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Abstract

In this study, bioelectrical impedance analysis, which has been used to assess an alteration in intracellular fluid (ICF) of the body, was
applied to detect intravenous infiltration. The experimental results are described as follows. Firstly, when infiltration occurred, the resis-
tance gradually decreased with time and frequency i.e., the resistance decreased with increasing time, proportional to the amount of infil-
trated intravenous (IV) solution. At each frequency, the resistance gradually decreased with time, indicating the IV solution (also blood)
accumulated in the extracellular fluid (ECF) (including interstitial fluid). Secondly, the resistance ratio started to increase at infiltration,
showing the highest value after 1.4 min of infiltration, and gradually decreased thereafter. Thirdly, the impedance (Z) of cell membrane
decreased significantly (especially at 50 kHz) during infiltration and gradually decreased thereafter. Fourthly, Cole-Cole plot indicated
that the positions of (R, X;) shifted toward left owing to infiltration, reflecting the IV solution accumulated in the ECF. The resistance
(Ry) at zero frequency decreased continuously over time, indicating that it is a vital impedance parameter capable of detecting early infil-
tration during I'V infusion. Finally, the mechanism of the current flowing through the ECF, cell membrane, and ICF in the subcutaneous
tissues was analyzed as a function of time before and after infiltration, using an equivalent circuit model of the human cell. In conclusion,
it was confirmed that the infiltration could be detected early using these impedance parameters during the infusion of IV solution.
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1. INTRODUCTION damage, infection, and tissue necrosis [2]. Infiltration occurs when
intravenous (IV) fluid or medications leak into the surrounding

Insertion of an intravascular catheter is one of the most common tissue. Infiltration can be caused by improper placement or

invasive procedures in hospitals worldwide. Intravenous infusion dislodgment of the catheter. Patient movement can cause the

and drug infusion into a blood vessel through a catheter are very catheter to slip out or through the blood vessel lumen [3].

common medical procedures for hospitalized patients. However, Extravasation is the leaking of vesicant drugs into the surrounding

the failure rate of IV is estimated to be more than 20% [1]. tissue. Extravasation can cause severe local tissue damage,

Infiltration and extravasation are complications that can occur possibly leading to delayed healing, infection, tissue necrosis,

during the intravenous therapy administrated via either peripheral disfigurement, loss of function, and even amputation. In order to

or central venous access devices. Both can result in problems such minimize the peripheral catheter-related complications, the insertion

as difficulty in siting of future venous access device, nerve site should be inspected during each shift change and the catheter

should be removed if signs of inflammation, infiltration, or
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and drugs can easily cause venous rupture when the venous

infiltration or extravasation [6]. Recognizing the early signs and

into the tissue. Such signs and symptoms include local edema,

skin blanching, skin coolness, leakage at the puncture site, pain,
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intervention, many injuries may be prevented by following the
established policy and procedures. However, timely surgical
intervention, when necessary, can prevent more serious adverse
outcomes [8]. As a result of the IV infiltration management
program for pediatric patients undergoing peripheral IV infusion
at a children’s hospital, the IV infiltration was reduced to less than
1%. It was remarkably low compared with a comparison group who
did not participate in the program, suggesting that the conducted
program significantly reduced the occurrence of infiltration [9]. A
safety event response team at Cincinnati Children’s Hospital Center
developed an improvement to reduce the peripheral intravenous
(PIV) infiltration and extravasation. The improvement activities
included development of a touch-look-compare method for hourly
PIV site assessment, staff education and mandatory demonstration
of PIV site assessment, and performance monitoring and sharing
of compliance results [10]. In addition, the patented dual arms of
the Venoscope® II contain two white and a red LEDs. This
particular combination of lights, with different wavelengths,
allowed the light to penetrate deeper into the subcutaneous tissue
and to create the contrast necessary for the blood veins to stand
out as dark lines within the illuminated orange tissue [11].

The research for detecting infiltration and extravasation during
peripheral venous treatment has been performed using optical and
electrical methods [12-14] because early detection of infiltration
helps prevent the occurrence of serious injury that may require
surgical corrections. An IV infiltration detection device coupled
with fiber optics and an algorithm was proposed to detect the
infiltration around the IV injection site noninvasively [12]. An
early detection system (IV watch Model 400) of peripheral IV
infiltration and extravasation events through continuous monitoring
of the IV site using near-infrared (NIR) has been developed [13].
Researchers have also used ultrasound to examine the exogenous
fluids injected into cutaneous and subcutaneous tissue. Ultrasound
has been used to detect small volumes of fluids, such as cosmetic
fillers and subcutaneous injections. These studies suggest that
ultrasound may be a potential reference standard for the future
evaluation of IV watch devices [14].

The early infiltration detection system is simple, reliable,
economical, and should monitor the IV infiltration in a non-
invasive manner for easy utilization in the nursing field. An
infiltration detection system using bioelectrical impedance analysis
(BIA) satisfies these conditions well because BIA is a safe, prac-
tical, and non-invasive method for measuring the components of
biological tissues and materials [15]. BIA relies on the conduction
of radio frequency electrical current by the fluid (water, interstitial

fluid, and plasma), electrolytes, and permeability of the cell mem-
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brane in the tissue [16]. BIA has been utilized to diagnose the dis-
eases and to assess the hydration status, body composition,
muscle-fat ratio, obesity degree, lean balance, edema, and nutri-
tional status of the patients [17,18].

In this study, impedance was measured as a function of time
during the IV infusion into the vein. In order to investigate any
change in impedance caused by the infiltration, it was also
measured as a function of time and frequency before and after the
infiltration. The IV solution accumulated in the surrounding
tissues during infiltration was evaluated using an equivalent circuit
model of the human cell and the impedance parameters such as
resistance, impedance of cell membrane, and the Cole-Cole diagram
[19,20].

2. EXPERIMENTAL

2.1 Equivalent Circuit of Cell Membrane, ICF,
and ECF

A basic understanding of normal body fluid physiology is
required to be able to appreciate the nuances of fluid therapy. Total
body water (TBW) accounts for approximately 60% of the total
body weight. TBW is distributed between the intracellular fluid
(ICF) compartment (approximately 66%) and the extracellular
fluid (ECF) compartment (approximately 33%). These two spaces
are separated by cell membranes. The ECF compartment is further
subdivided into intravascular (8% TBW) and interstitial (25%
TBW) spaces [21], and these compartments are separated by the
capillary wall. The barriers (cell membranes) between the fluid
compartments have different permeability to different solutes

based on size, charge, and conformation. This selective permeability,
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Fig. 1. The human body consists of resistance (R,, R,, R;) and
capacitance (C,) connected in parallel or in series. In the
parallel model, two or more resistors and capacitors are
connected in parallel, with the current passing through the
extracellular space at low frequencies and through the
intracellular space at high frequencies.
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Table 1. Description of symbols indicated in Fig. 1

Symbol Description
C, Capacitance of cell membrane
R, Resistance of cell membrane
R, Resistance of ECF
R; Resistance of ICF
X Reactance of cell membrane
Z; Impedance of X and R;
Z Impedance of Z; and R,
1 Current through both ECF and ICF
1, Current through only ECF
L Current through both cell membrane and ECF

along with hydrostatic and oncotic forces (i.e., Starling forces),
determines the movement of fluids and electrolytes between the
compartments. Cells constituting human organs consist of ECF
and ICF that behave as electrical conductors, whereas the cell
membrane acts as an electrical resistance and capacitor [22,23].

Figure 1 indicates an equivalent circuit of a cell in the human
body. Table 1 lists the descriptions of the indicated symbols in
Fig. 1.

Since the resistance (R,,) and the capacitance (C,,) of the cell
membrane are connected in parallel, the reactance (Xc) of the cell

membrane in Fig. 1 can be expressed as follows:
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The reactance (Xc) of the cell membrane and the resistance (R;)
of the ICF connected in series can be expressed as
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The total impedance (Z) of the cell model can be represented as

1.1 R+Z ®)

The reactance (X) of the cell membrane depends on the applied

frequency. When the applied AC frequency is high, Z decreases,

since X and Z; decrease according to Egs. (1) and (2). On the

contrary, when the applied AC frequency is low, Z increases as the
opposite phenomenon occurs.

Equation (2) can be separated into a real part and an imaginary

part.
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When this equation is plotted in the Wessel diagram, the real
values are on the x-axis, and the imaginary values are on the y-

axis.

2.2 Cole-Cole plot

The flow of AC in the different compartments of the cellular
spaces at different frequencies is usefully displayed as a Cole—
Cole plot [24]. At very low frequencies (R,), the measurement is
only resistive, and corresponds to the extracellular resistance. No
current passes through the intracellular path because it cannot
cross the capacitance (C,,) of the cell membrane. As the applied
AC frequency increases, the phase angle gradually increases as
more AC is diverted away from ECF, and passes to ICF through
the cell membrane with the capacitance. At high frequencies (R-.),
the capacitance of the cell membrane decreases sharply and can be
neglected, hence AC enters the parallel resistances of the intracellular
(R;) and extracellular compartments (R,). Thus, the reactance (X,)
of the cell membrane is null; therefore, the entire impedance (Z)
is only resistive again and returns to the x-axis. Between R, and
R, AC passing through the capacitive path reaches a peak. The
characteristic frequency (f;) is the frequency at which the current
passing through the capacitive path reaches a peak, and is a useful
measure of the properties of bioelectrical impedance.

To illustrate the Cole-Cole plot as shown in Fig. 2, Eq. (4)
should be divided into the real part (on x- axis) and the imaginary
part (on-y axis). X (real value) and Y (imaginary value) can be

defined as follows.
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These equations can be expressed in the form of a circle as

follows:
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Fig. 2. Cole-Cole diagram: reactance vs. resistance in B-dispersion
region. Ry: resistance at zero frequency (1 Hz), R,: resistance
at infinite frequency (100 MHz), and F,: characteristic fre-
quency.

Therefore, the resistance (R,,) of the cell membrane and the
resistance (R;) of ICF can be obtained by fitting the X values. The
reactance (X¢) and the capacitance (C,,) of the cell membrane can
be obtained by fitting the Y values.

2.3 Subjects

In this study, two healthy adults were selected as experimental
subjects to conduct a small-scale exploratory clinical trial led by
researchers. Prior to participation in this study, the purpose of this
study was explained to the subjects and their written consents
were obtained. The subjects were 2 males with a mean (+=SD) age
of 61.0 £ 2.0 years, mean height of 168.0 £+ 3.0 cm, mean weight
of 68.0 kg + 3.0 kg, and mean body mass index (BMI) of 24.23
+ 0.34 kg/m*. All subjects were free of any known chronic
illnesses. This study was approved by the IRB committee of Pusan
National University Yangsan Hospital (IRB No. 03-2016-017).

2.4 Peripheral intravenous injection and induced
infiltration

Electrodes (separated by 12 cm) intended for applying the
current and collecting the voltage were attached to both sides of
the transparent dressing at the infusion site. Ag/AgCl medical
electrodes (2223H, 3M, Korea) with foam tape and sticky gel)
were used to minimize error between electrode and the skin. After
inserting the PIV (peripheral intravenous) catheter into a vein of
the inner forearm of the subjects, the infiltration was deliberately
induced by pushing the needle through the vein wall into the
subcutaneous tissue. Subsequently, a transparent dressing (10.2 cm
x 7.4 cm, Sewoon Ltd., Korea) was immediately placed at the
infusion site to observe the swelling of the tissue around the
infiltrated vein visually. Bioimpedance was measured as a function

of time and frequency before and after infiltration, using bioelectrical
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impedance spectroscopy (called Vector) developed by Kim [25].
AC with 8 different frequencies (20, 50, 100, 200, 300, 500, 700,
and 1000 kHz) was applied to the electrodes to measure BI.

3. RESULTS AND DISCUSSIONS

3.1 Resistance as a function of time before and
after infiltration

The resistance of the body to the flow of alternating current is
related to the volume (or amount) of fluid in the body [26]. An
acute (minor) change in the fluid status can alter the resistance of
the human body [27,28]. According to experiments performed
with IV infusion [29], the bioimpedance analysis is sufficiently
sensitive to detect minute changes in the volume of fluid in the
body.

Figure 3 shows the change in resistance as a function of time
during the IV infusion into the vein. BI (before infiltration) indi-
cates the instance when the IV solution is properly infused into the
vein. Al (at infiltration) indicates the instance when the infiltration
occurs. The resistance decreased with increasing frequency. At
each frequency, the resistance gradually decreased over time, pro-
portional to the amount (60 ggt. /min.) of IV solution leaking from
the vein owing to infiltration, indicating the IV solution (and
blood products) accumulated in the ECF (including interstitial
fluid). Scheltinga et al. applied an alternating current with 800 pA

and 50 kHz to the arm of the subject while injecting a saline
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Fig. 3. Resistance as a function of time. As the IV sulution continues
to leak from the vein, resistance decreases gradually over
time. BI (before infiltration) indicates the instance when the
IV solution is properly infused into the vein. Al (at infil-
tration) indicates the instance when the infiltration occurs.
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infusion into the subject for 15 min. They reported a decrease in
the resistance from 5 min after the IV infusion [28]. In this exper-
iment, an intentional infiltration was induced during the IV infu-
sion, and the resistance was measured at a narrow IV site using
multi-frequency impedance spectroscopy. The resistance gradu-
ally decreased over time, which indicates that the accumulation of
the IV solution from the vein gradually increased in the subcu-
taneous tissue. Therefore, when the IV solution is infused, it is
suspected that the infiltration occurs if the resistance continues to

decrease.

3.2 Resistance ratio as a function of time before
and after infiltration

Bioimpedance spectroscopy can accurately measure the
resistance of body fluid compartments (ECF, ICF). The resistance
ratio of ICF to ECF should reflect the relative volume of these
compartments. As dialysis patients accumulate excess fluid in
their extracellular compartment, this ratio may prove useful in the
evaluation of dry weight [30]. Applying the resistance ratio to the
infiltration phenomenon can lead to the following concept if
infiltration occurs during the IV infusion into the vein, the
resistance ratio will vary with time and frequency because the IV
solution accumulates in the ECF.

Figure 4 shows the resistance ratio at 200, 300, 500, 700, and
1000 kHz to that at 20 kHz. At 20 kHz, the current flows only to
the ECF because it cannot pass through the cell membrane.
Hence, the resistance measured is high. On the other hand, AC

with a frequency of 50 kHz or more can pass through the cell
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Fig. 4. Resistance ratio as a function of time before and after infil-
tration. The resistance ratios start increasing at Al, showing
the highest value at 1.4 min after the infiltration, and grad-
ually decrease thereafter.
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membrane. As the frequency of the applied current increases, the
current flowing to the ICF increases and the resistance decreases
further. Therefore, the resistance ratio with respect to frequency
can reflect this change in resistance. The resistance ratios start
increasing at Al, showing the highest value at 1.4 min after the
infiltration, and gradually decrease thereafter. Thus, the infiltration

during IV infusion can be detected using the resistance ratio.

3.3 Resistance as a function of frequency before
and after infiltration

Whether a cell membrane behaves as a resistor or capicitor
depends on the frequency of the applied current. When an
alternating current with a frequency lower than 50 kHz (2.1 x 10™'eV)
was applied to the IV site, the resistance was measured to be
relatively high because the current only flowed into the narrow
ECF, which is composed of adipose tissue. Only a small amount
of current finds “the path of least resistance” through a capillary
[31]. Hence, the decreasing resistance over time at 20 kHz (8.4 x
10"eV) reflects the IV solution accumulating in the ECF after
infiltration. On the other hand, when an alternating current with a
frequency higher than 50 kHz is applied to the IV site, the current
has sufficient energy to pass through the cell membrane; therefore,
the current flows into the ICF with a larger internal cross-sectional
area. Thus, the current flows through both ECF and ICF. As the
frequency increases, more current flows into ICF, which further
reduces the resistance.

Figure 5 shows the resistance as a function of frequency before

and after the infiltration. The resistance decreased exponentially
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Fig. 5. Resistance as a function of frequency. The resistance decreased
exponentially with respect to frequency. At each frequency,
the decrease in resistance was almost constantly reduced over
time.

J. Sensor Sci. & Tech. Vol. 26, No. 1, 2017



1201

with respect to frequency. At each frequency, the decrease in
resistance was almost constantly reduced over time. However, the
decrease in resistance owing to the infiltration was clearly
observed in the frequency range of 20 - 100 kHz. It is believed
that the IV solution and blood components leak from the vein
during infiltration and accumulate in the ECF. This can be a useful

parameter for the early detection of infiltration.

3.4 Impedance of cell membrane as a function
of time before and after infiltration

The impedance (Zc) of cell membrane is a measure of the
function of the cell membrane [31]. The cell membrane can store
charge for a short period of time and slow down the current flow.
The cell membrane acts as a resistor when the frequency of the
applied current is low and as an accumulator when the frequency
of the applied current is high. At a low frequency below 50 kHz,
the current cannot flow through the cell membrane. At these
frequencies, the cell membranes act as resistors because current
cannot pass through the cell membranes. Therefore, at low
frequencies, any current conducting through the body only passes
through ECF. On the other hand, currents with frequencies higher
than 50 kHz can pass through the cell membranes and flow
through the ICF as well as ECF.

Figure 6 shows the impedance (Z:) of cell membrane as a
function of time during the IV infusion into the vein. When
infiltration occurred during the IV infusion, Z. decreased
significantly at Al and subsequently decreased. As the frequency
of the applied AC increased, the ability of the cell membrane to

slow down the flowing current was significantly reduced, and
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Fig. 6. Impedance (Z) of cell membrane as a function of time. When
infiltration occurred during the IV infusion, Z. decreased sig-
nificantly at Al and subsequently decreased.
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hence, Z decreased. The impedance of cell membrane was most
evidently reduced at 20 kHz during the infiltration. It is concluded
that Z- was reduced because IV solution adsorbs to the cell
membrane due to the infiltration and weakened the ability of the

cell membrane to slow down the current.

3.5 Cole-Cole Plot: reactance versus resistance

The impedance spectra of the electric circuit can be obtained
using bioelectrical impedance spectroscopy (BIS). The curve
obtained by these values is called a Cole-Cole plot (or impedance
locus), and the shape of the curve depends on the characteristics
of the circuit [32,33]. The equivalent circuit of a human cell
consists of the ECF and ICF resistances and the cell membrane
capacitance. The computer extrapolates the admittance locus
represented by the equation of the derived Cole and Cole
distribution circuit in the frequency range of 1 kHz to 500 kHz.
From this equation, it is possible to extract the extracellular fluid
resistance (Egcr), intracellular fluid resistance (Rcr), membrane
capacitance (C,,), and time constant (T,) of structural relaxation (j3
dispersion). Variations of the tissue impedance, when measured as
a function of frequency, result from changes in the structural
properties of the tissue; these measurements provide valuable
information about the volume and distribution of both ICF and
ECF. When a low-frequency voltage is applied to the tissue, the
current mainly flows through the ECF, whereas at high
frequencies it flows through both ECF and ICF.

Figure 7 shows the reactance versus resistance (i.e., the Cole-
Cole plot) for different frequencies. The symbols at the bottom
right are values measured at 20 kHz and the frequency increases
in the counterclockwise direction. At zero (or low) frequency, the
current cannot penetrate the cell membrane, which acts as an
insulator; therefore, the current passes through the ECF, which is
responsible for the measured R, of the body. At finite frequency
(or a very high frequency), the cell membrane behaves as a perfect
(or near perfect) capacitor; therefore, the total body water reflects
the combined R of both ICF and ECF. At a lower frequency (20
and 50 kHz), the measured values moved in the upper left direction
owing to infiltration. At each frequency, the measured values of
(R, X¢) shifted toward left owing to infiltration, reflecting the IV
solution being accumulated in the ECF. These phenomena have
been observed in impedance studies conducted by other
researchers as well. Nescolarde et al. investigated the impedance
at 50 kHz in a calf muscle before and after an injury of soccer
players, and reported that the resistance of the more severely

injured muscle was further decreased (11.9% in grade 1, 20.6% in
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frequency, the measured values of (R, X¢) shifted toward left
owing to infiltration, reflecting the IV solution being
accumulated in the ECF.

grade 2, and 23.1% grade 3) compared to the non-injured muscle
(68 Q). Their findings indicated that the decreases in R reflected
a localized accumulation of fluid [34].

Figure 8 shows the resistance at zero frequency as a function of
time. These values are obtained by extrapolating the curves in the
direction (clockwise) of zero frequency in the Cole-Cole plot
shown in Fig. 8. When infiltration occurs during the IV infusion,
the resistance (R,) decreases because the IV solution accumulates
in the ECF (mainly interstitial fluid). Since the resistance (R,) at
zero frequency reflects the current flowing through the ECF, the

steady decrease in resistance over time can be attributed to the
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Fig. 8. Zero resistance (R,) as a function of time before and after
infiltration. The resistance at zero frequency decreases con-

tinuously over time, indicating that it is an important imped-
ance parameter that can detect infiltration.
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infiltration. The resistance at zero frequency decreases continuously
over time, indicating that it is an important impedance parameter

that can detect infiltration.

3.6 Discussions

Infiltration is a condition wherein an infused IV solution
inadvertently leaks into the soft subcutaneous tissue surrounding a
hypodermic needle site. The current methods of detection of
infiltration by medical staff are fairly subjective and are potentially
prone to error [35].

So far, the infiltration detection systems have been developed
using visible light and near-infrared LEDs as light sources. In such
systems, a significant decrease in the reflection of light from the
skin above the IV site was recognized as infiltration compared to
the reflection of light before infiltration. However, the occurrence
of infiltration was recognized through a reduction of the reflected
light from the skin surface, and the IV solution penetrating into
the subcutaneous tissue could not be detected by such a method.

In this study, infiltration was deliberately induced by puncturing
the vein wall of the subjects with an injection needle during the IV
infusion. Various data about the IV solution leaking from the vein
into the subcutaneous tissue was acquired using the impedance
parameters (resistance, reactance) and the Cole-Cole plot. When
the infiltration occurred, the resistance gradually decreased at 8
frequencies ranging from 20 to 1000 kHz. The resistance ratio
was used to determine the infiltration. The resistance ratio starts
increasing at infiltration, showing the highest value at 1.4 min
after infiltration, and decreased gradually thereafter. The Cole-
Cole plot indicated that at lower frequencies (20 and 50 kHz), the
movement of the measured values owing to infiltration was well
visible in the upper left direction. The positions of (R, X,) shifted
to the left owing to infiltration, reflecting the IV solution being
accumulated in the ECF. These phenomena have been observed
in impedance studies conducted by other researchers as well.
Nescolarde et al. measured the reactance versus resistance at
50 kHz in a calf muscle before and after injuries of football players,
and reported that the resistance for a more severely injured muscle
was further reduced (11.9% in grade 1, 20.6% in grade 2, and
23.1% grade 3) compared to the non-injured muscle (68 Q).

4. CONCLUSIONS

In this study, bioelectrical impedance analysis, which has been

used to assess an alteration in the ICF of the body, was introduced
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for early detection of infiltration. The bioelectrical impedance
(resistance and reactance) was measured as a function of time and
frequency using bioelectrical impedance spectroscopy. When the
infiltration occurred, the resistance gradually decreased over time,
proportional to the amount of IV solution leaking from the vein
owing to infiltration. Using an equivalent circuit model and the
resistance at 20 kHz, the IV solution leaking from the vein was
confirmed to be accumulated in the ECF. In addition, when a
current with a frequency higher than 50 kHz (2.1 x 10"%V) was
applied to the IV site, the resistance further decreased, because the
applied AC was sufficiently strong to penetrate the cell membrane
and flowed into the ICF as well as ECF.

The result of applying the impedance parameters such as
resistance, resistance ratio, impedance of cell membrane, and
Cole-Cole plot to the infiltration can be summarized as follows.
Firstly, the resistance decreased with increasing time (proportional
to the amount of infiltrated IV solution). At each frequency, the
resistance gradually decreased with time, indicating the fluid (and
blood) accumulated in the ECF and ISF. Secondly, the resistance
ratio started to increase at infiltration, showing the highest value
after 1.4 min of infiltration, and gradually decreased thereafter.
Thirdly, when the infiltration occurs during the IV infusion into
the vein, the impedance of cell membrane decreased significantly
(especially at 50 kHz) during infiltration and gradually decreased
thereafter. Finally, the Cole-Cole plot indicated that the positions
of (R, X¢) shifted to the left owing to infiltration, reflecting the IV
solution being accumulated in the ECF. The resistance (R,) at zero
frequency decreased continuously over time, indicating that it is
an important impedance parameter capable of detecting early
infiltration during the IV infusion.

In the future, clinical applications of BIS (Bioelectrical impedance
spectroscopy) based IV infiltration will be performed on the
rehabilitation patients in rehabilitation hospitals and cancer patients

in oncology.
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