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ABSTRACT Noninvasive blood glucose monitoring (NBGM) provides a promising solution for patients
with diabetes with the advantages of painless and continuous monitoring. To better characterize the response
of glucose to radio-frequency (RF) signals at low frequencies, the conductivity and relative permittivity
of aqueous solutions with different glucose concentrations were obtained by the use of an impedance
analyzer in the frequency range of 1 kHz to 1 MHz. Furthermore, considering the blood volume pulsation
in cardiac cycle, a new approach based on measuring bioimpedance was presented for NBGM in this paper.
For this purpose, an inhomogeneous arm model, which consists of three tissue layers (i.e., blood, blood
vessel, and other relevant tissues), was proposed to validate the aforementioned approach. Furthermore,
the measurements were carried out by means of in vitro experiment and in vivo studies, respectively. The
results showed that as the glucose concentration increased, the conductivity of aqueous solutions decreased
when the frequency of RF signal was below 1MHz. However, the relative permittivity was almost insensitive
to glucose concentration. The simulation result of the arm model showed that as the glucose concentration
increased, the bioimpedance difference of blood volume decreased. This was supported by both in vitro and
in vivo experiments. We therefore suggest that the proposed approach for NBGM has potentials in practical
applications.

INDEX TERMS Bioimpedance, blood volume pulsation, dielectric properties, digital phantoms, in vitro and
in vivo experiments, noninvasive blood glucose monitoring (NBGM).

I. INTRODUCTION
Diabetes, which is characterized as hyperglycemia, is a
worldwide epidemic disease [1]. The number of patients
with diabetes, as estimated by International Diabetes Fed-
eration (IDF), is expected to increase from 425 million
in 2017 to 629 million by 2045. Furthermore, four million
deaths happened as a result of diabetes and its complications,
and the global healthcare costs which was dedicated to dia-
betes treatment and related complication reached 727 billion
dollar in 2017 [2]. Currently, to avoid diabetic complica-
tions such as kidney failure, diabetic retinopathy and neu-
ropathy, maintenance of blood glucose concentration within
the physiological range through antidiabetic drugs is of

great importance. Therefore, the frequent monitoring of
blood glucose is an essential part of diabetic management [3].
Generally, the patients need to withdraw blood from the
finger with a lancet, and the glucose level is acquired by
blood strip [4]. However, frequent finger pricks can become
quite painful if a regular monitoring is needed. In other words,
the aforementioned approach is invasive and is not suited for
continuous monitoring of blood glucose.

Over the last few decades, the noninvasive blood glu-
cose monitoring (NBGM) technology has been introduced
due to the advantages of being painless and suitable for
continuous monitoring [5]–[7]. Based on the technologies
being employed, NBGMcan usually be categorized as optical
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monitoring and non-optical monitoring [8]–[10]. Thus far,
many researchers have tried to demonstrate the feasibil-
ity of different optical monitoring technologies, involving
near infrared spectroscopy [11], [12], mid-infrared spec-
troscopy [13], Raman spectroscopy [14], optical rotation of
polarized light [15], optical coherence tomography [16], and
so on. Meanwhile, a limited number of studies have been
published utilizing non-optical techniques for sensing the
changes of blood glucose concentration. Karacolak et al. [17]
performed measurements on blood samples collected from
different volunteers. Specifically, the correlation between
dielectric properties (i.e., relative permittivity and conductiv-
ity) of blood plasma and glucose concentration was measured
by using the vector network analyzer at a frequency range
of 500 MHz to 20 GHz. Furthermore, the Cole-Cole equation
of blood plasma with eight different glucose concentrations
was derived from fitting. Similarly, the relative permittivity
and conductivity of the blood samples with different glu-
cose concentrations were acquired over a frequency range
of 1 GHz to 10 GHz in [18]. In [19], the blood mim-
icking phantoms with four different glucose concentrations
were fabricated, and the dielectric properties of blood mim-
icking phantoms were investigated in the frequency range
of 300 MHz to 20 GHz. The aqueous solutions with glucose
concentrations of 100 mg/dL to 500 mg/dL were used as
the experimental subject in [20], and the dielectric properties
of aqueous solutions were measured in the frequency range
of 1 GHz to 8 GHz. In addition, the S11 and S21 parameters
of aqueous solutions with different glucose concentrations
were studied using a transmission/ reflection line approach
with a frequency range between 100 MHz and 4 GHz in [21].
The results indicated that the S21 parameter was easily
affected by noise. In [22] and [23], a microwave sensor,
which was comprised of two spatially separated split-ring
resonators, operating at approximately 1.43 GHz, was pro-
posed for NBGM on volunteers with and without diabetes.
The resonant frequency of S21 and its 3-dB bandwidth were
obtained by the use of a network analyzer. In [24], a miniature
spiral sensor was adopted for NBGM.Moreover, the S11 was
investigated at different glucose concentrations when the
frequency was between 3 GHz and 7 GHz. In addition, a
microstrip spiral resonator was proposed for blood glucose
monitoring in [25] and [26], and the S parameters were
measured by in vitro or in vivo studies. To sum up, the afore-
mentioned investigations were mainly focused on the dielec-
tric properties of different glucose concentrations and the
S parameters (S11 or S21) of sensing signals in relation to
the changes of glucose concentration in the blood sample at
high radio-frequency (RF)/microwave frequencies (hundreds
of MHz or even GHz). On the other hand, according to
Schwan’s dispersion theory, the biological tissue shows α
dispersion and β dispersion at low frequencies (under dozens
of MHz) [27]. Therefore, it may be inferred that the sensing
signal is equally sensitive to the glucose concentration at
lower frequencies. However, thus far, very few investigations
have been reported. In [28], the impedance spectroscopies

of aqueous solutions with different glucose concentrations
were measured in the frequency range 50 Hz to 1 MHz.
Additionally, the impact of temperature on impedance spec-
troscopies of different glucose concentrations was explored at
frequencies from 100 kHz to 10 MHz in [29]. Furthermore,
as is well known, the blood volume in the blood vessel
presents a cyclical change when the blood flows, owing to
the periodic pulsation of the heart [30]. Specifically, blood
volume is largest when the heart is in the systolic state,
and it is smallest when the heart is in the diastolic state.
Therefore, it may lead to periodical variations of NBGM
data due to the blood volume pulsation at each cardiac cycle.
However, the influence of blood volume pulsation on NBGM
was neglected in aforementioned previous studies.

In this paper, dielectric properties of aqueous solutions
with different glucose concentrations will be investigated in
the frequency range from 1 kHz to 1 MHz. Additionally,
taking into account the blood volume pulsation in a full
cardiac cycle, an approach based onmeasuring bioimpedance
difference is proposed for NBGM. Firstly, the bioimpedance
of a forearm at each cardiac cycle is measured by the poly-
graph system with the sampling rate of 1000 Hz. Subse-
quently, the difference between minimum and maximum
bioimpedance values at each cardiac cycle is obtained.
Secondly, the bioimpedance variation associated with the
change of blood glucose concentration will be investigated.
We intend to decouple the influence of blood volume pulsa-
tion and other tissues (skin, fat, muscle, and so on) on glucose
measurements by means of bioimpedance subtraction.

The remainder of this paper is organized as follows.
In Section II, we will demonstrate the dielectric properties
of aqueous solutions with ten different glucose concentra-
tions and the fitting result. In Section III, in order to vali-
date the feasibility of the new approach, an inhomogeneous
arm model will be established, and the influence of glucose
concentrations on bioimpedance difference will be studied.
Section IV and Section V will present in vitro and in vivo
measurement results, respectively. Finally, the conclusions
are drawn in Section VI.

II. DIELECTRIC PROPERTIES
A. DIELECTRIC PROPERTIES OF AQUEOUS SOLUTIONS
WITH DIFFERENT GLUCOSE CONCENTRATIONS
In order to more intuitively understand the influence of
glucose concentration on dielectric properties at low fre-
quencies, higher glucose concentrations were taken into
account in this paper. Thus, the glucose concentrations con-
sidered in this work are not representative of the blood glu-
cose concentrations in humans. Specifically, the value of
the glucose concentrations in this paper was varied from
0 mmol/L to 225 mmol/L, and the difference between adja-
cent concentrations was 25 mmol/L. As shown in Fig. 1,
the relative permittivity and conductivity of aqueous solu-
tions with different glucose concentrations were measured by
the impedance analyzer (E4990A, Keysight) and liquid test
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FIGURE 1. Measurement of dielectric properties of aqueous solutions
with different glucose concentrations by using impedance analyzer and
liquid test fixture.

fixture (16452A, Keysight) in the frequency range between
1 kHz and 1 MHz. The measurement routine of each aqueous
solution sample was repeated three times, and 1,200 data
points were collected at each time. The room temperature was
24◦C during the measurements.

FIGURE 2. Relative permittivity of aqueous solutions with different
glucose concentrations between 1 kHz to 1 MHz.

Fig. 2 demonstrates the relative permittivity of aqueous
solutions with different glucose concentrations in the fre-
quency range between 1 kHz and 1 MHz. It could be
observed that the relative permittivity of all aqueous solutions
decreased sharply against the frequency when it was below
10 kHz. For instance, the relative permittivity was more than
270,000 at the frequency of 1 kHz, whereas the value was
approximately 12,000 at 10 kHz, less than 350 at 100 kHz.
However, on the other hand, the difference of relative permit-
tivity of aqueous solutions with different glucose concentra-
tions was not obvious in the whole frequency range. What is
more, the difference became smaller when the frequency was
more than 100 kHz. Therefore, our measurements indicated
that the relative permittivity was almost insensitive to the
glucose concentrations.

Fig. 3 illustrates the conductivity of aqueous solutions
with different glucose concentrations. With respect to fre-
quency, the conductivity increased sharply below 10 kHz.
Subsequently, the conductivity increased slowly between
10 kHz and 1 MHz. As illustrated in Fig. 3, it is interesting
to observe that the conductivity of aqueous solutions was

FIGURE 3. Conductivity of aqueous solutions with different glucose
concentrations from 1 kHz to 1 MHz.

closely related to glucose concentration. As the glucose con-
centration increased, the conductivity decreased. For exam-
ple, the conductivity was 0.005202 S/m, 0.004801 S/m, and
0.004471 S/m at 25 kHz when the glucose concentrations
were chosen at 0 mmol/L, 100mmol/L, and 225mmol/L,
respectively.

B. FITTING PARAMETERS OF DIFFERENT
GLUCOSE CONCENTRATIONS
As reported in [31], the Cole–Cole equation could be used
to describe the dielectric properties of biological tissues. The
Cole–Cole equation of three poles is listed as (1). Moreover,
the imaginary part of Cole-Cole equation is associated with
the conductivity of biological tissues, as shown in (2) [32].
Therefore, the conductivity could be obtained through (3).
Please note that the distribution parameter α of Cole–Cole
equation was set as 0 in our work. In this paper, to better eval-
uate the influence of glucose concentration on conductivity,
equation (3) was used to describe the measured conductivity
of different aqueous solutions as a function of frequency.
As listed in (3), ε0 is the permittivity of free space and its
value is 8. 854×10−12 F/m;1ε1,1ε2,1ε3 are the difference
of relative permittivity; τ1, τ2, τ3 represent the relaxation time
of blood samples; f is the signal frequency, and σ0 is the static
conductivity. Fig. 4 shows the fitting result by means of (3)
when the glucose concentration was 0 mmol/L. In addition,
the fitting parameters of conductivity of aqueous solutions
with different glucose concentrations are listed in Table 1.
∧
ε(f ) = ε′(f )− jε′′(f )

= ε∞ +

3∑
n=1

1εn

1+ j2π f τ (1−αn)n
+

σ0

j2π f ε0
(1)

ε′′(f ) =
σ (f )
2π f ε0

(2)

σ (f ) = (
2π · f ·1ε1 · τ1
1+ (2π · f · τ1)2

+
2π · f ·1ε2 · τ2
1+ (2π · f · τ2)2

+
2π · f ·1ε3 · τ3
1+ (2π · f · τ3)2

+,
σ0

2π · f · ε0
) · 2π · f · ε0 (3)
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TABLE 1. The fitting parameters of conductivity of aqueous solutions with different glucose concentrations.

FIGURE 4. Fitting result of conductivity when the glucose concentration
was 0 mmol/L in the frequency range between 1 kHz and 1 MHz.

FIGURE 5. Linear fitting to the 1ε1 variable with glucose concentrations.

An example of 1ε1 variable with glucose concentrations
is plotted in Fig. 5. It could be observed that1ε1 was almost
linearly decreased as the glucose concentration increased.
The other fitting parameters such as 1ε2, 1ε3, τ1, and τ2
also showed the similar variation. Therefore, the correlation
between fitting parameters and glucose concentration could
be approximately concluded with (4) to (10).

1ε1 = −0.12721 · x + 86.3339 (4)

1ε2 = −2.5794 · x + 1598.477 (5)

1ε3 = −47.806 · x + 46423.50 (6)

τ1 = −1.86026× 10−9 · x + 7.3355× 10−6 (7)

τ2 = −7.72679× 10−9 · x + 3.8635× 10−5 (8)

τ3 = 6.62977× 10−8 · x + 1.48216× 10−4 (9)

σ0 = 1.52242× 10−6 · x + 1.870× 10−3 (10)

Where x is the glucose concentration (unit: mmol/L) of
aqueous solutions.

III. BIOIMPEDANCE MODEL OF BLOOD GLUCOSE
A. BIOIMPEDANCE DIFFERENCE OF BLOOD VOLUME
Bioimpedance is the electrical impedance that is described
by the complex relation between voltage and current when
a voltage is applied across any biological tissue, and a cur-
rent will tend to traverse the tissue. Considering that the
bioimpedance of the human body is mainly controlled by
the lean-tissue component, the bioimpedance can be written
as (11) [33].

Z =
L
σA

(11)

where L is the length, A is the cross-sectional area, and σ is
the conductivity of biological tissue.

FIGURE 6. (a) Structure of inhomogeneous arm model proposed in this
paper and the electrode position; (b) the cross-section of inhomogeneous
arm model when the heart was in a diastolic state; (c) the cross-section
of inhomogeneous arm model when the heart was in a systolic state.

In this section, an inhomogeneous arm model was pro-
posed to evaluate the feasibility of measuring blood glucose
concentrations based on the change of their bioimpedance.
As described in Fig. 6, the arm model was comprised of three
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major tissues, which were blood, blood vessels, and other rel-
evant tissues, respectively. Four electrodes were attached on
the arm surface. The current was injected into the arm model
through electrode 1 and electrode 4. Additionally, a separate
set of monitoring electrodes (electrode 2 and electrode 3) was
used to measure the voltage developed across the arm model,
and then the bioimpedance would be obtained. As is well
known, the blood volume in the blood vessel and the thick-
ness of blood vessel are consistently changing owing to the
systolic and diastolic function of heart at a cardiac cycle [34].
In addition, the blood vessel is always filled with blood [35].
Therefore, as demonstrated in Fig. 6(b), in order to simplify
the proposed model, we assumed that the thickness of blood
vessel was largest when the heart was in a diastolic state.
Similarly, as shown in Fig. 6(c), the thickness of blood vessel
was smallest which was close to 0mmwhen the heart was in a
systolic state. At this moment, the blood volume was largest.
According to (11), the bioimpedance of three tissues could
be written as (12)-(14). Considering that three tissues were
placed in parallel in the arm model, the total impedance of
arm model could be acquired as (15).

Zblood =
L

π · σblood · r2blood
(12)

Zvessel =
L

π · σvessel · (r2vessel − r
2
blood )

(13)

Zother =
L

π · σother · (r2other − r
2
vessel)

(14)

Ztotal =
Zblood · Zvessel · Zother

Zblood · Zvessel + Zblood · Zother + Zvessel · Zother
(15)

Where σblood , σvessel , σother represent the conductivity of
blood, blood vessel, and other relevant tissues, rblood , rvessel ,
rother are the radius of blood volume, blood vessel, and other
relevant tissues, respectively. L is the distance between elec-
trode 2 and electrode 3.

As shown in (15), the bioimpedance of the arm model can
be regarded as a combination of two types of impedances:
1) base impedance Zother , which is corresponding to static
tissues, such as muscle, bone and fat; 2) variable impedance
of Zblood and Zvessel , which is corresponding to time-varying
blood volume.

As described in Fig. 6 (b) and Fig. 6 (c), it is worth
noting that the range of the radius of blood volume was
set from 1.372 mm to 2.672 mm in this section, which was
similar to [30] and [36]. The others parameters are listed as
Table 2. Fig. 7 demonstrates the normalized bioimpedance
as a function of the radius of blood volume when the glu-
cose concentration was 100 mmol/L. As shown in Fig. 7,
the radius of blood volume had a great impact on the
bioimpedance. The bioimpedance of arm model was 1.0 �
when the radius of blood volumewas 1.372mm.As the radius
increased, the bioimpedance was almost linearly decreased.
The bioimpedance was 0.997 � at the radius of 2.672 mm.

TABLE 2. The parameters of arm model in Fig. 6.

FIGURE 7. Bioimpedance of arm model various with the radius of blood
volume.

FIGURE 8. Bioimpedance difference varies with different glucose
concentrations in arm model.

Fig. 8 illustrates the normalized bioimpedance difference
when the glucose concentration is varied from 0 mmol/L to
225 mmol/L. The bioimpedance difference was 1.0 � when
the glucose concentration was at 0 mmol/L. Furthermore,
it could be observed that the bioimpedance difference was lin-
early decreased as the glucose concentration increased. The
bioimpedance difference was 0.773 � at 220 mmol/L. Thus,
it suggests that the glucose concentration can be obtained by
measuring the change in bioimpedance.

B. CURRENT DENSITY DISTRIBUTION IN
BIOIMPEDANCE MEASUREMENT
In this section, the current density distribution of arm model
was explored by using commercial electromagnetic modeling
software XFDTD which is based on the finite-difference
time-domain (FDTD) method. Fig. 9 demonstrates the cur-
rent density distribution of blood and blood vessel when the
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FIGURE 9. Current density distribution of blood and blood vessel at
different radius of blood volume: (a) the heart was in a diastolic state and
the radius of blood volume was 1.372 mm; (b) the heart was in a systolic
state and the radius of blood volume was 2.672 mm.

radius of blood volume is 1.372 mm and 2.672 mm, respec-
tively. The glucose concentration was set as 225 mmol/L.
The reference value of current density was 0.0025 A/m2

(i.e., 0 dB). As shown in Fig. 9 (a), the current density
of blood was about −16.45 dB, whereas the current den-
sity of blood vessel was less than −22.38 dB. In addition,
the current density of interface between blood vessel and
other relevant tissues was −18.33 dB. As the radius of blood
volume increased, the thickness of blood vessel decreased.
As shown in Fig.9 (b), the current density was approximately
−16.43 dB in the blood and blood vessel. In other words,
as the radius of blood volume increased, more current was
injected into the arm model. Therefore, it could be inferred
that the bioimpedance between electrode 2 and electrode 3
would be decreased, which corresponded with Fig. 7.

FIGURE 10. Current density distribution of blood and blood vessel at
different glucose concentrations when the radius of blood volume was
2.672 mm: (a) the blood glucose concentration was 0 mmol/L; (b) the
blood glucose concentration was 225 mmol/L.

Fig. 10 describes the current density distribution of blood
and blood vessel at different glucose concentrations. The
reference value of current density was also set as 0.0025A/m2

(i.e., 0dB). The current density was from −15.35 dB
to −14.82 dB in Fig. 10 (a) when the glucose concentration

was 0 mmol/L. On the other hand, as shown in Fig. 10 (b),
the current density was from −16.80 dB to −16.26 dB when
the glucose concentration was at 225 mmol/L. Therefore,
it indicated that the current density distribution was associ-
ated with the glucose concentration.

IV. IN VITRO MEASUREMENT OF BIOIMPEDANCE
A. IN VITRO EXPERIMENT SETUP
As illustrated in Fig. 11, to verify the feasibility of the
proposed approach, an in vitro experiment was carried out
by using the agar phantom. Specifically, the agar phantom,
of which the dimension was 400 mm × 130 mm × 130mm,
mimicked all relevant tissues. There was a hole of 350 mm×
110 mm × 55 mm in the agar phantom which represented
the blood vessel. Please note that the dimension of agar
phantom and its hole presented in this section are not the
same with the arm model shown in Fig. 6, as its dimen-
sions are very small and it was rather difficult to simu-
late. The aqueous solutions of 400 mL and 800 mL were
poured into the hole respectively to mimic the change of
blood volume due to the beating of heart. The experimental
setup was as follows. Firstly, when the glucose concentra-
tion was set at 0 mmol/L, the bioimpedance of phantom
with 400 mL and 800 mL aqueous solutions was measured
respectively by using the polygraph system (model number:
MP150 and EBI100C, Biopac). The EBI 100C can incorpo-
rate a precision current source of 100 uA rms. The opera-
tional frequency of 25 kHz was selected in this experiment.
Subsequently, the bioimpedance difference between 400 mL
and 800 mL could be obtained. Similarly, the bioimpedance
difference was acquired when the glucose concentrations
were 50 mmol/L, 100 mmol/L, 200 mmol/L, individually.

FIGURE 11. In vitro experiment setup.

B. IN VITRO MEASUREMENT RESULT
Fig. 12 shows the normalized bioimpedance difference
as a function of glucose concentration in vitro experi-
ment. The bioimpedance difference was 1.0 �, 0.964 �,
0.959 �, and 0.930 � when the glucose concentrations
were 0 mmol/L, 50 mmol/L, 100 mmol/L, and 200 mmol/L,
respectively. Thus, our in vitro measurement results sup-
ported the hypothesis that as the glucose concentration
increases, the bioimpedance difference will decrease, which
is very consistent with the trend presented in Fig. 8.
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FIGURE 12. Bioimpedance difference various with the glucose
concentration in vitro experiment.

V. IN VIVO MEASUREMENT OF BIOIMPEDANCE
A. IN VIVO EXPERIMENT SETUP
As shown in Fig. 13, the in vivo measurement was carried
out on a nondiabetic volunteer. The volunteer was fasting
more than 8 hours. The experiment began at 9:00am in the
laboratory. Fifteen minutes later, the volunteer drank 65g
glucose. The experiment continued for 135 minutes. The
bioimpedance of volunteer’s forearm was measured by using
the polygraph system (model number: MP150 and EBI100C,
Biopac). The frequency of current source in EBI100C was
selected as 25 kHz and the amplitude was 100 uA rms.
Four electrodes were attached on the surface of volun-
teer’s arm, and the distance between electrode 2 and elec-
trode 3 was 150 mm. The bioimpedance of arm at each
cardiac cycle was collected by the software AcqKnowledge
4.2 which was provided by Biopac Systems, inc. Taking
into account that the frequency of cardiac cycle is usually
from 0.7 Hz to 3 Hz, the sampling rate of bioimpedance
was set as 1000 Hz in this paper, which was sufficient to
meet the requirements of bioimpedance measurement of arm
at each cardiac cycle. Simultaneously, the blood glucose
concentration of volunteer at different time was obtained
from a commercial portable blood glucose meter and
lancing device (model number: ACCU-CHEK R© Performa
meter).

FIGURE 13. In vivo experiment setup: (a) the bioimpedance of arm was
measured by using the polygraph system; (b) the blood glucose
concentration of volunteer was acquired from the blood glucose meter
and lancing device.

FIGURE 14. (a) Raw signal collected by the polygraph system;
(b) the signal was processed by low pass filtered and high pass filtered;
(c) the signal was processed by wavelets; (d) the maximum bioimpedance
(solid square) and minimum bioimpedance (solid circle) was acquired at
each cardiac cycle.

B. BIOIMPEDANCE EXTRACTION
The raw data collected by the polygraph system is plotted
in Fig. 14(a). It could be observed that the measured signal is
not clean owing to the influence of noise. Therefore, the data
preprocessing is important before bioimpedance extraction.
Fig. 15 shows the flow diagram of signal preprocessing
and bioimpedance extraction. Specifically, a low pass fil-
ter with cut-off frequency of 10 Hz and a high pass filter
with cut-off frequency of 0.2 Hz were utilized in this paper.
As demonstrated in Fig. 14(b), the high frequency noise
has been effectively filtered out. However, the signals were
still fluctuating, which might be caused by human breathing.
To remove its effect, the wavelet transform was adopted for
signal preprocessing, as listed in (16), (17) and (18), which
were implemented in the MATLAB.

[C,L] = wavedec(original_data, 10, ‘db10’) (16)

noise = wrcoef(‘a’,C,L, ‘db10’, 10) (17)

wavelet_data = original_data− noise (18)

FIGURE 15. Flow diagram of bioimpedance extraction.
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As listed in (16), the dataset was undergone wavelet
decomposition at level 10 using the wavelet ‘db10’. Then the
coefficients were reconstructed based on the wavelet decom-
position structure [C, L] at level 10. Finally, the measurement
noise was effectively filtered out, as shown in Fig. 14(c).

The cardiac cycle was determined by using autocorre-
lation function in this paper. In addition, the maximum
bioimpedance at each cardiac cycle was acquired by the find-
ing peak function in MATLAB. The minimum bioimpedance
at each cardiac cycle also could be obtained, as shown in
Fig. 14(d). Please note that the signals in Fig. 14 (d) were
inverted from Fig. 14(c). Finally, the bioimpedance differ-
ence between maximum and minimum for each cardiac cycle
could be computed.

C. IN VIVO MEASUREMENT RESULT
The bioimpedance difference at each cardiac cycle collected
over 5 minutes was averaged in this work. Fig. 16 shows
the in vivo measurement result of a volunteer without dia-
betes, plotted as a function of time and compared with
the reference blood glucose concentration. As shown in
Fig. 16, the bioimpedance difference was about 0.6782 �
when the volunteer was fasting and the blood glucose con-
centration was 4.8 mmol/L. The glucose intake was con-
ducted at t = 15 minute. The bioimpedance difference was
0.5860 � at t = 30 minute. Furthermore, the bioimpedance
difference was 0.6372 � at t = 65 minute, and the blood
glucose concentration was approximately 7.3 mmol/L. Sub-
sequently, the bioimpedance difference increased to 0.7446 �
at t = 70 minute. At that moment, the blood glucose con-
centration showed a downward trend. The bioimpedance
difference was 0.7306 � and blood glucose concentration
was 5.6 mmol/L at t = 135 minute. On the other hand,
in terms of the variety of blood glucose concentration, it could
be fitted as (19), which is quadratic polynomial. Similarly,
the change of bioimpedance difference could be fitted as (20).
As shown in Fig. 16, the opening direction of fitting curve
about blood glucose concentration was downward, whereas
the opening direction of fitting curve about bioimpedance

FIGURE 16. Bioimpedance difference and the blood glucose
concentration in vivo experiment.

difference was upward, which corresponded with the trend
in Fig. 8 and Fig. 12.

1ρglu cos e = −5.635× 10−4 · t2 + 0.0829 · t + 4.265 (19)

1Z = −1.478× 10−6 · t2 − 1.594× 10−4

· t + 0.0732 (20)

Where 1ρglu cos e represents the blood glucose concentration
(unit: mmol/L), 1Z represents the bioimpedance difference
(unit: �), and t is time (unit: minute).

D. DISCUSSION
As shown in Fig. 8, the result of arm model showed that as
the glucose concentration increased, the bioimpedance dif-
ference decreased. Furthermore, the result of in vitro exper-
iment in Fig. 12 also demonstrated the same trend that the
bioimpedance difference decreased with the increasing of
glucose concentration. In addition, the result of in vivo exper-
iment in Fig. 16 showed the similar trend to Fig. 8 and
Fig. 12. For instance, the bioimpedance difference was
0.06593� at t = 45 minute, and the blood glucose concentra-
tion was about 7.4 mmol/L. Subsequently, as blood glucose
was decomposed, the blood glucose concentration presented
a decreasing trend. The blood glucose concentration was
6.6 mmol/L at t= 95 minute. It could be observed that the as
the blood glucose concentration decreased, the bioimpedance
difference showed an increased trend that the bioimpedance
difference had been increased from 0.06593 � to 0.07672 �
at 45 ≤ t ≤ 95 minute. However, there were still some
unsatisfied results in Fig. 16. Specifically, the blood glucose
concentration was the smallest at t ≤ 15 minute while the
volunteer was fasting. After the glucose intake, the blood
glucose centration began to increase. Thus, according to the
inference of Fig. 8 and Fig. 12, the bioimpedance differ-
ence of fasting state at t ≤ 15 minute in Fig. 16 should
be the larger than the bioimpedance difference after glucose
intake. However, the bioimpedance difference was similar
between fasting state and after glucose intake in Fig. 16.
In other words, it was indicated that there was a deviation
of bioimpedance difference at t ≤ 15 minute. The deviation
in Fig. 16 might be explained as follows. Firstly, the deviation
was caused by the temperature difference between the human
and electrodes at t ≤ 15 minute. The temperature of human
body was about 37◦C, whereas the electrode temperature
was room temperature, which was 24◦C. As reported in [22]
and [29], the temperature might have an impact on NBGM.
Secondly, both the maximum blood volume and minimum
blood volume were set as a constant in arm model and in
vitro experiment. However, in fact, the maximum blood vol-
ume at each cardiac cycle has little fluctuation, and so does
the minimum blood volume. The instability of maximum
blood volume and minimum blood volume in vivo experi-
ment might lead to the deviation of bioimpedance difference.
Furthermore, the components of blood are very complicated,
including blood glucose, hemoglobin, inorganic substance,
and so on. The changes of other components of blood also
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may cause the deviation of bioimpedance measurement on
NBGM. Thirdly, the electrode polarization at low frequencies
might have an impact on the bioimpedance measurement,
which would lead to the deviation in Fig. 16 [37], [38].

On the other hand, measurement of bioimpedance requires
the injection of an electric current. Therefore, no harm or dis-
turbance of any kind should happen to biological tissue.
In this paper, the frequency and amplitude of injected cur-
rent was below the threshold strength-duration curve of the
excitable tissues, so it would not elicit the harm or disturbance
of tissue [39]. However, the possible implication of running
current through the body for long-term bioimpedance mea-
surement still needs to be studied.

VI. CONCLUSIONS
In this paper, the relative permittivity and conductivity of
aqueous solutions with ten different glucose concentrations
were measured in the frequency range of 1 kHz to 1 MHz.
The result showed that the relative permittivity was almost
insensitive to glucose concentrations. However, as the glu-
cose concentration increased, the conductivity decreased. The
conductivity dropped from 0.00520 S/m to 0.00447 S/m at
25 kHz when the glucose concentration was from 0 mmol/L
to 225 mmol/L. In addition, a new approach based on mea-
suring bioimpedance was presented for NBGM. To verify the
feasibility of aforementioned approach, an inhomogeneous
armmodel was established in this paper. The simulation result
indicated that the normalized bioimpedance difference would
fall from 1.0 � to 0.773 � when the glucose concentration
increased from 0mmol/L to 225 mmol/L. Furthermore, the in
vitro experiment with an agar phantom and in vivo experiment
with a nondiabetic volunteer were carried out in this paper.
The normalized bioimpedance difference in vitro experiment
was 1.0 �, 0.964 �, 0.959 �, and 0.930 � when the glucose
concentrations were 0 mmol/L, 50 mmol/L, 100 mmol/L,
and 200 mmol/L, respectively, which was consistent with
the variety trend of the arm model. Additionally, the in vivo
experiment also showed the similar trend at t ≥ 15 minute.
Therefore, it might be concluded that the approach based on
bioimpedance difference was feasible for NBGM. In the near
future, we will conduct more in vivo studies via different
volunteers (diabetic patients and normal people). In addi-
tion, we will investigate bioimpedance measurement based
on multi-frequency, which may be of help to decouple the
influence of other components of blood on NBGM.
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