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ABSTRACT Intravenous (IV) therapy is prevalent in hospital settings, where fluids are typically delivered
with an IV into a peripheral vein of the patient. IV infiltration is the inadvertent delivery of fluids into the
extravascular space rather than into the vein (and requires urgent treatment to avoid scarring and severe tissue
damage), for which medical staff currently needs to check patients periodically. In this paper, the performance
of two non-invasive sensing modalities, electrical bioimpedance (EBI), and skin strain sensing, for the
automatic detection of IV infiltration was investigated in an animal model. Infiltrations were physically
simulated on the hind limb of anesthetized pigs, where the sensors for EBI and skin strain sensing were
co-located. The obtained data were used to examine the ability to distinguish between infusion into the vein
and an infiltration event using bioresistance and bioreactance (derived from EBI), as well as skin strain. Skin
strain and bioresistance sensing could achieve detection rates greater than 0.9 for infiltration fluid volumes
of 2 and 10 mL, respectively, for a given false positive, i.e., false alarm rate of 0.05. Furthermore, the fusion
of multiple sensing modalities could achieve a detection rate of 0.97 with a false alarm rate of 0.096 for SmL
fluid volume of infiltration. EBI and skin strain sensing can enable non-invasive and real-time IV infiltration
detection systems. Fusion of multiple sensing modalities can help to detect expanded range of leaking fluid
volumes. The provided performance results and comparisons in this paper are an important step towards
clinical translation of sensing technologies for detecting IV infiltration.

INDEX TERMS Bioimpedance, detection performance, extravasation, I'V infiltration, non-invasive sensing,
sensor fusion, skin strain.

I. INTRODUCTION

Intravenous (IV) therapy enables fluid administration directly
into the peripheral veins for delivery of medications and
nutrients, as well as blood transfusion. IV infiltration (as well
as extravasation) is the unintended leakage of fluid out of
the targeted vein into the extravascular space (surrounding
tissue and interstitial space), and is considered a medical
emergency. Infiltration occurs as a result of a combination
of factors, including solute concentration, infusion pressure,
anatomical variability, and punctured lining of the vein [1].

The effects can be devastating, which include swelling, blis-
tering, pain, and even tissue necrosis. Resulting injuries are
considered to be medical emergencies and require immediate
treatment [1]-[3].

Policies and procedures to prevent IV infiltration include
strict protocols for IV administration to ensure secure catheter
placement, frequently checking the IV site for early signs
of infiltration, and monitoring of infusion pump pressures
and volumes [4]. In the case that the caregiver does not
have a clear line of sight to the IV catheter site, or the
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patient is unable to communicate with the medical staff,
an IV infiltration may not be noticed in a timely manner.
This is often the case when the patient is under anesthesia
and having surgery with the IV catheter site draped [5].
Detecting IV infiltration among infants and children is also
rather challenging, since infants and children have difficulty
communicating the pain or discomfort to the nursing staff.
Thus, unfortunately, approximately 4% of infants receiving
IV therapy in neonatal intensive care units are exposed to
cosmetically or functionally significant scars connected to
IV infiltration injuries [3], [6]. While there are treatments
that can alleviate these side effects, non-invasive and early
detection of IV infiltration with minimum number of false
alarms would have substantial impact on patient safety for
children and adults receiving IV therapy.

Several non-invasive sensors placed at the IV therapy site
that can monitor the changes in the local physiology of the
tissue and skin have been investigated in the literature toward
detection of the leakage of fluid into the extravascular space.
Fluidic resistance was tested to detect IV infiltration in [7].
In [8], an optical sensor-based system was used to detect IV
infiltration. The sensing methods investigated in this proof-
of-concept work are electrical bioimpedance (EBI) (to quan-
tify local edema at IV site), and skin strain (to quantify the
swelling of the skin as fluid accumulates locally at the IV
site). The reasons for selecting these sensing methods were
that local edema and skin swelling at the IV site due to escap-
ing fluid into the extravascular space are two hallmark signs
of IV infiltration [1], and both EBI and strain measurements
could readily be achieved using low-power, inexpensive, and
miniaturized hardware [9]-[14]. The goal is the detection
of the escaping fluid into the extravascular space with low
false alarm rates. In [15], preliminary results on EBI and
skin strain sensing for fluid injection into an ex vivo tissue
specimen were presented, where the focus was development
of an embedded instrumentation system rather than biological
testing and validation. This paper uses the pig model to
further validate, in a proof of concept laboratory setting, the
idea of using these sensing modalities for detecting an IV
infiltration.

The study described in this paper investigates in an animal
model the concept of using non-invasive, peripheral physio-
logical sensing to detect an IV infiltration event. The main
objective of this study is to perform proof-of-concept experi-
ments in a controlled laboratory setting using a pig model to
assess the feasibility of using EBI and skin strain modalities
for detecting IV infiltration. This will then serve as an impor-
tant step toward translation of non-invasive IV infiltration
detection technologies to clinical use, which would ultimately
improve patient safety.

Il. METHODS AND PROCEDURES

A. SENSING AND INSTRUMENTATION SYSTEM

We focused on the evaluation of non-invasive and inexpensive
sensing modalities to detect an IV infiltration. The sensing
and instrumentation system were designed to detect the local
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fluid accumulation under the skin due to an IV infiltration.
The measurement hardware used for sensing EBI and skin
strain are described below.

1) ELECTRICAL BIOIMPEDANCE

Fluid leakage into the tissue can potentially be sensed by
measuring the changes in EBI around the IV catheter site.
Localized accumulation of the IV fluids would change the
measured impedance across the IV site [15]-[17]. The EBI
measurement comprises the injection of a small, safe, alter-
nating electrical current to measure the voltage drop across
the electrodes placed on the body. EBI was measured in
this study using Ag/AgCl wet electrodes in a tetrapolar con-
figuration [15]: four electrodes placed symmetrically across
the IV site (outer two electrodes for current excitation, and
inner two electrodes for voltage sensing). We employed the
EBI100C amplifier (Biopac Systems Inc., Goleta, CA). The
frequency of the injected 400 A (rms) sinusoidal current was
set to 100kHz [17]-[19]. Bioresistance and bioreactance were
derived using the magnitude and phase of the EBI, which
were obtained from the EBI100C module. The studies were
designed to determine whether the changes in EBI associated
with small leakage of fluid (<5 mL) into the surrounding tis-
sue would be detectable by the future wearable EBI hardware
designs based on our group’s prior work [9], [10], [15].

2) SKIN STRAIN

The fluid leaking into the tissue causes local skin deforma-
tion, i.e., stretching and even swelling in case of prolonged
fluid accumulation. The local stretch and swelling of the skin
due to infiltration can potentially be sensed as strain around
the IV catheter. Therefore, to sense the skin deformation,
we developed a skin strain sensor based on a silicone-coated
strain gauge. The silicone coating has two purposes: protect-
ing the sensor from any moisture intake, and extending the
sensing area.

We used the KFH-6-120-C1-11L1M2R strain gauge
(Omega Engineering Inc., Norwalk, CT) as shown
in Fig. 1(a), with a nominal resistance of 120€2. This strain
gauge was selected because of its small size and high sen-
sitivity. The mold for silicone coating of the strain gage is
shown in Fig. 1(b), which was made by utilizing a 3D printer
(LulzBot TAZ 5, Aleph Objects Inc., Loveland, CO). The
dimensions of the mold were as follows: 18mm x 18mm upper
square connected to a lower rectangle 10mm x 25mm through
a 4mm width path, and depth of 0.75mm. For the silicone
coating, room-temperature vulcanizing silicone rubber was
used. Silicone rubber was poured in after the strain gage was
placed in the mold, and then approximately one day of drying
time was required. The silicone-coated skin strain sensor is
shown in Fig. 1(c). Skin strain signals were pre-amplified
using a custom analog front-end (see Fig. 2) consisting of
a Wheatstone bridge with 1202 resistors (the skin strain
sensor is connected as a leg of the bridge), an instrumentation
amplifier, a low pass filter (cutoff frequency = 3.3Hz), and a
5V regulator for single supply powering.
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FIGURE 1. Strain gage (a), mold for silicone coating (b), skin strain sensor
made of silicone-coated strain gage (c).

Custom Analog Front-end for
Skin Strain Sensor
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FIGURE 2. Block diagram representation of the instrumentation and the
data acquisition system. Custom analog front-end for skin strain sensing
is composed of Wheatstone bridge, instrumentation amplifier (1A), and
low pass filtering (LPF) blocks. /. and /_ are the leads for current
excitation, V; and V_ are the leads for voltage sensing of the
bioimpedance amplifier.

3) SIGNAL ACQUISITION AND PRE-PROCESSING
The sensing elements were connected to an MP150 data
acquisition (DAQ) system (Biopac Systems Inc., Goleta, CA).
The sampling rate was set to 1kHz. The overall block diagram
of the instrumentation and DAQ is shown in Fig. 2.

Considering the slow fluid infusion rates in IV injection
(approximately 0.05mL/sec [20]), consequential changes in
the sensor response are not expected in sub-second time-
scale. Therefore, a 1000-point moving average filter was
applied to the signals (each signal point in the measured
response was averaged combining the points up to 0.5sec
before and after) for smoothing. For the computation of
decision variable x during real-time monitoring, the moving
average can be implemented by introducing a processing
delay of 0.5sec.

The decision variable, x, was normalized based on relative
absolute difference of the sensor response, s, as
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where m is the experiment index, 7 is the vein infusion or IV
infiltration indicator (n = O for infusion into vein, n = 1 for
IV infiltration), p is the sensing modality index (p = 1 for
bioresistance, p = 2 for bioreactance, p = 3 for skin strain),
q is the infusion volume index (g = 1 for 2mL, g = 2 for
SmL, g = 3 for 10mL, ¢ = 4 for the second 10mL), and
T,(n‘f’nsmt) is the instant when the infusion of the gth volume
starts, T,(,Z’nend) is when the infusion of gth volume ends.
A waiting duration of ty,;; = 4min was introduced for the
calculation of the relative absolute difference after the com-
pletion of an infusion volume (for the baseline recording).

B. ANIMAL EXPERIMENTS

We designed a study involving a large animal model (pigs) to
determine the sensing requirements, both in terms of modal-
ities and sensing specifications, for IV infiltration detection.
A total of three animals were tested for IV infusion of 0.9%
saline solution in the distal aspect of the lateral saphenous
vein, and five animals were tested for infiltration of the saline
solution in the surrounding tissue of the same vein segment.
Because the variability in sensor data in response to the infu-
sion of fluid directly into the vein was very low (see results
below), only three animals were required for the control data
(infusion into vein). The decision variable in (1) addresses
the animal variability by assessing the changes in the EBI
and strain measurements with respect to their corresponding
baseline values. In the following paragraphs, the location of
the sensors and the experimental protocol are described.

1) SENSOR PLACEMENT

Animals were under anesthesia for all experiments. The hind
limb was shaven, the skin was disinfected with alcohol, and
the IV catheter was placed before attaching the sensors. The
location of the sensors is shown in Fig. 3. The electrodes used
for EBI sensing were placed symmetrically in the proximity
of the IV catheter site (two proximally to the site, and two dis-
tally). Placement of electrodes in the tetrapolar configuration
on a hind limb of a pig is illustrated in Fig. 3. The electrodes
were fixated to the skin by taping to ensure good contact was
preserved throughout the experiment.

[V Catheter

Skin Strain Sensor

I
50mm

\ LI
PR
Electrodes
FIGURE 3. Sensor placement on a hind limb of an anesthetized pig.
Strain was measured using the developed skin strain sen-
sor, which is sensitive to the local strain due to swelling of the
skin. The skin strain sensor was placed next to the tip of the
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IV catheter for both infusion into the vein and IV infiltration
cases, and fixated using tape.

2) PROTOCOL

All animal testing procedures and protocols were approved by
the T3 Labs and Georgia Tech Institutional Animal Care and
Use Committee (IACUC). Each animal was under general
anesthesia throughout the experiments. Experiments were
composed of two separate parts for IV infusion (Part A)
and infiltration (Part B). The PHD2000 (Harvard Apparatus,
Holliston, MA) was used as the programmable infusion pump
for both Part A and Part B. The fluid volumes of 2mL,
SmL, and 10mL were selected based on consultation with
our clinical collaborators at Children’s Healthcare of Atlanta.
Detection of an IV infiltration with a resolution of less than
5 mL would represent a major advancement in clinical safety.
Cases with serious injury typically have infiltration volumes
of tens of mL of fluid. The injection rate was set to 2mL/min.
A 20-gauge IV catheter was placed in the lateral saphenous
vein of the anesthetized pig. The steps of the experimental
procedure are explained in the following.

Part A—IV Infusion:

1) The IV catheter was positioned in the vein, and the
physiological saline solution was administered to test
the parameters under a normal IV Infusion.

2) A 5min baseline measurement was taken before infu-
sion of the fluid starts.

3) Four fluid volumes were delivered using the infusion
pump with a rate of 2mL/min in the following incre-
ments: 2mL, 5mL, 10mL, and the second 10mL (the
total volume of the delivered fluid is 27mL). There was
a 4min delay after the completion of each volume of
infusion.

4) Following the final infusion of the second 10mL,
a 10min delay was introduced for a final measurement.

Part B — Infiltration:

1) The catheter was repositioned by directing the tip of the
catheter outside the vein into the surrounding subcuta-
neous tissue to physically simulate the IV infiltration.

2) Part A.2 was repeated.

3) Part A.3 was repeated.

4) Part A.4 was repeated.

C. STATISTICAL DISTINGUISHABILITY

AND HYPOTHESIS TESTING

The overall IV infiltration detection strategy is illustrated
in Fig. 4. We performed two sets of studies. First, we studied
the distinguishability of the IV infiltration and the vein infu-
sion. Second, we evaluated the ability to detect an infiltration
with basic algorithms, including approaches that fuse both
modalities.

For evaluating distinguishability, we used decision variable
statistics (mean and standard deviation), and unpaired Stu-
dent’s t-test [21]. A p-value of less than 0.05 was considered
statistically significant.
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FIGURE 4. Block diagram representation of the IV infiltration detection
system. H; is the event (i = 0 for vein infusion, i/ = 1 for IV infiltration),
and s is the measured sensor response.
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For the hypothesis testing, we studied the decision problem
on whether an IV infiltration event has occurred () or not
(Ho, vein infusion). The variable u; corresponds to the mean
of the decision variable x for a sensing modality for each
event H;, and A is the decision threshold for the corresponding
sensing modality. We should note that x is calculated using
the normalization given in (1). The decision variable, x,
is compared to the corresponding threshold, A, to decide on
Ho or H; (see Fig. 4).

The variable x given H,; has an experimentally specified
different mean p; for each sensing modality and infused fluid
volume. We assume the decision variable x for each sensing
modality is normally distributed as p(x|H;) ~ N(ui, al-z),
where 0’12 is the experimentally specified variance of x
given H;.

Formulation of the probability of false alarm, i.e., false
positive, and detection is as follows [22]. The probability
of false alarm is obtained using the distribution of decision
variable x given H as

Pr =px > A|Ho) = /A px|Ho) )

Similarly, the probability of detection, i.e., true positive,
is obtained using the distribution of decision variable x given
H; as

oo

Py =pkx > rH1) = / px|H1) (€)

A

To obtain the ROC curves, first A value of each sensing
modality was calculated by taking inverse of (2) at each Py.
Then, based on (3), P; values were computed using corre-
sponding A values for each Py. This was repeated for all
sensing modalities at all fluid volumes.

D. SENSOR FUSION

Sensor fusion was studied based on the binary detection
results of the individual sensors. Performance of three dif-
ferent fusion rules were investigated: 1) logical AND rule,
2) logical OR rule, and 3) majority rule (more than half of the
sensors’ decisions are positive or negative). To evaluate the
sensor fusion performance, an operating point, i.e., a pair of
P4 and Py, on the ROC curve of each sensing modality was
selected. The selection of the operating point was performed
on the basis of minimizing Py while maximizing the Py for
individual sensors. Using the selected operating point (Py
and Py pair), binary detection results were generated for
each sensing modality using a random number generator, and
fusion rules were applied. Sensor fusion simulations were
repeated 1000 times. Then, successful detection and false
alarm rates were calculated for each fusion rule.
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FIGURE 5. Comparison of the sensing modalities with respect to the volume of infusion (bioresistance (a), bioreactance (b), and skin strain (c)). Sensor
responses were given for both vein infusion (grey bars) and infiltration (colored bars) cases. Changes in the sensors’ responses are shown for an
infiltration event (sensor responses were normalized using (1) and converted to percentage values). Input volumes of 2mL, 5mL, 10mL, and the second
10mL were used. Asterisk () on the bar plots indicates p < 0.05 for the corresponding fluid volume. Based on animal-specific responses for
bioresistance, bioreactance, and strain during infiltration, measurements from different animals gave a range of values. This may reflect the fat ratio in
the limb, firmness of the limb skin, and sensor responses take a range of values based on each animal’s individual response to infiltration.
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FIGURE 6. Receiver operating characteristics (ROC) curves (the false alarm probability (Pf) versus the detection probability (P4)) for fluid volumes of 2mL
(a), 5mL (b), 10mL (c), and second 10mL (d). ROC curves show the trade-off between probability of detection and false alarm for each sensing modality.
When selecting the decision threshold A, ROC curves need to be used to select the operating point according to constraints on P4 and P (false alarms
would waste the resources including the medical professional’s time, while missing events would be a safety concern). P4 higher than a given design
constraint is desirable, while Py is lower than a given design constraint is preferred. (P; = 1 and P = 0 would be the desired operating point). Area
under curve (AUC) is given in the legend for each sensing modality (AUC = 1 is the best case).

Ill. RESULTS

A. STATISTICAL DISTINGUISHABILITY

In Fig. 5(a), (b), and (c), mean bioresistance, bioreactance,
and skin strain responses are shown with bar plots, respec-
tively. The error bars correspond to the standard devia-
tion. Changes in bioresistance and bioreactance responses
increase with the increasing infused fluid volume. How-
ever, both bioresistance and bioreactance sensing have a
lower change in the response level for vein infusion versus
the IV infiltration at 2mL infusion compared to the skin
strain sensing. An asterisk () is used to indicate statistical
significance. The skin strain sensor performed better for the
detection of IV infiltration when the leaking fluid volume was
only 2mlL..

B. HYPOTHESIS TESTING

1) DETECTION PERFORMANCE FOR CONSTANT FALSE
ALARM RATE

Here, we give the detection probabilities for a constant
false alarm probability of 0.05. The decision threshold, A,
is adjusted for each case to satisfy the constraint on the
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probability of false alarm Py = 0.05 based on the deci-
sion variable statistics of the corresponding sensing modality
given Hyp. The detection probabilities for each case are cal-
culated using the decision variable statistics given H for the
corresponding sensing modality.

The detection probability of bioresistance sensing for the
10mL case is greater than 0.9. The IV infiltration detec-
tion probabilities for both bioresistance and bioreactance are
greater than 0.9 for the second 10mL case. The detection
probabilities of skin strain sensing for the 2mL and second
10mL cases are greater than 0.9.

In addition, for the 10mL cases, bioreactance sensing has
detection probability greater than 0.7. Skin strain sensing has
detection probabilities greater than 0.8 for the SmL and 10mL
cases.

2) FALSE POSITIVE (Pf) VS TRUE POSITIVE (Pg)

Receiver operating characteristic (ROC) curves are given
in Fig. 6 for 2mL, 5SmL, 10mL, and second 10mL cases.
ROC curves give the trade-off between the false alarm and
detection probabilities. While a decreased threshold level, A,
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TABLE 1. Selected operating points for individual sensors and sensor fusion results (bolo entries are for P; > 0.85 and Py < 0.05).

2mL SmL 10mL Second 10mL
Py Py Py Py Py Py Py Py
o &' | BioResistance | 0.5 0.67 0.66 0.09 091 0.01 0.99 0.01
E 3; BioReactance | 0.52 0.5 0.6 0.09 0.73 0.01 0.97 0.01
A = Skin Strain 097 | 0.010 | 0.83 0.01 0.82 0.01 091 0.01
- Logical OR 0.99 0.67 097 | 009 | 099 | 0.019 0.99 0.021
E i:': Logical AND | 0.25 | 0.0061 | 0.33 | 0.0008 | 0.54 | 0.0001 | 0.88 | 0.0003
Majority Rule | 0.74 0.67 0.79 | 0086 | 092 | 0.0087 | 0.997 | 0.011

can provide better detection probability, false alarm (false
positive) probability may also be increased. Furthermore, the
larger the area under the curve (AUC), the higher the accuracy
of the sensing modality for detection of IV infiltration at the
corresponding leaking fluid volume.

For the detection of small leaking fluid volumes of 2mL
and SmL in Fig. 6(a) and (b), skin strain sensing achieves
better classification performance compared to the sensing
modalities based on EBI, i.e., bioresistance and bioreactance.
As the amount of leaking fluid volume increases, e.g., 10mL
and second 10mL cases, detection of IV infiltration using
bioresistance sensing is observed to be providing better detec-
tion accuracy in Fig. 6(c) and (d) for a given false alarm
constraint.

3) FUSION OF SENSING MODALITIES

For the 2mL, 5SmL, 10mL, and second 10mL fluid volumes,
the selected operating point for individual sensors and sensor
fusion results are tabulated in Table I. The logical OR rule has
an impact of increasing the detection rate, P4, at the expense
of increasing the false alarm rate with respect to the perfor-
mance of individual sensing modalities. The logical AND
rule decreases the false alarm rate, Py, however, the detection
rate, Py, is also reduced. Sensor fusion can help to further
improve the performance of individual sensors, as well as to
compensate for the low performance of individual sensors at
lower or higher fluid volumes.

C. DISCUSSION
The characterization of the non-invasive sensing modalities
undertaken provides an understanding of the performance and
ranges that are associated with the detection of IV infiltration.
The EBI and skin strain modalities are utilized to distinguish
between vein infusion and IV infiltration based on the animal
studies. IV infiltration can be detected in a real-time manner
by fusing the multiple sensing modalities. While location of
the skin strain sensor is more susceptible to positional errors,
it provides a more accurate detection performance for lower
fluid volume injection than the bioresistance and bioreactance
sensing modalities.

For the optimization of the decision threshold, the costs
associated with the false alarms and misdetections need to
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be further elaborated. Higher false alarm rates may consume
more of the caregivers’ time, and ultimately lead to the alarms
being ignored due to being unreliable. When the infused
fluid is especially harmful to skin, veins, and tissue, decision
thresholds for the sensors can be adjusted to detect an IV
infiltration as quickly as possible, so that, the patient can be
protected at the expense of increased false alarm rates.

Bioimpedance and bioreactance may exhibit variations in
the baseline responses due to subject-specific anatomical dif-
ferences including body water volume. Skin strain may also
show variations in response to an IV infiltration event due
to subject-specific skin elasticity. Therefore, the developed
detection algorithms in the future for the detection of IV
infiltration should be adaptive to the subject-specific statistics
of the sensor responses.

The EBI and skin strain measurements would be corrupted
by noise due to the movement of the body as well as the
attaching position of the sensors. Addition of redundant sen-
sors as well as a motion sensor could help to address this
challenge. The standardization of the positioning of sensors
will require extensive field testing. The issues of motion arti-
facts and optimal sensor positioning are left as future work.
The performance evaluations presented in this paper consti-
tute a proof-of-concept and provide a comparison of sensing
modalities, which can be used by researchers as a foundation
for designing wearable devices for this application.

The hardware systems for EBI and skin strain sensing in
this proof-of-concept work are relatively expensive due to the
need for bench-top instrumentation for data collection. A cus-
tomized wearable version of the hardware could decrease
the overall cost of the system and could fit directly onto the
patient’s arm at the IV site to reduce the hindrance for an
already cluttered bedside.

IV. CONCLUSION

This paper provides a performance evaluation of non-invasive
sensing of EBI and skin strain sensing around the IV catheter
site as proof-of-concept for the automated detection IV infil-
tration. Statistical comparisons are performed based on the
experimental data collected using animal experiments for
bioresistance, bioreactance, and skin strain sensing modali-
ties. The sensing modalities were tested on a hind limb of
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anesthetized pig by physically simulating IV infiltration. The
results show that the EBI and skin strain sensing modalities
can be used to reliably detect IV infiltration under controlled
laboratory conditions, where movement of the subject and
related noise factors are not considered. Future work includes

the

development of a miniaturized, low-cost and energy-

efficient apparatus, as well as performing measurements on
human subjects that are being administered IV therapy.
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