in the
fluid increase, yielding an increase in the electrical conductivity [27]. The electrical conductivities of
aqueous solutions increase experimentally by 1–3% for every 1 ◦ C with increasing temperature [29].
This relationship can be expressed as a linear equation, as in previous studies. In addition, if the
relationships among the electrical conductivity (σ), diffusion coefficient (D), and viscosity (η) are
utilized, the relationship between conductivity and temperature can also be understood mathematically
as follows [30].
First, the Nernst–Einstein equation shows the proportionality between σ and D in an
aqueous solution:
!
F2 z2 c D
D
σ=
= (constant) ,
(1)
R
T
T
where F is the Faraday constant, z is the electrical charge, c is the molar concentration of the dissolved
ion(s), R is the gas constant, and T is the temperature in Kelvin.
Second, for low Reynolds numbers (Re = 0.28 in this experiment), the relationship between D and
η in the aqueous solution can be obtained by the Stokes–Einstein equation:
D=

kB T
k T
T
=⇒ η = B
= (constant) ,
6πηr
6πr D
D

(2)

where kB is the Boltzmann constant, and r is the hydraulic radius of the diffusing ion.
Combining these two relationships, the following expression is obtained:
η2
D /T
σ1
= 1 1 =
.
σ2
D2 /T2
η1

(3)

Here, 1 and 2 are notations to indicate two different temperatures.
Several empirical equations have been published for the relationship between viscosity and
temperature of a fluid, which shows that the temperature is inversely proportional to viscosity for
most fluids [31–34]. The increase in temperature reduces the fluid cohesive force and therefore the
viscosity [35]. Accordingly, increasing the temperature decreases the fluid viscosity and consequently
increases the electrical conductivity of the fluid. The relationship between conductivity and temperature
can be expressed in various forms; however, most relations are represented by empirical formulas [36].
This relation is expressed as a linear equation in this study, as in conventional methods, and it can be
used for aqueous solutions in the given temperature range (20–40 ◦ C) [37].
In addition, for the permittivities of the cytoplasm and membrane, the trends are difficult to
specify as a result of the correlation analysis with temperature. The results of the linear regression
analysis show that the R2 values are small, i.e., 0.02 and 0.05, respectively (Figure S2). Thus, as in the
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previous studies, the permittivity does not show any significant tendency with temperature compared
to conductivity [12].
Next, as the blood glucose levels increase, the conductivities of the plasma and cytoplasm decrease
(Figure 6). These phenomena are expected to occur as follows. The glucose molecule is not an ion,
and the viscosity of blood would increase with increasing concentrations of glucose [38,39]. In addition,
glucose is dissolved in the plasma initially and then moves into the erythrocytes by facilitated diffusion.
Then, the viscosity could increase in both the plasma and cytoplasm. Therefore, electrical conductivity
could decrease as ion mobility decreases. Although the rate of change of electrical conductivity
according to the glucose level is different for each subject (Figure S1), from the integrated data,
the electrical conductivity is observed to decrease with temperature (plasma: p-values of Level 1 to
2, Level 2 to 3: 0.008, 0.016; cytoplasm: p-values of Level 1 to 2, Level 2 to 3: 0.075 (not significant),
0.009). The permittivity was also extracted to observe changes according to glucose levels; however,
the changes were not significant (Figure S3).
The changes in electrical conductivity according to individual blood glucose levels become more
obvious through temperature correction (Figure 6 (c), (d)). In the integrated data, the electrical
conductivity is observed to significantly decrease according to the glucose levels. The glucose level
experiments are performed at room temperature, and the range of temperature changes is insignificant
at approximately ±1 ◦ C. The results after temperature correction show a more significant decrease
(plasma: p-values of Level 1 to 2, Level 2 to 3: 0.001, 0.001; cytoplasm: p-values of Level 1 to 2, Level 2
to 3: 0.003, 0.002); therefore, the process for correcting or controlling the effects of temperature may be
required when measuring blood glucose levels.
There is a need for non-invasive measurement of blood glucose levels; however, when the sensor
is located outside the body, accuracy, repeatability, and stability of blood glucose level measurements
cannot be guaranteed owing to various extrinsic and intrinsic factors. Thus, to quantify the changes
due to temperature, correction or control is applied by analyzing the effects of the intrinsic factors
in-vitro in whole blood, such as the blood flow rate and hematocrit. In addition, if in-vivo experiments
on the extrinsic factors, such as skin characteristics, are performed based on the previous correction
results, the proposed blood glucose level measurement technique is expected to be clinically applicable.
There are some limitations in this study. First, because it is performed in-vitro, the hormonal effects
and physiological responses of the subjects are not considered. Second, the values of the electrical
conductivities from the plasma and cytoplasm are calculated from the impedance and not measured
directly. Moreover, in these calculations, numerical modeling for the plasma and cytoplasm is already
assumed, so the extracted conductivity values may vary according to the modeling method chosen.
5. Conclusions
A basic study on the non-invasive measurement of blood glucose levels was conducted.
The changes in the blood impedance and electrical conductivity were analyzed according to the
extrinsic factors, and these extrinsic factors were corrected by analyzing the changes in the glucose
levels. A linear relationship was derived between the plasma conductivity and cytoplasm conductivity
with increasing temperature. Next, the electrical conductivities of each of the components of blood
were extracted from changes in whole blood impedance according to the glucose levels. By integrating
the obtained results into the glucose level experiments, the conductivity trends were observed to be
more significant when the influence of one of the extrinsic factors, namely temperature, was corrected.
The changes in the permittivities of each of the components were also investigated; however, these
results were not remarkable compared to those of the conductivity. Thus, the results of this study
present a significant correction formula for temperature when noninvasively measuring blood glucose
levels using electrical impedance spectroscopy. Because this value is considered to be independent
of frequency within the tested frequency range (1 kHz to 110 MHz), it can also be used universally
for temperature corrections for measuring blood impedance. In the future, we intend to conduct
experiments that subdivide the blood glucose levels range from hypoglycemia to hyperglycemia
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because hypoglycemia is an issue as important as hyperglycemia in managing diabetes. Furthermore,
significant results are expected to be obtained when the proposed method is applied to mixtures of
other bio-samples.
Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/21/6231/s1:
Figure S1: Glucose dependence of conductivity in plasma and cytoplasm, Figure S2: Temperature dependence of
permittivity in cytoplasm and membrane, Figure S3: Trends of permittivity in cytoplasm and membrane according
to glucose level, Table S1: Temperature dependence of conductivity in plasma and cytoplasm for each subject.
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