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SUMMARY 

The buildup of static edematous fluids (swelling) in the tissue is indicative of a 

serious medical condition that can lead to long-term tissue damage, reduction in mobility 

and in some cases loss of limb. This swelling can be due to internal factors such as an 

immunoresponse to injuries or infections, or external factors such as a leakage of infused 

intravenous medication to the surrounding tissue (i.e., IV infiltration or extravasation). 

Detecting and tracking changes in a tissue’s extracellular fluid content is crucial in 

diagnosing the severity of the injury and/or infection, and thereby preventing irreversible 

tissue damage. However, current methods for quantifying fluid levels in the extravascular 

space are either (1) manual and subjective, relying heavily on the medical staff’s expertise, 

or (2) costly and timely, such as X-rays or magnetic resonance imaging (MRI). 

In this dissertation, I present non-invasive wearable technologies that utilize 

localized bioimpedance contextualized by the tissue’s kinematics to robustly quantify 

changes in the biological tissue’s extracellular fluid content. Towards this goal, several 

robust and miniaturized systems are designed and implemented by researching different 

integrated circuits, analog front ends, and novel physiology-driven calibration techniques 

that together increase the system’s accuracy and reduce its size and power consumption. 

Next, novel methods and algorithms are developed to allow for unobtrusive real-time 

detection of changes in extracellular fluid content. The systems, methods and algorithms 

were validated in human subjects studies, animal models and cadaver models for ankle 

edema tracking, and in human subjects studies and animal tissue for intravenous infiltration 

detection.  



 1 

CHAPTER 1. INTRODUCTION 

1.1 Motivation 

Tissue swelling or edema is caused by the buildup of excess static extracellular fluid 

in the tissue and commonly results from injury or inflammation.  Tracking tissue swelling, 

especially in the lower limbs, is essential for the evaluation and detection of various 

disorders such as congestive heart failure, cirrhosis, kidney diseases, and arthritis [1, 2]. It 

is also beneficial for assessing the rehabilitation process of recently injured joints and 

muscles, enabling physicians to make informed decisions about the course of treatment 

required and the readiness for activity [3].  

Tissue swelling and edema are common phenomena that, if accurately tracked and 

interpreted, could be used as a digital biomarker which is an objective and quantifiable 

physiological metric measured using a digital device, and used to explain and predict health 

related outcomes [4, 5]. In the recent literature, localized bioimpedance analysis (BIA) has 

been investigated as a possible modality to quantify tissue edema, due to its sensitivity to 

changes in the tissue fluid content [6]. This was facilitated by the recent advances in analog 

circuit technologies simplifying the measurement hardware development. Historically, 

BIA has been primarily used for static impedance based measures of body composition 

(e.g., body fat percentage), and for dynamic impedance based measures of blood and / or 

air flow (impedance cardiography (ICG), impedance plethysmography, and impedance 

pneumography) [6-8]. Both approaches are generally performed in a controlled setting with 

minimal movement of the body to ensure signal integrity due to the size of bioimpedance 

acquisition systems, and BIA’s sensitivity to movement and positional changes. 
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1.2 Electrical Bioimpedance Analysis 

BIA is a noninvasive approach used in research and clinical practice for body 

composition analysis and disease prognosis [9-16]. The impedance of a body tissue is 

affected by changes in the intra-cellular and extra-cellular fluidic volume as well as the cell 

membrane width. The numerous ways and methods to perform BIA enabled its usage in 

different applications such as body composition, muscle and joint injury tracking, cardiac 

output tracking, breast cancer detection, and many more [17-22]. The first use of BIA dates 

back to 1871 by Thomasset [23] as a means to evaluate the total body water volume, a 

critical parameter in body composition analysis. However, BIA has been limited to clinical 

and lab settings due to the complexity of the hardware and power consumption, until 

recently due to advancements in analog circuitry and electrode technology that allowed 

having commercially available BIA devices outside the lab / clinic. Localized BIA has 

gained a lot of attention recently due to its ability in tracking and evaluating 

musculoskeletal injuries [24-26]. Research done by Hersek, et al. showed the ability of 

bioimpedance in tracking knee injuries longitudinally in non-clinical setting [25]. 

1.2.1 Fundamentals of Bioimpedance Analysis 

  Bioimpedance is the measure of the tissue’s ability to impede electricity [12]. It is 

measured by injecting an alternating current at frequency 𝑓 through the tissue while 

measuring the potential difference across it. Using Ohm’s law, the magnitude and the phase 

of the impedance is measured as follows: Let 𝐼 be the current injected into the tissue at 

frequency 𝑓 and phase ∅! where 𝐼 = 	 |𝐼|𝑒(#$%&'∅!). Let 𝑉 be the potential difference caused 
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by the current injected into the tissue at frequency 𝑓 and phase ∅* where 𝑉 =

	|𝑉|𝑒(#$%&'∅"). The bioimpedance of the tissue will then be: 

Z = 	
V
I =

|V|
|I| e

∅#+∅$ 
(1) 

 The bioimpedance consists of a real (i.e. resistance) and an imaginary (i.e. reactance) 

component that can be calculated using: 

Resistance, R = Zcos(∅, − ∅-) (2) 

and 

Reactance, X = jZsin(∅, − ∅-) 
(3) 

where 

Z = R + jX 
(4) 

The real component (𝑅) of the impedance is influenced by the total body water of the 

measured tissue and the imaginary component (𝑋) (i.e. reactance) is associated with the 

cell density due to capacitance of the cell membrane [12-15]. 

1.2.2 Tissue Impedance Circuit Model 

In the literature there are many circuit models to simulate the impedance of the 

tissue [27]. In this dissertation, I will be using the Fricke-Morse (2R1C) bioimpedance 

circuit model due to its simplicity and accuracy [28]. The model consists of a resistor (Re) 

resembling the tissue’s extracellular resistance in parallel to a capacitor (Cx) and resistor 
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(Ri) in series.  The two in series components Ri and Cx resemble the cell membrane 

capacitance and intracellular resistance of the cells in the path of the current.  

1.2.2.1 Single Frequency Bioimpedance Analysis 

Single frequency BIA (SFBIA) is the measure of bioimpedance at 50 kHz electrical 

current [9, 11, 12, 14, 15, 29, 30].  It is the commonly used variant of BIA in literature for 

body composition analysis and ICG. For body composition analysis, static bioimpedance 

measurements at 50 kHz are used to obtain the relationship between the impedance of the 

body and the total body weight to estimate the body’s muscle and fat content percentages. 

In contrast, ICG examines the dynamic changes in bioimpedance (changes over mill-

seconds) of the thorax from which numerous cardio-dynamic parameters can be processed  

[6]. ICG is a simple way to measure stroke volume as the instantaneous changes in the 

thorax’s impedance can be directly related to the volumetric changes in the liquid passing 

through.  

1.2.2.2 Multifrequency Bioimpedance Analysis 

Multifrequency BIA (MFBIA) is the measure of bioimpedance at two or more 

different frequencies [9, 11-15, 29]. Currents injected at different frequencies into the body 

have different cell penetration abilities [31]. Skin effect theory states that high frequency 

currents have the ability to penetrate cell membranes, hence providing more information 

about intracellular fluids [27]. Low frequency currents, on the other hand, cannot penetrate 

cell membranes; they take a longer path through the extracellular fluids (i.e. interstitial 

fluids and blood), providing more information about the extracellular fluid density in the 

tissue. Much research has been done to identify the frequency range for low frequency 
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bioimpedance measurements and high frequency bioimpedance measurements.  In general, 

low frequency bioimpedance measurements are performed at frequencies lower than 20 

kHz and high frequency bioimpedance measurements at frequencies higher than 50 kHz 

[32]. MFBIA has been argued to be a better way to evaluate body composition due to its 

ability in measuring both intracellular fluids (ICF) and extracellular fluids (ECF). 

1.2.2.3 Bioimpedance Spectroscopy 

Bioimpedance spectroscopy (BIS) is the measure of bioimpedance over a wide 

spectrum of frequencies, usually between 1 kHz and 100 kHz [33]. The impedance 

measured at those frequencies is used to estimate the Fricke-Morse circuit components 

from which a more sophisticated model can be used to quantify the ECF and ICF of a 

biological tissue more accurately. The Fricke-Morse circuit parameter estimation 

procedure requires bioimpedance measurements at multiple frequencies to perform the 

complex non-linear least squares operation to estimate the extracellular resistance, 

intracellular resistance and capacitance. Traditionally, BIS has been performed using 

benchtop equipment capable of measuring bioimpedance at multiple frequencies and 

computing the Fricke-Morse parameters.  It has also been limited to applications that use 

static changes in the impedance such as body composition analysis as measuring multiple 

frequencies requires longer times, therefore reducing the overall sampling rate of the 

system making it undesirable for applications dependent on dynamic changes such as ICG. 

1.3 Major Contributions of this Work 
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In this dissertation, various methods are researched and developed to overcome some 

of the limitations of using bioimpedance in uncontrolled settings. Specifically, the major 

contributions of this work to the scientific community can be summarized as follows: 

1) Designed, optimized, and validated a wearable system and associated calibration 

techniques for enabling robust multi-frequency bioimpedance measurement in the 

context of movement. 

2) Demonstrated the ability to quantify edema with greater accuracy than state-of-the-

art approaches with a novel movement and posture contextualized multi-frequency 

bioimpedance measurement technique. 

3) Designed, implemented, and verified a simple and accurate electrical impedance 

tomography reconstruction algorithm requiring minimal computation to generate 

the conductivity distribution of biological tissue towards automatic detection of 

intravenous infiltration. 

1.4 Dissertation Organization 

The rest of this dissertation is organized as follows: First, miniaturized bioimpedance 

acquisition systems are developed to overcome the challenge of using bulky measurement 

equipment facilitating data collection in a wearable setting. Specifically, Chapter 2 starts 

with a brief summary of bioimpedance acquisition system topologies, and two custom built 

miniaturized bioimpedance acquisition systems are presented. Then, the calibration and 

validation of both systems by novel physiology driven techniques is discussed, and the 

resultant accuracy and resolution are provided. Then, using the systems presented in 

Chapter 2, novel methods are devised to quantify ECF content in (1) tissues with repetitive 
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cyclical movement such as the ankle joint and (2) tissues with random unpredictable 

postural shifts. In Chapter 3, the effect of joint rotation on low and high frequency 

bioimpedance with varying static fluid content is studied in human subjects and cadaver 

models. Using this knowledge, a novel and simple algorithm is developed to quantify joint 

edema by comparing the changes in low and high frequency measurements due to the joint 

rotation. In Chapter 4, with the knowledge attained from Chapter 3, the ankle joint’s 

bioimpedance and kinematics are paired to quantify the joint edema and structural integrity 

during ambulation in an uncontrolled setting. Next, in Chapter 5, bioimpedance data of the 

tissue is again paired with the tissue kinematics, but to reduce the effect of postural shift 

on the tissue’s longitudinal change in bioimpedance in the context of intravenous 

infiltration detection. In Chapter 6, to overcome traditional bioimpedance’s non uniform 

static fluid detection resolution, a wearable system capable of scanning the tissue’s 

conductivity distribution is presented. Finally, Chapter 7 discusses conclusions and impact, 

and provides directions for future work. 
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CHAPTER 2. MINIATURIZED BIOIMPEDANCE ACQUISITION 

SYSTEM DESIGN 

In this chapter, a brief background about various bioimpedance acquisition 

instrumentation and methods is first presented. Then, two miniaturized bioimpedance 

acquisition systems that utilize different measurement techniques along with a novel 

calibration technique that reduces the measurements error are presented. Both systems and 

the calibration technique are validated and tested with bench-top methods for their 

accuracy, resolution, drift and power consumption to understand their usability in a 

wearable form factor.  

2.1 Instrumentation and Methods to Measure Bioimpedance 

  Bioimpedance acquisition systems usually consist of three main building blocks: a 

current source, voltmeter and signal processor. First, the current source injects a small, safe 

constant stimulus alternating current at a specific frequency into the body to excite the 

tissue volume under investigation. Then, the potential drop across this tissue volume due 

to the excitation current is measured using an amplifier, and its output is then processed 

along with the current source’s reference signal to calculate the impedance of the tissue 

using Ohm’s law. This is performed by demodulating both signals to generate the real and 

imaginary components of the measured voltage representing the complex impedance of the 

tissue. Traditionally, the signal demodulation was performed using an analog circuit 

demodulator that consumes substantial power, but more recently there has been a shift 

towards using digital processing to preserve energy especially for battery powered 
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applications [27, 34-37]. Together the demodulated real and imaginary outputs of the signal 

processor are calibrated by measuring a known single resistor where the gain factor and 

phase shift of the acquisition system are calculated. Both the gain factor and phase shift 

values are then utilized to map the demodulated output of the signal processor to the 

measured bioimpedance.  

  

Figure 1. Bioimpedance Acquisition System Interface. (left) The less complex 2-electrode 
configuration measures the combined impedance of the tissue and the skin-electrode 
interface. (right) 4-electrode configuration isolates the tissue impedance making it more 
accurate but also more complex than the 2-electrode configuration. 

  The interface between the system and the body is generally through 2 or 4 wet 

adhesive-backed silver/silver-chloride (Ag/AgCl) electrodes or dry polymer electrodes 

[27]. In the 2-electrode configuration the voltage drop is measured across both the skin 
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electrode interface impedance and the tissue volume combined as shown in Figure 1 (left). 

This makes it undesirable for applications that track longitudinal minute changes in the 

tissue’s bioimpedance due to the relatively large variability in the skin-electrode impedance 

over time. A more accurate method uses 4-electrodes which eliminates the skin-electrode 

interface impedance but adds complexity to the system interface, where the current is 

injected through the distal electrodes and the voltage is measured by the proximal 

electrodes as shown in Figure 1 (right). This allows the system to isolate the impedance of 

the tissue under investigation from the skin-electrode interface impedance, but also 

requires more electrodes and circuitry. 

2.2 System Level Design 

     

Figure 2. Bioimpedance Acquisition System. (left) The final miniaturized system presented 
in this work consists of a custom 3D printed box that houses the custom built 4-layer PCB, 
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with a 12-pin amplifier connector that interfaces to the electrode snaps, (right) temperature 
and inertial measurement sensors placed on the tissue of interest. 

To quantify tissue edema in a wearable setting, a miniaturized, accurate and robust 

custom multi-modal system is developed with the primary purpose of measuring: (1) 

bioimpedance, (2) inertial measurements and (3) temperature of the tissue of interest and 

log them onto a secure digital (SD) card for offline analysis. For usability purposes, the 

system has to be small, easy to use, battery powered, and able to collect data for more than 

48 hours. For practicality purposes, the system is split into two main components: the main 

box and the peripheral sensory cable assembly to allow placing the sensors in various areas 

of the body easily. First, the main box shown in Figure 2 consists of a 500 mAh Lithium-

ion battery to power the printed circuit board containing (1) two voltage regulators (analog 

and digital), (2) a battery charger, (3) a microcontroller (SAMD21, Atmel, San Jose, CA), 

(4) an SD card shield and (5) bioimpedance sensor circuitry as  shown in Figure 3. Outside 

the box, there is a robust 12-pin amplifier connector, power switch and three LEDs to notify 

the user of a system error, low battery and the battery charging status. Second, the cable 

assembly consists of four ECG/EKG electrode snaps and two small printed circuit boards 

each with the inertial measurement units (IMU) (LSM6DS3, STMicroElectronics, Geneva, 

Switzerland) and temperature sensors (TMP112, TI, Dallas, TX) to be placed on the tissue 

of interest. 

2.2.1 Bioimpedance Circuitry 

Until recently, all three building blocks of bioimpedance acquisition systems were 

developed using analog circuitry which increased the system’s size, complexity and power 

consumption. However, significant advances in analog integrated circuits have made it 
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possible to embed these blocks onto an integrated circuit (IC). In this work, we have studied 

and compared multiple ICs that are capable of or have the potential for performing 4-

electrode BIA. Table 1 shows a brief comparison between four ICs available on the market. 

Table 1. Comparison between different integrated circuits capable of performing BIA. 

IC Max-300001 AFE4300 AD5933 AD5940 

Size 4mmx4mm 12mmx12mm 5.4mmx4.5mm 4.2mmx3.6mm 

Main Purpose 

ECG and 
BioZ (only 
Real 
component in 
Z) 

Weight Scale 
Body Mass 
Index 

Impedance 
Spectroscopy 

Electrochemical 
Frontend 

Error in 
Impedance 
Measurement 

-3% to +3% Up to 2.43% Up to 0.5% Up to 0.5% 

Frequency 
Options Limited Limited High Resolution 

(1k to 100kHz) 

High 
Resolution (500 
to 250kHz) 

External 
Circuitry Minimal Minimal Requires AFE Minimal 

 First, the MAX30001 (Maxim Integrated, San Jose, CA) measures the real 

component of the complex impedance only and for limited frequencies. This disallows 

performing Fricke-Morse parameter estimation as complex non-linear least squares 

estimation requires both the complex and real parts of the impedance at multiple 

frequencies. Furthermore, the mean error for this IC is relatively high. Second, the TI-

AFE5400 (Texas Instruments, Dallas, TX) is designed for full body composition analysis 

and has a large mean measurement error for small impedance measurements. That 

shortcoming makes the TI-AFE5400 suboptimal for localized BIA. Third, Analog Devices’ 
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AD5933 is a suitable IC for our application due to its accuracy, programming flexibility 

and low power consumption. This IC is capable of measuring bioimpedance for frequencies 

ranging between 1 kHz to 100 kHz with a resolution of 1 Hz. It is also capable of providing 

the real and imaginary components of the measured impedance with an accuracy of 0.5%. 

The main downside to use of the AD5933 is that it is designed to perform two electrode 

impedance measurements, therefore it requires an external analog front end (AFE) to allow 

4-electrode impedance measurements. Lastly, the AD5940 is the successor of the AD5933, 

designed to perform accurate bioimpedance measurements, but requires longer 

measurement time as discussed later in Section 2.6.3. In Sections 2.3 and 2.4, two 

bioimpedance systems that utilize the AD5933 and AD5940 are presented.  

2.3 Bioimpedance Acquisition System Design Utilizing the AD5933 

 

Figure 3. Block diagram of the bioimpedance acquisition system utilizing the AD5933 
impedance analyzer to measure the tissue’s bioimpedance. (right) AD5933 BIA system 
block diagram. 

 The AD5933’s theory of operation is as follows: an unknown impedance is 

connected between the Vout and Vin pins. A constant voltage output from Vout is applied to 
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one of the unknown impedance’s terminals and the other terminal at Vin is connected to a 

trans-impedance amplifier (TIA). The TIA converts the input current flowing through the 

impedance to a voltage that is measured using an analog to digital converter (ADC) at 800K 

samples per second. Finally, the digitized signal is then fed into the arithmetic core which 

performs the operation in (5).  

𝑋(𝑓) = 	 F(𝑥(𝑛)Icos(𝑛) − 𝑗𝑠𝑖𝑛(𝑛)M
./#0

/

 
(5) 

The result of the operation in the arithmetic core (X(f)) is the power of the signal at 

frequency f, where x(n) is the ADC output and the sin and cosine signals are provided by 

the DDS core. The output (X(f)) requires a simple calibration to correlate the measured 

real and imaginary components to the impedances’ real and imaginary components.  This 

calibration process is described as follows in the datasheet: 

1. Measure a known resistive load (i.e. 100 Ω) 

2. Retrieve the 16-bit real and imaginary values from registers 0x94 to 0x97 

3. Using the following equations to calculate the gain factor and phase shift as follow: 

Let 𝑟𝑒 be the real 16-bit value from registers 0x94 and 0x95 and 𝑖𝑚 be the 

imaginary 16-bit value from registers 0x96 and 0x97. Where 

Impedance = 100	Ω (6) 

Magnitude = 	Wre# + im# (7) 



 15 

Gain	Factor = 	
1

Magnitude ∗ Impedance (8) 

Phase	Shift, ∅ = tan+. `
im
rea (9) 

2.3.1 Custom Designed External AFE for the AD5933 

To enable the AD5933 to perform 4-electrode bioimpedance measurements, we 

designed an AFE with power consumption and accuracy in mind. In the literature, there 

are numerous AFE designs for repurposing the AD5933 that generally consist of a voltage-

to-current converter, an instrumentation amplifier (IA), and a second voltage to current 

converter. The first voltage-to-current converter block ensures safety by limiting the 

current applied to the body to less than the 280 uArms threshold set by the IEC-60601 

standard [38]. The potential drop across the impedance from the excitation current is 

measured using the IA whose output signal is passed to an inverting voltage-to-current 

converter to generate the signal the AD5933 is expecting for normal operation.  
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Figure 4. Miniaturized design for the AD5933 AFE to enable 4-electrode bioimpedance 
measurements. The AFE consists of a voltage controlled current source that provides the 
constant current to excite the tissue, two high pass filters to remove ambient noises and an 
instrumentation amplifier to measure the voltage difference due to the excitation current. 

In the design presented, for the voltage-to-current converter, a load in the loop 

voltage controlled current source (VCCS) topology is used for its simplicity and to ensure 

low noise and power consumption. For the instrumentation amplifier, the AD8226 (Analog 

Devices, Boston, MA) is chosen for its low power consumption and high signal to noise 

ratio. Finally, we were able to replace the voltage-to-current converter by using a resistor 

and modifying the calibration technique accordingly as discussed in Section 2.6. The final 

AFE design is shown in Figure 4. 

2.4 Bioimpedance Acquisition System Design Using the AD5940 
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In July 2019, Analog Devices released their AD5933 successor: the AD5940, a 

capable but complex IC designed to perform a variety of electro-chemical measurements. 

Equipped with very accurate and modular bioimpedance acquisition building blocks, it 

became a very attractive solution for a new bioimpedance acquisition system.  

 

Figure 5. Block Diagram of Bioimpedance Acquisition System Utilizing AD5940. The IC 
uses a novel approach to measure bioimpedance that allows having an infinite dynamic 
range and high skin-electrode interface impedance but requires taking two measurements: 
the current flowing through the tissue and the voltage due to this current. 

2.4.1 AD5940 Theory of Operation 

One of the biggest challenges with traditional bioimpedance acquisition systems is 

the limited dynamic range. When using a constant current source to excite the tissue 

through distal electrodes, the sum of the two skin-electrode interface and the tissue 

impedances has to be less than the current source’s output impedance threshold. 

Furthermore, since the system needs to be wearable, using a Li-Po battery restricts the 
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operational voltage range to 3.3 V limiting the range of impedances it can drive. This in 

turn restricts the usage of the system to gel-electrodes as they guarantee a relatively low 

skin-electrode interface impedance, and to certain low impedance body parts. However, 

the AD5940 allows a novel but complicated way to overcome this limitation, by using a 

constant voltage source to excite the tissue rather than a constant current. By doing so, 

increasing the skin-electrode interface and tissue impedance would only decrease the 

current flowing through the tissue allowing a theoretically infinite dynamic range but 

adding a new complication. Having a varying current flowing through the tissue at the 

distal electrode means that measuring the voltage through the proximal electrodes only is 

not sufficient to calculate the tissue’s bioimpedance as the current flowing is not constant. 

Hence, the AD5940 operates by having a current meter in series with the voltage source to 

measures the current flowing through the tissue at the distal electrodes and a voltmeter to 

measure the corresponding voltage at the proximal electrodes as shown in Figure 5. This 

is done by multiplexing the terminals of the IC’s internal ADC to a transimpedance 

amplifier located at the voltage electrode terminal to measure the current flowing through 

the tissue, then multiplexing the ADC’s terminals to the proximal voltage electrodes to 

measure the voltage difference due to that current.  

2.4.2 Custom Designed External AFE for the AD5940 

For this system, the circuit design is substantially simpler as the AD5940 does not 

require an AFE to perform 4-electrode bioimpedance measurements. Instead, it only 

requires having a current limiting resistor at the terminals connected to the voltage source 

to ensure that the maximum possible current applied to the body tissue is less than the 

safety threshold defined the by IEC-60601. Therefore, two 1 kΩ resistors and DC blocking 
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capacitors are added to the terminals of the voltage source. Otherwise, the remainder of the 

embedded systems are the same as the previous version system using the AD5933.  

2.4.3 AD5940 System Calibration 

Similar to the AD5933, the AD5940 is calibrated using a single known resistor by 

calculating the gain factor and phase shift as presented in Section 2.3.1. Specifically, the 

AD5940 generate two arbitrary 18 bit real and imaginary number for the current and 

voltage measurements that need calibrating to map these values to the measured 

impedance. A known single on-board resistor is connected between the Rcal pins on the IC 

where a calibration scheme similar to the one presented in Section 2.3.1 is utilized.   

2.5 Firmware and Software Architecture 

Since both systems will be used in multiple studies with different sampling rates, 

bioimpedance measurement frequencies and measurement sensors, a very modular 

firmware and software front-end are created. An interrupt-based firmware is developed 

using Atmel Studio Framework (Atmel, San Jose, CA) where each of the IMU, temperature 

and bioimpedance sensors state-machines are updated in a timer-based interrupt function 

every 1 ms. Data from all three sensors are saved onto three separate double-buffers to 

ensure a consistent sampling rate and no dropped packages. Specifically, while the data 

from the three sensors are saved to one half of the buffer, the other half is written to the SD 

card. Once half of the buffer is full, the data is then saved to the second half and this half 

is written to the SD card and so on. The size of the buffer, sampling rate of the sensors and 

the writing speed to the SD card are all optimized to ensure no data is lost while having the 

fastest sampling rate possible within the microcontroller’s abilities.  
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To ensure a streamlined operation for both systems, a JavaScript Object Notation 

(JSON) dictionary is utilized by writing to the SD card at startup specifics about the 

firmware such as the version and sensors available. Moreover, for every sensor, 

specifications relevant to each sensor such as the data packet size and content are also 

written to the JSON dictionary. After data collection, the data from the SD card is read 

using Python and the JSON dictionary is used to parse the data accordingly.  

2.6 Novel Physiology Driven Calibration Technique 

The AD5933’s datasheet calibration method requires an inverse relationship 

between the impedance measured and the current input to the IC at Vin (i.e. as the 

impedance increases, the current at Vin decreases). In the presented design, the output of 

the IA is fed into the input of the IC through a resistor, leading to a direct relationship 

between the impedance measured and the input current. To mitigate this, researchers have 

used an inverting current-to-voltage converter at the output of the IA to ensure the IC’s 

normal operation and allow for the datasheet’s calibration method [39-42].  

However, in the design used here, the datasheet’s calibration technique was adapted 

to the circuit design to avoid increasing the size of the AFE. The modified calibration 

technique is shown in (10):  

Gain	Factor = 	
1

Magnitude ∗ Impedance →
Impedance
Magnitude	 

(10) 
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This modification made it possible to calibrate the presented design and obtain results 

comparable to the results in the literature (Error~2%) but with using a smaller AFE [39-

42].  

2.6.1 Linear Regression Bases Multi-Point Calibration 

 

Figure 6. Novel physiology drive calibration technique used to reduce measurement error 
by utilizing least squares' error reduction abilities. The 2R1C space of Re, Ri and C is 
utilized to optimize the calibration impedances. Specifically, eight 2R1C impedances that 
span the 3D space up to the system’s dynamic range, encompassing the impedance of 
various body parts are used to calibrate the system using linear regression. 

To further reduce the measurement error, a physiology driven regression-based 

approach that can be used with both systems is implemented. The method utilizes least 

squares’ error reduction ability by finding the optimal calibration coefficients. Figure 6 

shows an overview of the calibration technique which uses eight 2R1C impedances that 
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span the Re, Ri and Cx space of physiologically meaningful impedances. This calibration 

methodology uses multiple impedance loads coupled with a multivariate linear regression 

algorithm to allow for the outputted 16-bit raw values generated by the IC to be mapped to 

accurate real and imaginary impedance values. Additionally, rather than using a simple 

resistive load, the standard 2R1C model for biological tissue is utilized to allow for this 

mapping operation to be accurate across the full range of measured frequencies [27, 30, 

31]. Specifically, this method can be described as follows: Let Q be a Nx3 matrix 

combining the 16-bit real, 𝑟𝑒%, and imaginary, 𝑖𝑚%, values from the AD5933 for N-loads 

measured at frequency f. 

Q1 = d
re1[1] im1[1] 1

⋮
re1[N] im1[N] 1

i 
(11) 

Where 𝑍23,% and 𝑍!5,% are the real and imaginary components of the impedance measured 

at frequency f mapped from 𝑟𝑒%	and 𝑖𝑚%using the coefficients in 𝐶23,% and 𝐶!5,%, 

respectively, as in (12) and (14).  

Z67,1 = Q1. C67,1 

where 

(12) 

Z67,1 = n
Z67,1[1]

⋮
Z67,1[N]

o , C67,1 = d
α67,1
β67,1
γ67,1

i 

 

(13) 
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Z-8,1 = Q1. C-8,1 

where 

(14) 

Z-8,1 = n
Z-8,1[1]

⋮
Z-8,1[N]

o , C-8,1 = d
α-8,1
β-8,1
γ-8,1

i 
(15) 

2.6.2 Optimizing the Impedances Used for Calibration 

First, we confined the space of impedance measurements spanned by these three 

values – 2R1C, i.e., two resistors and one capacitor [Re, Ri, Cx] – to a range that is 

physiologically meaningful. Specifically, values from the existing literature are combined 

with measured values using commercially available gold standard bioimpedance hardware 

(SF87, Impedimed, Australia) to form the space of calibration values required. 

Furthermore, the number of impedances required to optimize accuracy in impedance 

measurements with this calibration is investigated, and found that N=8, with the particular 

2R1C impedance values matching the vertices of the three-dimensional physiologically 

meaningful impedance space for joint edema provided the lowest error. 

Investigating the optimal combination of calibration impedances, (1) the span of 

the combination of calibration impedances in 2R1C space and (2) the number, N, of 

calibration impedances used in the combination are varied. Specifically, three different 

combinations that had the following spans: [Re], [Re, Ri] and [Re, Ri, Cx] are tested. For 

each of these combinations, the number of calibration impedances in this span is varied. It 

was found that increasing the number of impedances only reduced the random error in 

measurements. However, the measurement error of an unknown impedance heavily 
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depends on the distance in the 3D space between the measured impedance and the span of 

the calibration impedances. Hence, the system is calibrated with impedances that span the 

linear space up until our dynamic range encompassing the physiologically meaningful 

impedances as in Figure 6, ensuring accurate measurements for impedance values falling 

within this space. 

2.7 Bioimpedance Acquisition System Characterization 

To validate the calibration method, five test 2R1C loads that simulate the 

bioimpedance of the limbs of interest (e.g., knee, ankle, shoulder, wrist and elbow) are 

assembled using discrete resistors and capacitors measured separately by Agilent’s 34410A 

Digital Multimeter. The values retrieved from Agilent’s DMM are used in Python to 

simulate the 2R1C impedance at the frequency range between 5 kHz and 100 kHz with 371 

Hz resolution similar to the frequencies measured by both systems. From the simulation, 

real and imaginary values of the 2R1C impedances at the different frequency points are 

calculated and will be used to evaluate the error in measurements from the device 

presented. For both systems, their accuracy, resolution and drift, being key parameters for 

sensor characterization, are tested and quantified.  

2.7.1 AD5933 Based System Characterization 

Starting with the AD5933-based system, the five 2R1C characterization 

impedances are measured over the frequency range and calibrated with the presented 

calibration model to test the system accuracy. The mean error across in real and imaginary 

components of the characterization impedances over all the frequencies measured is 

calculated to be 0.4 Ω and 0.54 Ω respectively. Next, the system’s measurement resolution 
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is tested by measuring a resistor network compromised of five 0.1 Ω resistors with 1% 

tolerance in series to the characteristic 2R1C loads, then removing one resistor at a time. 

From this test, resistance changes of 0.2 Ω at any frequency for any of the 2R1C 

characterization loads are detectable above the noise floor of the system. Finally, for drift, 

one of the five characterization 2R1C impedances is measured for three days continuously 

and monitored changes in the impedance spectrum. There was no drift in the bioimpedance 

measurements throughout the experiment, except for a slight variability of 0.0125 Ω in 

resistance at 5 kHz and 0.1 Ω  in resistance at 100 kHz due to a temperature variation of 

5°C. Table 3 shows a comparison of our current design to other AD5933-based designs in 

literature. 

Table 2. AD5933 System Properties 

Parameter Value 
Power Consumption-Data collection 24	mA 
Power Consumption-Sleep Mode 1.5	mA 
Sampling Rate 3	BIS/min 
Battery life 111	hours 
Size 5.2x3.8x1.8	cm 

Weight 32 g 
Frequency Range 5kHz − 100kHz 
Frequency Resolution 256	Hz 
Dynamic Range 200	Ω 
I9:;< 280	µA=8> 
Mean Error in R 0.4	Ω 
Mean Error in X 0.54	Ω 
Resolution 0.2	Ω 
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Table 3. AD5933-Based Designs Comparison with similar designs from the literature that 
utilize different calibration techniques and AFE designs. 
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2.7.2 AD5940 Based System Characterization 

Using the calibration technique presented in Section 2.6 and the characterization 

methodology in Section 2.7 with the AD5940 we are able to reduce the mean error in 

resistance and reactance from 2.2 and 1.5 Ω respectively when following the datasheet’s 

calibration technique to 0.5 and 0.53 Ω respectively. Furthermore, the system’s 

bioimpedance measurement resolution is tested by estimating the SNR when measuring 

the same impedance for a period of 3 days. From this test, the calculated mean variation in 

the signal is less than 0.04 Ω at all frequencies which imputes a resolution of 0.04 Ω. 

Regarding power consumption, the system is able to collect data continuously for 14 hours 

on a full charge and 176 hours when performing one spectroscopy per minute. Table 4 

outlines the relevant system characteristics. 

Table 4. AD5940 System Properties 

Parameter Value 
Power Consumption-Data collection 20	mA 
Power Consumption-Sleep Mode 1.5	mA 
Sampling Rate 1	BIS/min 
Battery life 176	hours 
Size 5.2x3.8x1.8	cm 

Weight 32 g 
Frequency Range 5kHz − 100kHz 
Frequency Resolution 256	Hz 
Dynamic Range Infinite 
I9:;< Maximum	280	µA=8> 
Mean Error in R 0.57	Ω 
Mean Error in X 0.53	Ω 
Resolution 0.04	Ω 
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2.7.3 AD5940 vs AD5933 Based Design 

Although both systems have very similar measurement accuracy and resolution, the 

AD5940 excels in having a better power consumption and more importantly a theoretically 

infinite dynamic range which is very useful in body areas with high bone density such as 

the fingers and hands. It also allows using different electrode shapes and sizes, enabling 

more innovation in the system packaging making it more attractive for wearable 

applications. Furthermore, the AD5940 is more customizable than the AD5933, especially 

when deciding the bioimpedance measurement frequencies. Specifically, the AD5933 is 

programmed on sweep basis by first defining the start frequency, number of frequencies 

and increment, then initiating the sweep. Once the AD5933 starts measuring, it is polled 

for an update on the measurement status till it’s done, then a command is sent to start the 

next frequency measurement and so on till the sweep is complete. This is challenging in 

applications that require measuring distinct frequencies (i.e. not distributed equally) and 

when repeating the sweep, the IC resets requiring a long settling time making it unattractive 

for applications that study the dynamic changes in impedance at multiple frequencies. 

However, the AD5940 provides programming flexibility where it can measure any 

frequency at any time, but it comes at a cost. Since it is very modular, processing the 

commands to place all the different system components in the correct setting takes time. 

Specifically, the time it takes to perform one measurement by the AD5933 at any frequency 
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is 2 ms while the AD5940 is 8 ms, and since it requires measuring both the voltage and the 

current, this time is double to 16 ms per frequency.  

 

2.8 Conclusion 

This chapter described various design methodologies for a wearable bioimpedance 

acquisition system utilizing different ICs with the potential to perform accurate 

longitudinal tracking of localized bioimpedance. Both systems presented were calibrated 

using a novel physiology driven calibration technique optimized to increase the system 

accuracy and resolution. This calibration technique reduced the bioimpedance 

measurement error by up to 200% compared to traditional methods, showing the methods 

applicability with different design methodologies. For one of the systems, this calibration 

technique allowed reducing the hardware complexity hence reducing power consumption 

and increasing SNR. This chapter also presents a physiology driven validation technique 

for bioimpedance acquisition system that uses 2R1C impedance of various body parts to 

test the system’s accuracy, resolution and drift being key parameters in longitudinal 

tracking of a tissue’s bioimpedance. Finally, a comprehensive comparison between the two 

systems utilizing different measurement techniques is presented emphasizing on the 

applications each system would perform better with. The systems presented will help 

overcome the first hurdle for using bioimpedance in a wearable setting by providing a 

miniaturized battery power solution that can be used with dry electrodes for longitudinal 

tracking.  
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CHAPTER 3. SYSTEM VALIDATION IN THE CONTEXT OF 

ROBUST TRACKING OF EDEMA VOLUME IN THE ANKLE 

JOINT 

In this chapter an extensive validation of the miniaturized bioimpedance acquisition 

system in the context of robust quantification of ankle edema is presented. Specifically, 

novel methods and algorithms are developed for robust and unobtrusive tracking of 

changes in edematous fluid volume in the ankle joint that remove the limitation from prior 

work in the literature. The system, methods and algorithms will be validated in human 

subject and cadaver model studies. 

3.1 Introduction 

The ankle is one of the most frequently injured joints on the body and accounts for 

10-30% of all sports injuries [47-49]. Ankle injuries require months and sometimes years 

to fully recover, and the risk of re-sprains range from 3 to 34% [48, 50, 51]. An estimated 

628,026 ankle sprains occurred annually between 2002 and 2006 in the United States, 

225,114 of which were lateral ankle sprains. Accordingly, the overall estimated incidence 

rate for ankle sprains is 3.29 per 1000 person-years [52] resulting in an annual aggregate 

health-care cost of $2 billion [53].  

 A lateral sprain to the ankle joint typically results from excessive inversion and 

plantar flexion, and is classified as grade 1-3 based on the severity of the injury: 

specifically, the presence / absence of ligament tearing and any joint instability resulting 

from the injury yields a grade of 1 (mild), 2 (moderate), or 3 (severe) to characterize the 
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sprain [54]. For all grades of sprains, pain and swelling are common. Key objectives of the 

rehabilitation process are to regain range of motion, alleviate pain and swelling, and 

strengthen the smaller muscles stabilizing the foot. The ability to conduct a full athletic 

practice without ensuing pain or swelling is typically used as a criterion for determining 

readiness for the athlete to resume normal competition [54].  

While evaluating the level of swelling (edema) in the joint is indeed an important 

part of characterizing the grade of injury and state of rehabilitation following a sprain, such 

evaluations can only be performed by a clinician, physical therapist, or athletic trainer 

during physical examination, and are qualitative and subjective. Examination methods 

based on diagnostic imaging provide quantitative metrics of joint health [55, 56], but are 

less commonly used during rehabilitation since they are expensive and time consuming. 

Beyond the clinic / training room, such as in the home, the only technologies available for 

quantifying the state of ankle health are based on inertial measurements to assess range of 

movement [57].  

BIA is a non-invasive method for assessing the composition of biological tissue 

based on the injection of a small electrical current at a single frequency and the 

measurement of the resultant voltage drop across the sample [27]—the ratio of the 

measured voltage to the injected current then yields the BIA for that tissue sample (e.g. 

increased edema decreases the tissue impedance since fluid is less electrically resistive than 

muscle, fat, or bone [30]). BIA has been demonstrated in recent studies as a possible means 

of quantifying edema resulting from acute injuries [24, 58]. Previous work done by Hersek 

et al showed that BIA for an acutely injured knee joint was significantly lower than the 
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contralateral side for a cohort of student-athletes, and that with surgical repair and 

rehabilitation the difference between the two sides subsided [59].   

Specifically, SFBIA is a type of bioimpedance measure of tissue that uses only a 50 

kHz current frequency which is considered the cutoff frequency of biological tissue, or the 

frequency at which the current is passing through both the extracellular and intracellular 

paths [15]. In the literature, SFBIA has been used for evaluating the health of muscles and 

joints using two methods: comparing the acutely injured muscle / joint to the contralateral 

healthy muscle / joint, or by monitoring an injured joint longitudinally over the course of 

rehabilitation [24, 26]. In the context of joint injury, SFBIA can potentially quantify edema, 

but there are several limitations, including: (1) the inability to classify the source of 

bioimpedance changes (i.e. edema versus structural damage versus blood flow), (2) a need 

for normalization of the bioimpedance for proper interpretation, and (3) variability in the 

electrode placement and tissue placement can greatly alter the signal. To implement SFBIA 

on an injured patient, the signal from the injured joint of interest is normalized against the 

contralateral joint or against its baseline signal prior to injury. Either way, this 

normalization requires an increased number of sensors or an increased period of time 

wearing them which limits the portability and ease of use of the system. Additionally, 

SFBIA is highly sensitive to electrode placement and the position of the tissue, which limits 

the recordings to laboratory or clinical settings while the patient is immobile. Ideally, with 

a novel, more portable implementation of BIA, a patient with an injured joint could monitor 

their rehabilitation over time and the system could provide an early warning sign before 

reinjury occurs. 
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3.2 Edema Quantification Methods 

To overcome some of the limitations of SFBIA, a BIA method for quantifying joint 

edema based on positional changes of the ankle joint is developed. This technique 

compares the effects that changes in ankle position have on the range of the resistance 

measured at 5 kHz against the range of the resistance measured at 100 kHz. Extracellular 

fluid associated with ankle edema is delocalized and therefore free to move around in the 

joint space as a subject changes the position of his/her ankle. For example, as the person 

rotates his/her ankle, the edema moves around inside the joint space due to gravity and 

forces exerted by the structures inside and around the ankle. Electrodes positioned 

proximally and distally to the joint for BIS measurement allow current to be injected into 

the ankle, where different frequency components of this current travel at different depths 

within the tissue. Skin effect theory states that low frequency current flows deeper into the 

tissue, since it cannot penetrate cell membranes and must travel along extracellular paths 

(i.e. interstitial fluid and blood). In contrast, higher frequency current can penetrate cells, 

so it travels along a more superficial, shorter path between the electrodes. [27, 30, 31].  

This differential measurement technique utilized the frequency-dependency of the 

penetration depth of current within the ankle: by moving the ankle through multiple 

positions during the BIS measurement, the edematous fluid is deliberately moved to 

different depths within the ankle.  Low frequency currents that penetrate deeply within the 

tissue are dependent on the extracellular fluid for passage. A change in the volume of 

extracellular fluid deeper into the tissue, close to the current’s path, would have a 

significant impact on bioimpedance measurement at low frequency. For high frequency 

currents that penetrate the cell membranes, they are more dependent on intracellular fluids 



 34 

for passage. Thus, a change in the volume of extracellular fluid close to its path would have 

less of an impact on the bioimpedance measurement at a high frequency. For a healthy 

joint, as a person moves his/her ankle there is a similar change in bioimpedance measured 

at high and low frequencies because, in comparison to an injured joint, there is a relatively 

small volume of extracellular fluid that is displaced with ankle movement. Essentially, this 

method compares the range of change in bioimpedance at low frequency associated with 

ankle position change to the range of change in bioimpedance at high frequency associated 

with these changes. Specifically, the ratio of the changes in bioimpedance at 100 kHz to 

the changes in bioimpedance 5 kHz is computed to normalize the change to a score, ℎ?, 

that can be relatable to all subjects:  

h@ =
∆R.//ABC
∆RDABC

 (16) 

where  

∆R1 = max(R1) − min(R1) (17) 
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Figure 7. The five different posture used in the experiment. (b) and (c) show the change in 
impedance normalized to the resting position along with a small sketch showing the edema 
moving through the different current bands for (b) a healthy control subject and (c) an 
injured subject. 

To better understand ℎ?, Figures 7(b) and 7(c) show the change in resistance 

measured at 5 kHz and 100 kHz normalized to the resting position (i.e. the change in 

impedance from resting position) for a healthy control subject and an injured subject 

respectively. For the control subject, we saw a similar range of change in resistance 

measured at 5 kHz and 100 kHz over the five different ankle positions. The ℎ? score for 

the control subject’s ankle was very close to 1.0 due to the lack of extracellular edema in 

!"#$%

!&''#$%

(i) (ii) (iii) (iv) (v)

-6.5 -5.7

0.5 1.5

-4.5 -4.5

-0.5-1.5

0 0

-3.5 -2.0

1.5 0.5

1.0 0.5

-2.5-3.5

0 0

(i)

(ii)

(iii)

(iv)

(v)

(i)

(ii)

(iii)

(iv)

(v)

!"#$%

!&''#$%

()&''#$%=7.2Ω()"#$%=7Ω

*)"#$% *)&''#$%

()"#$%=5Ω ()&''#$%=3Ω

*)"#$% *)&''#$%

ℎ, = (./00123
(.4123 ≈ 1.0 ℎ, = (./00123

(.4123 ≈ 0.6

Healthy Control Subject Injured Subject

(a)

(b) (c)



 36 

the ankle joint. For the injured subject, we see a similar trend for the resistance measured 

at 5 kHz and at 100 kHz, but the magnitude of the change in resistance is higher for the 

resistance measurement at 5 kHz. The ℎ?for injured ankle was 0.6 due to the existence of 

extracellular edema in the ankle joint which causes a bigger range of change in the 

resistance measured at low frequencies than at higher frequencies. Note that for the healthy 

subject’s data presented in Figure 7(b) the highest and lowest impedances are at positions 

(III) and (II), respectively, compared to positions (III) and (V) for the injured subject’s data 

presented in Figure 7(c). This was a common trend in the data from the human study for 

the healthy and the injured cases, but not conclusive to choose theses specific positions for 

analysis. The change in impedance at different positions suggests that the compression and 

relaxation of the muscles and tendons in the ankle joint have an effect on the bioimpedance 

measured [60, 61] but this change is very similar at low and high frequencies for healthy 

ankle joints. Hence this method compares the range of change (∆𝑅%) in the ankle 

impedance at 5kHz and 100kHz caused by changing the ankle position in four axes 

independent of the position.  

3.2.1 Edema Quantification Protocol 

To validate the presented method, a study was performed on eight subjects, five 

male subjects and three female subjects between the age of 18 and 30 years old, with no 

recent ankle injuries and five subjects, four male subjects and one female subject between 

the age 18 and 30 years old with recently incurred (within two days) acute lateral ankle 

sprains. The study was approved by the Georgia Institute of Technology Institutional 

Review Board (IRB). For each subject, data were collected with the BIS system presented 

in Chapter 2 for 10 minutes at 5 different ankle positions composing the entire range of 
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motion of the ankle in four axes (resting position, dorsiflexion, plantarflexion, eversion and 

inversion) for 2 minutes each as shown in Figure 7(a). The subjects were asked to sit 

upright with their legs resting horizontally at 90 degrees to their torso, to avoid a change in 

impedance due to blood pooling. The protocol was performed on the eight control subjects 

with no recent ankle injuries five times for each ankle over a period of 21 days. For the 

injured subjects, only a single recording was obtained immediately following the injury.  

3.3 Edema Quantification Protocol Results 

In this chapter, the emphasis is on comparing the inter-subject and intra-subject 

variability for the two edema assessment methods mentioned in this paper – specifically, 

the method of Hersek et al. in which the injured side is compared against the contralateral 

side (𝐸E	), and the novel differential measurement technique presented here (ℎ?) [26]: 

EG	 =	∆RH+6,DABC (18) 

 Moreover, the capability of the new methods to differentiate healthy controls from injured 

joints is checked by comparing their variance. The data collected were processed offline 

using Python. A 5-point FIR filter was applied to the resistance measured at 5 kHz and 100 

kHz where ℎ? and 𝐸E	are calculated for all subjects. 𝐸E	is calculated by taking the difference 

in the resistance measured at 5 kHz between the left and right or right and left ankles while 

the subject is at resting position. 
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3.3.1 Intra-subject Variability 

 

Figure 8. A Scatter plot shows the intra-subject variability of the two methods discussed in 
this paper for all control subjects over the length of the study. Note that 𝑬𝒋	for the Right is 
the negative of 𝑬𝒋	for the Left. 

To quantify the ability of the different methods for tracking edema longitudinally, 

we focused on investigating intra-subject variability. Intra-subject variability is critical in 

determining longitudinal variation in the signal caused by day-to-day tasks performed by 

the subject, and thereby tracking edema longitudinally. Specifically, we compiled data 

from all control subject and plotted it in Figure 8 showing the variation in ℎ? and 𝐸E	over 

the duration of the study. For 𝐸E and ℎ? we calculated the variance and standard deviation 

using Python. We calculated the variance of 𝐸E and ℎ? for a randomly selected subject to 

be 68 and 0.008, respectively, and the standard deviation was 8 and 0.1 respectively. 

Moreover, since 𝐸E	was calculated while both ankles were in the resting position, we 

decided to inspect the effect of changing the ankle position on 𝐸E	.by calculating the average 

change in resistance due to the subject changing their ankle position.  This came out to be 
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10.5 Ω which is higher than the standard deviation for 𝐸E	 demonstrating the ineffectiveness 

of 𝐸E	in tracking ankle joint edema if both ankles are not in the same position. Reflecting 

on those numbers, we observe a very small intra-subject variability for ℎ? compared to 𝐸E	. 

We also observe an ℎ? score that is close to 1.0 for both ankles, supporting our hypothesis 

about ℎ? for ankles with no recent record of injury. 

3.3.2 Inter-Subject Variability 

To assess the capability of the methods to detect edema in the ankle joint, we 

investigated their inter-subject variability for control and injured subjects. Inter-subject 

variability informs us about the method’s accuracy in differentiating between the injured 

from the control subjects. The combined 𝐸E		and ℎ? from all subjects’ data for the duration 

of the study is plotted in Figure 9.  For control subjects, the variance for 𝐸E and ℎ? is 237 

and 0.01, respectively, and the standard deviation is 15 and 0.1 respectively. For injured 

subjects, the variance for 𝐸E and ℎ? is 234 and 0.006, respectively, and the standard 

deviation is 16 and 0.08 respectively. The average of ℎ? for the control subjects was 0.955 

compared to 0.5 for the injured subjects where the difference between those averages is 50 

times larger than the variance of ℎ?. Also, note in Figure 9 the separation between the 

control and injured population for ℎ? and 𝐸E	 where there is some overlap for 𝐸E	between 

the control and injured population compared to none for ℎ?. 
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Figure 9. Box plot shows the inter-subject variability and the separation for the two 
methods discussed over the length of the study.   

3.4 Cadaver Study 

To further investigate the new method’s capability to track changes in edema volume 

in the ankle joint, a study on four cadaver limbs was performed. After the limbs were fully 

thawed and pre-conditioned with 5 minutes of continuous motion through the full range of 

motion, the ankles were manually positioned into the same five postures in Figure 7(a) by 

a trained researcher. Figure 10 shows an example cadaver leg with the system placed and 

a syringe to inject saline into the ankle joint.  
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Figure 10. Cadaver leg with bioimpedance acquisition system electrodes placed distally 
and proximally to the ankle joint, and saline being injected to the joint. 

The protocol in Figure 7(a) was repeated four times; each time 10mL of saline 

solution was injected into the lateral malleolus region. Data were collected from the 

cadaver model ankles at 0, 10, 20 and 30 mL of infused saline using the device presented. 

The volume of saline injuected was chosen as metnioned for the following two reasons: (1) 

in literature, the volume of static liquid in a healthy ankle joint was found to be between 

0.13 mL and 3.5 mL [62] and the volume of edema due to ankle sprain was found to be 

around 77mL [63, 64] and 82mL [65]. Hence, injecting saline solution into the ankle joint 

at 10 mL increments, shows great confidence in the resolution of the method proposed in 

this paper. (2) From our experiments, we were able to detect swelling visually at around 

30 mL of saline infusion which increases the clinical significance of the device and method. 

3.4.1 Cadaver Study Results 
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Figure 11. Cadaver model study results showing a reduction in the ratio of the change in 
high frequency resistance to low frequency resistance due to the ankle rotation with 
increasing the joint’s static fluid content. 

Due to the significant number of dead cells, and their inability to regenerate, 

utilizing the cadaver models resulted in a skew for baseline ℎ? .	Figure 11 shows the 

reduction in the mean of ℎ? for the four cadaver models with increasing the saline 

injections simulating an increase in extracellular edema volume in the ankle joint. 

Statistical analysis is performed using repeated measures ANOVA with SPSS to check the 

method’s ability in differentiating between the four different groups which would translate 

to the ability to detect changes in edema volume in the ankle joint. The data passed the 

sphericity test where the repeated measurement ANOVA p-value was 0.004. We also 

performed a Least Significant Difference (LSD) post hoc test and the pairwise comparison 

result showed an adjusted for multiple comparisons statistical significance between 0 and 

20 mL saline infused of 0.004 possibly indicating a resolution of 20 mL. This supports the 
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proposed method’s ability to not only detect extracellular edema in the ankle joint, but also 

track it, which is imperative for injury evaluation 

3.5 Conclusion 

In this chapter, a novel method to quantify and detect changes in ankle edema is 

presented. The method overcomes some of the limitations of the methods used in the 

literature by utilizing the effect of movement on the localized bioimpedance of the ankle 

joint instead of treating it as noise to the signal. The method also removes the need for 

normalizing the localized bioimpedance measurements to a healthy contralateral side or 

baseline measurement by comparing the effect of the joint movement on low and high 

frequency measurements. To validate this method, a study was performed on healthy 

control subjects with no recent record of injury and subjects with recent ankle injuries 

(within 2 days). The method’s intra-subject and inter-subject variability was compared to 

traditional BIA based methods for edema detection, where it showed high accuracy in 

detecting and quantifying extracellular edema in the ankle joint with low day to day 

variability. This approach could allow patients to track their ankle swelling at home by 

performing a simple protocol, rather than having to perform multiple measurements of both 

ankle joints using two systems. 
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CHAPTER 4. TRANSLATION OF EDEMA QUANTIFICATION 

METHODS TO A WEARABLE SETTING 

4.1 Introduction 

In Chapter 3, methods to overcome some of the limitations of SFBIA are presented, 

where a BIA method for quantifying joint edema based on positional changes of the ankle 

joint is developed. This technique compares the effects that changes in ankle position have 

on the range of the resistance measured at 5 kHz against the range of the resistance 

measured at 100 kHz. Changes in ankle position alter the distribution of extracellular fluid 

within the joint cavity which affects extracellular resistance (𝑅3 from the Fricke-Morse 

model) - the primary path for low-frequency currents. This method was validated in a 

human cadaver model (where it demonstrated 10-mL resolution) and on a cohort of human 

subjects. In Chapter 3, the 5kHz signal was compared against the 100 kHz signal, which 

made the need for a healthy contralateral comparison to normalize the findings unnecessary 

and reduced the dependency of signal quality on electrode placement. This mitigated 

several of the limitations of BIA technologies and presented a wearable form-factor for 

these sensors. However, that technique still required patients to perform a specific set of 

movements, could only detect ankle swelling (not structural defects), and could not be 

recorded during ambulation – all of which limit the capabilities of this system for providing 

the level of quantitative feedback necessary to best aid in a patient’s rehabilitation. 

In this chapter, several key changes to our technology are made to address these 

limitations. Specifically, in this new implementation of the wearable BIA monitoring 
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system, hardware and firmware adjustments enable accurate measurement of the ankle 

joint’s bioimpedance and position for robust tracking of changes in the joint’s 

edema during ambulation. We also quantify the relationship between our bioimpedance 

measurements measured during human subjects’ activities of daily living and the structure 

of the underlying collagen fibers using a software simulation model. By demonstrating 

such a relationship, this work suggests that wearable BIA measurements can provide 

quantitative, clinically relevant information related to a patient’s injury recovery status. 

Such feedback will enable more personalized and optimized rehabilitative efforts, whether 

during initial / follow-up visits to the clinic or while the patient simply engages in their 

normal, everyday activities. This type of longitudinal, rapid feedback could alert a patient 

to when they are approaching a threshold of reinjury real-time during activity when they 

are most prone to injury, providing the opportunity to readjust their rehabilitative efforts 

and prevent repeat clinical visits. 

4.2 Signal Analysis 

The Fricke-Morse circuit model has three components—𝑅3, 𝑅K, and 𝐶L—which 

together describe the bioimpedance of tissue. Estimating these values requires impedance 

measurements at multiple frequencies and a non-linear least squares-based algorithm. 

Substantial measurement time and computational power are required – both of which are 

unfavorable for implementation of BIA in a wearable system designed to provide real-time 

feedback to the user.  To circumvent the requirements presented in the Fricke-Morse model 

estimation, we devised a simple and robust method for assessing the underlying biological 

phenomenon within the ankle. The method presented in this chapter compares the changes 
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in the reactance at two distinct frequencies recorded while the subject performs a task that 

stresses the joint. 

4.2.1 The Reactance of the Tissue 

Researchers have studied the effect of muscular injuries on bioimpedance at the 

tissue and muscle fiber level. At the tissue level, Nescolarde et al. determined that 

longitudinal changes in reactance – measured at 50 kHz - is an optimal metric for 

representing muscle tissue status since it is associated with cell density and soft tissue 

integrity [3].  At the muscle fiber level, Sanchez et al. researched the effect of myotonic 

dystrophy on the Fricke-Morse circuit components using a mouse model [66, 67]. They 

attributed the changes in capacitance (𝐶L) to cell membrane integrity, and intracellular 

resistance (𝑅K) to cell inflammation. In the case of injured muscle fibers, they observed a 

decrease in 𝑅3(~30%) and 𝐶L(~40%) and an increase in 𝑅K(~35%). On the cellular 

level, Dodde et al. analyzed the effects of applying pressure to porcine cells of the spleen 

on the Fricke-Morse circuit components [68]. They concluded that applying forces up to 

50% of the cell membrane’s strength led to a non-significant increase in 𝑅3 and 𝑅K and 

decrease in 𝐶L. However, beyond the cell membrane’s strength (i.e. >50%) the cell 

ruptures, and there is a significant decrease in 𝑅3 and a significant increase 𝑅K and 𝐶L due 

to the migration of intracellular fluids to the extracellular space. Building upon this 

previous research, we have used the Fricke-Morse circuit model to simulate the effects of 

edema, collagen fiber tears and blood flow on the reactance of the tissue. The model uses 

resistive and capacitive values for the Fricke-Morse circuit components in the ankle joint’s 

impedance space from the literature and Chapter 3 as a baseline [46, 69]. 
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Figure 12. The anatomy of the ankle joint showing lack of fatty tissue or static fluid. (b) A 
sample blood vessel and muscle fiber which are the primary path for the current applied to 
measure the bioimpedance. (c) A muscle fiber tear, showing the migration of intracellular 
fluids to the extracellular space surrounding. (d) An increase in the red blood cell count 
and glucose due to sustained muscle activity. (e) An increase in edema due to muscle 
inflammation. 

4.3 Simulation Model 

To study the effect of edema, collagen fiber tear and blood flow on the localized 

reactance of the ankle at 5 kHz and 100 kHz, we devised a numerical analysis simulation 

model. The model utilizes the following equation to calculate the impedance of the Fricke-

Morse model at a specific frequency (𝜔). 
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 The simulation model outputs the ratio of the changes in the reactance at 5 kHz and 

100 kHz due to changes in the Fricke-Morse components from baseline. The baseline 

impedances used are the bioimpedance spectroscopy data collected from our previous 

study in Chapter 3.  

4.3.1 Fricke-Morse Model Estimation 

In this section the algorithm used to calculate the values of the Fricke-Morse 

components used as baseline in our simulation model is presented. From the study 

performed in Chapter 3, bioimpedance spectroscopy data were collected over the frequency 

range of 5 kHz to 100 kHz with a resolution of 371 Hz for a total of 256 bioimpedance 

measurements per sweep. Using Python, we created a function that calculates real 

component the Fricke-Morse impedance for specific 𝑅3 , 𝑅K 	and 𝐶L values at the same 

frequencies from our bioimpedance spectroscopy data using the equation in (19) [70]. 

Figure 13 shows an example bioimpedance spectroscopy of a healthy ankle joint and the 

estimated Fricke-Morse impedance using our algorithm. Table 5 shows the Fricke-Morse 

component values for 14 healthy ankles. The bioimpedance values presented are similar to 

the values reported by King et al. [69] 
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Figure 13. An example of localized bioimpedance spectroscopy data and its associated 
Frick-Morse estimated parameters when using non-linear least squares estimation to find 
the optimal 2R1C values that fit the measured data. 

Table 5. Estimated Fricke-Morse circuit component values of 14 ankles with no recent 
record of injury. 

𝑅3(Ω) 𝑅K(Ω) 𝐶L (nF) 
102 520 9.6 
107 633 8 
160 940 5.4 
163 1178 3.3 
115 543 9.2 
108 770 5.2 
113 877 5.4 
152 676 7.7 
127 746 6.5 
100 869 5 
128 1022 5.5 
108 765 6 
137 577 10 
101 511 9.6 
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4.3.2 The Ratio of 𝑋D	OPQ to 𝑋.//	OPQ 

Using that model, two frequencies of electrical current are used to measure BIA. 

As mentioned earlier, the low-frequency, 5 kHz current will primarily travel through the 

extracellular space since it is unable to pass through cellular membranes, and the high-

frequency, 100 kHz current will take a more direct path using both intracellular and 

extracellular pathways. When these currents are applied to the ankle, they primarily flow 

through muscle fibers and blood vessels since the bones have low conductance and there 

is minimal fatty tissue and static extracellular fluid [63, 71]. Section 4.2.1 presented key 

parameters for modeling current flow. Using that research, we can simulate the effects of 

blood flow, edema, and collagen fiber tears on the reactance of the ankle joint. In a normal 

physiologic state during sustained activity, blood flow to the region increases to meet the 

increasing metabolic demand of the muscles (Figure 12d). When the ankle is sprained, 

collagen fibers may tear and edema increases (as depicted in Figure 12c and 12e, 

respectively). 

In an uninjured state, when blood flow is augmented during sustained activity, the 

increased number of red blood cells increases the number of intracellular pathways for 

current to travel through, which then decreases 𝑅K. This change also increases the 

extracellular resistance and decreases the tissue capacitance, as reported by Abdelbaset et 

al. [72]. In another study by Gheorge et al., they reported the effect of changes in blood 

viscosity on the Fricke-Morse to be around 1.5% in 𝑅3, 5% in 𝑅K and 10% in 𝐶L	[70]. 
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In an injured state, tenocytes tear, and concomitant collagen fibers rupture, spilling 

intracellular contents into the extracellular space. This decreases 𝑅3 (since there is now 

more extracellular fluid) and increases 𝑅K (since there are fewer pathways through intact 

cells). Sanchez et al. demonstrated that intact myocyte membranes maintain the system’s 

capacitance, therefore torn muscle fibers will also lead to a drop in 𝐶L [66]. With injury 

there will also be an increase in extracellular edema, which further decreases 𝑅3 since there 

is an increased volume of the conductive extracellular fluid. In their study, they reported a 

30% decrease in 𝑅3, 35% increase in 𝑅K and a 40% decrease in 𝐶L 24 hours after the injury. 

4.3.3 Simulation Model Results 

 

Figure 14. Simulation Model Results for the effect of changes in blood flow, edema, 
collage fiber tear and collage fiber tear accompanied with edema on the ratio of the change 
in low frequency reactance to high frequency reactance.  

In Figure 14, we present the results of our simulation of BIA in the ankle.  When 

comparing the ratio of change in reactance at 5 kHz and at 100 kHz we found a significant 

difference between healthy and injured ankles as shown in Figure 14. This result is 
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consistent with our expectations based on the impact of the described pathophysiologic 

changes during activity and injury, and with the earlier findings of Freeborn et al. in their 

study on the effects of biceps muscle fatigue on bioimpedance spectroscopy [61, 73]. The 

findings of this simulation encourage further research and hardware development into the 

BIA phenomenon and its clinical uses. 

4.4 Blood Flow vs Edema vs Muscle Tear 

After the acute phase of an injury, the tissues enter a phase of rebuilding which 

includes a reduction in edema and increasing collagen fiber strength. The level of edema 

and strength of the reforming fiber are indicative of the progress of the rehabilitation and 

the probability of reinjury [74]. In Figure 14, the ratio of the change in the reactance at 5 

kHz versus at 100 kHz successfully differentiates healthy from injured ankles, but 

differentiating swelling from collagen fiber strength is a different challenge. In Chapter 3, 

the effect that changes in ankle position have on low (5 kHz) and high-frequency (100 kHz) 

resistance measurements was studied. It was shown that these positional changes move the 

extracellular fluids around the joint altering the extracellular resistance (𝑅3) which in turn 

predominantly impacts the low-frequency resistance (extracellular fluid dependent) 

compared to the high-frequency resistance [46]. Although, in this chapter the changes in 

the reactance, instead of resistance, at low and high frequency is utilized for the analysis, 

the concept of extracellular fluids shifting in the tissue due to the pressure from the joint 

structure caused by its rotation. 

In this chapter, the bioimpedance of the ankle joint while subjects are walking is 

measured using our wearable sensing hardware. Normally, the instantaneous changes 
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observed in the ankle’s bioimpedance during a subject’s gait cycle are possibly due to the 

tendons and ligaments, and varying blood flow in the current path. However, if there exists 

edematous extracellular fluid, the pressure from the joint structure would shift the fluid 

around it changing the extracellular resistance (𝑅3) in the current path. we hypothesize that 

in the presence of joint edema, there will be an increase in the instantaneous change per 

step in the low frequency reactance measurements compared to the lower frequency 

measurements as shown in Figure 14. Nevertheless, these positional changes should not 

compound throughout the duration of a walking session. Rather, we hypothesize that the 

baseline changes in bioimpedance from the beginning of a walking session are mainly due 

to micro-damage to any recently injured tendons, ligaments, and tissue coupled with low-

level edema. To test these hypotheses, we developed two metrics for comparing the range 

of the reactance at 5 kHz to the range of the reactance at 100 kHz: (1) per step (ℎ�?), and 

(2) per walking session (>200 steps) (𝛽). 

4.5 Algorithm 

To compute ℎ�? and 𝛽, it is necessary to split the reactance measured at the two 

frequencies based on each subjects’ steps as shown in Figure 15. This windowing uses the 

inertial measurement unit (IMU) employed on our custom hardware. The IMU captures the 

angular velocity of the foot, which is used to determine if the subject is moving. This is 

performed by taking 3-second windows of the angular velocity and convolving those 

values on themselves to compute the energy of that window’s angular velocity (𝜔[𝑡]) as 

shown in the following equation.  
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 That energy is compared against an experimentally determined threshold of 10,000. 

If the energy is higher than that threshold, the peaks of the Z-axis (lateral) acceleration 

signal from the IMU are used to identify the heel-strikes which mark the beginning of each 

step as shown in Figure 15c. Each peak needs to be at least 350 ms from the previous peak 

and beyond a certain threshold (1 g) to remove errors from irregularities in the signal. Since 

the bioimpedance is sampled at a lower frequency than the IMU, the start and end of each 

step’s bioimpedance window is identified by finding the absolute minimum time difference 

between the time of the heel strike and the time of the bioimpedance measurements. These 

data are then used in the model presented in Figure 15c. 

After splitting the reactance measured to per step arrays as shown in Figure 15d, 

the range and mean of each step’s reactance is calculated. ℎ�? is calculated by taking the 

ratio of the range per step of the reactance at 5 kHz to the range per step of the reactance 

at 100 kHz. To calculate 𝛽 at any step (s), the range of the mean of the reactance per step 

from the start of the walking session to step s is calculated. The ratio of this range at 5 kHz 

to 100 kHz is then taken to calculate 𝛽 as shown in Figure 15d. 
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Figure 15. Data Analysis Workflow for Determining Presence of Edema and disruption to 
Structural Integrity of the Ankle. (a) The data acquisition system placed on the subject’s 
leg with the necessary current and voltage electrodes placed distally and proximally to the 
ankle joint and the IMU placed on the foot. (b) Sample data of a representative injured 
subject’s X-axis angular velocity, Z-axis acceleration, and reactance measured at 5 kHz 
and 100 kHz. (c) A magnified view of the sample data showing how the data windows are 
created and used in splitting to split the reactance data into vectors per step. (d) The 
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reactance vectors per step are used in the model to detect edema and collagen fiber tear in 
the ankle joint. 

4.6 Data Collection Protocol for Method’s Evaluation 

To validate our hypothesis that ℎ�? can detect edema in the ankle, we recorded data 

from 15 subjects during ambulation and asked them to perform the BIA ankle positional 

protocol as described in Chapter 3 and depicted in Figure 16 once per hour. The data 

collection protocol was approved by the Georgia Institute of Technology Institutional 

Review Board, and all subjects provided written informed consent before participating in 

the study. This positional protocol was previously shown to correlate with edema in 

Chapter 3. In this study, we sought to determine if  ℎ�? measured during walking also 

correlated with edema. We also sought to test if 𝛽 (the difference in impedance after a 

continuous walking session) can differentiate between healthy and injured populations. 

Figure 16 depicts the overall testing protocol. The modified system is placed on the 

subject’s ankle as shown in Figure 16a. Red dot gel electrodes (3M, Saint Paul, MN) are 

used for bioimpedance measurements. The electrode snaps and IMU are secured using 

Kinesio tape (Kinesio, Albuquerque, NM) to further secure them and dampen the forces 

from movement. With the recording setup in place, the subjects performed the 5-minute 

positional protocol shown in Figure 16c. The subjects then perform their normal daily 

activities while performing the 5-minute positional protocol every hour as depicted in 

Figure 16b. 
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Figure 16 . Recording setup and 8-hour recording protocol timeline. (a) The wearable data 
acquisition is placed on the subject’s leg. (b) The overall recording protocol took 8 hours 
with the 5-minute positional protocol as depicted in (c) being performed every hour. 

The participants were recruited via word of mouth by either the engineering 

research staff or the Georgia Institute of Technology athletic trainer of the study team. The 

sensors were outfitted in the lab or the athletic center in the early morning to reduce any 

residual effect from prior movement on the data. The subjects were then instructed to go 

about their daily activities for eight hours. After the eight hours of data collection, the 

subjects returned to the lab or the athletic center for the device to be removed. 

The study was performed on 15 subjects between the ages of 18 and 30. Of these 

subjects, 7 had an ankle injury in the two to four weeks prior to data collection. Data from 

the contralateral healthy ankle were also collected from 3 of the 7 injured subjects on a 



 58 

separate day. On the remaining 8 healthy subjects, data were collected from their dominant 

ankle due to its higher chance of injury [49]. In total, 11 healthy ankles and 7 injured ankles 

were recorded. Four of the injured ankles were diagnosed by a medical professional and 

the rest were self-reported. The injuries were grades 1-2 lateral ankle sprains. The data 

were analyzed offline using Python. 

4.7 Statistical Analysis 

To test the ability of the methods presented to separate between healthy and injured 

groups, we first tested the data for normality using Wilk-Shapiro test. Since one of the data 

groups (healthy ℎ�?) failed the normality test, we used Wilcoxon rank-sum test where a p-

value less than 0.05 is considered significant. For each score (ℎ�? 	𝑎𝑛𝑑	𝛽), Cohen’s (d) effect 

size between the healthy and injured group was also calculated where an effective size 

higher than 1.4 is considered large effect [75]. An example of the variables extracted from 

the model in Figure 15 is presented in Figure 17. We also used Pearson correlation tests to 

show the correlation of  ℎ�? to the static protocol. 

 

Figure 17. Method for Comparing the Full Walking Session to 5-Minute protocol. (a) The 
range of change in the reactance measured at 5 kHz and 100 kHz during a continuous 
walking session is used to calculate β. (b) The range of the change in the reactance 
measured at 5 kHz and 100 kHz per step is used to calculate 𝒉𝜶. (c) The mean	𝒉𝜶 of the 
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last 10 steps is correlated to the ratio of the range of change in the reactance measured at 5 
kHz and 100 kHz using Pearson’s correlation. 

4.8 Results 

4.8.1 Ratio of the Ranges of Reactance Per Step (ℎ�?) 

To test our hypothesis that ℎ�? is sensitive to detecting edema, we correlated the 

ratio of the range of the reactance at 5 kHz to the range at 100 kHz from Figure 16a against 

those values found during the 5-minute, static positional protocol from Figure 16b as 

shown in Figure 17c. To ensure that no residual edema or muscle tear from prior walking 

sessions skewed the result, data from the first substantial continuous walking session were 

used. In this context, a “substantial” session is considered one in which the subject walks 

for more than 200 steps with a maximum of pause of 1 minute between successive steps. 

For all 15 subjects, the mean of  ℎ�? was calculated from the last 10 steps of the first walking 

session and tested for correlation with the 5-minute positional protocol performed 

immediately after that session for all 15 subjects as shown in Figure 17c. This comparison 

yielded a Pearson’s correlation coefficient of 0.8 as shown in Figure 18. 
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Figure 18. (a) Plot showing 𝒉�𝜶 vs steps for all subjects and (b) a scatter plot of the mean 
of 𝒉�𝜶 for the last ten steps for the healthy and injured groups showing a statistically 
significant p-value. (c) Plot of the mean 𝒉�𝜶 at the last ten steps in a continuous walking 
session, correlated the output of the 5-minute protocol done after with a Pearson correlation 
coefficient of 0.8. 

This supports our hypothesis that ℎ�? is sensitive to edema, since the positional 

protocol was previously shown to correlate with edema levels as shown in Chapter 3. The 

results of  ℎ�? and the ratio of the range of 𝑋DOPQ to 𝑋.//OPQ from the static protocol for the 
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injured and healthy group are presented in Figures 18 (a, b, c) and tested for statistical 

significance (p = 0.0021) and Cohen’s effect size of 1.6. This indicates the method’s ability 

to differentiate between healthy and injured ankles. There is also similarity between the 

injured and healthy population ℎ�? scores in Figure 18b and the results of the simulation 

model for changes in edema and blood flow from Figure 14. 

4.8.2 Beta Walking Results 

 

Figure 19. (a) Plot showing β vs steps for all subjects and (b) a scatter plot of the β at the 
last step of a continuous walking session showing a statistically significant p-value. 

While the step-by-step analysis demonstrated that BIA at these two frequencies 

could detect edema, it provided little information about the integrity of the tissue. During 

a substantial period of walking, micro-tears are expected to occur in the ligaments, tendons, 

and connective tissue [76]. To better understand the impact that this degradation of tissue 
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integrity has on the reactance measured using BIA, we calculated the range of reactance 

recording during a continuous walking period as shown in Figure 17a. Significant 

differences in this range between the injured and healthy groups when taking the 𝛽 from 

the last step of the continuous walking session was found (p<<0.001) and Cohen’s d effect 

size of 1.96 as shown in Figure 19. To control for inter-subject inter-session variability 

(particularly in the number of steps per walking session), the 𝛽 is also calculated at the 

200th step of the first substantial walking session for all subjects and a significant difference 

between the injured and the healthy groups was found (p <<0.01). There is also similarity 

between the 𝛽 scores for the healthy and injured population shown in Figure 19e and results 

of the simulation model for collagen fiber tear and blood flow from Figure 14. 

4.8.3 Zero Crossings Data Analysis 

During the typical gait cycle, the ankle’s direction of rotation changes (thus, its 

angular velocity = 0) four times: (1) at a neutral position (i.e., with the foot and shank at or 

near 90° to each other) just prior to heel-strike, (2) in a slightly plantarflexed state once the 

foot is flat on the ground just after heel-strike, (3) in a dorsiflexed state just prior to heel-

rise, and (4) in a plantarflexed state just prior to toe-off leading into swing phase. These 

same joint configurations are performed in the static positional protocol, providing points 

of comparison between the dynamic (walking) and static (positional) tasks [46]. The 

software model presented was tested using only the data closest to the zero crossings by 

choosing the bioimpedance measurements that had the absolute minimum time difference 

from the time of the zero-crossings. For the ℎ�? calculated using the zero crossings data, the 

Spearman’s correlation coefficient with the ratio of the range of reactance at 5 kHz to the 
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range of reactance at 100 kHz from the 5-minute protocol is 0.63. The calculated p-value 

is p<<0.01 for the separation between the healthy and injury group. The difference in the 

correlation score using all bioimpedance measurements (as presented in Section 4.8.1) and 

the measurements closest to the zero crossings may be due to the relatively low sampling 

rate of the bioimpedance or due to a delayed response for the impedance from the changes 

in the ankle position caused by the loading of the joint at these positions. In some cases, 

the nearest bioimpedance measurement to the zero crossing was up to 50 ms away.  For 

the  𝛽 score using the data closest to the zero crossings, the p-value is << 0.01. 

Using only the data at the angular velocity’s zero crossing would enable significant 

reduction in the bioimpedance samples needed and hence the power consumption, as the 

bioimpedance can be measured only at the zero-crossings using an interrupt-based 

approach. This would allow the software model to be fully implemented on an embedded 

processor in a wearable-form factor. 

4.9 Conclusion 

The work presented in this chapter provides a robust method for capturing and 

analyzing bioimpedance measurements from the ankle. Previous work in this field typically 

prescribed a set of controlled exercises to ensure accurate measurements. In this chapter, a 

solution is designed to adapt this technology into a wearable form factor that leverages the 

impact of ambulation on the signals rather than mitigating it. Additionally, this novel 

method of signal interpretation requires minimal algorithmic and computational 

complexity making it suitable for being embedded into a miniaturized, wearable system. 

The results of this algorithm are presented in Section 4.8 and demonstrate that this 
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technique is capable of real-time detection of edema and tissue integrity changes in the 

ankle during activities of daily living. This usability improvement and enhanced algorithm 

enables real-time joint health status updates for the wearer. These notifications, if properly 

utilized, could greatly aid in personalizing clinical rehabilitation efforts. 
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CHAPTER 5. METHODS AND ALGORITHMS FOR IV 

INFILTRATION DETECTION 

5.1 Introduction 

Intravenous (IV) treatment is the delivery of non-vesicant fluid or medication 

directly to the blood by placing a catheter into a peripheral vein for fluid infusion [77]. One 

possible complication of IV treatment is IV infiltration, or extravasation: the leakage of the 

infused fluid to the surrounding perivascular or subcutaneous tissue due to the dislodgment 

of the catheter from the vein as a result of patient movement, weakening of the venous 

walls or initial misplacement [78]. It is estimated that 85% of hospitalized patients in the 

US receive at least one IV treatment with a 50% chance of failure and a 23% chance of an 

infiltration, making it one of the highest occurring in-hospital medical emergencies[79]. IV 

infiltration is evaluated on a 1-4 scale based on the amount of static infused fluid (edema), 

and its effect on the tissue (skin temperature and stretch) [78, 80]. Depending on the 

severity, it can lead to local edema, discomfort, pain, ischemia, tissue necrosis, and in 

extreme cases can lead to scarring, disfigurement and loss of limb [81]. These extreme 

cases are more prevalent in pediatric patient populations: children may move the limb with 

the IV more than adults, may have weaker or thinner venous walls, and have a difficulty 

communicating pain to caregivers in time for the issue to be addressed [82]. 

IV infiltration events are medical emergencies: early detection minimizes the 

volume of fluid in the extravascular space and thereby precludes irreversible damage to the 

tissue.  Currently, the standard of care in hospitals for detecting infiltration requires 
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caregivers to employ a “look, feel, and compare” protocol [83, 84]: every hour, caregivers 

manually check the IV site by visually examining and feeling it for any swelling, then 

comparing it to the contralateral side. This requires having access to the IV site and the 

contralateral side to compare against, which is not guaranteed in the operating room when 

patients are covered in drapes and may also be challenging when healthcare resources and 

time are already strained (e.g., during the current pandemic). Most importantly, the method 

is qualitative and subjective, relying on the caregiver’s expertise, and is done at most once 

per hour at best, which can be insufficient for a time sensitive emergency such as IV 

infiltration. Non-invasive technologies capable of continuously and accurately tracking 

extravascular fluid volume at the IV site can assist caregivers to detect infiltration events 

as early as possible. Existing technologies in the market to automate the detection of IV 

infiltration use optical sensing by emitting light onto the IV site and measuring the changes 

in the reflected light[85]. However, the technology is limited to detecting clear fluids and 

requires tethering the patient with an optical cable limiting their movement and taking 

valuable space on the IV pole.  

Wearable detection of IV infiltration fundamentally hinges on non-invasively 

sensing the volume of fluid inside of the limb with sensors placed cutaneously. A promising 

technology for sensing fluid content in biological tissue volumes is BIA, a non-invasive 

measure of the tissue’s electrical conductivity. Bioimpedance has the potential for 

detecting IV infiltration due to its sensitivity to changes in the measured tissue 

composition, especially with the substantial difference in conductivity between fluids and 

body tissue [27]. Bioimpedance is measured by applying a safe, small, alternating current 

to the tissue through distally placed electrodes and measuring the voltage drop through 
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proximally placed electrodes. As the current travels through the tissue’s extracellular and 

intracellular fluid space, an increase in the static fluid content in the current’s path would 

provide more extracellular path, assisting the current’s flow in the tissue therefore reducing 

the impedance. In the literature, BIA  has been investigated as a method for the detection 

of IV infiltration in controlled settings on animal models and human subjects: such 

literature demonstrated that bioimpedance can accurately detect infiltrates with volume as 

low as 10 mL [86-88].  

5.2 Porcine Model Study 

5.2.1 Protocol 

In collaboration with T3 labs, trained veterinarians sedated a pig and placed an IV 

catheter subcutaneously to simulate normal drug delivery to the blood stream and an 

infusion to show their effect on local bioimpedance measurements. Using the system 

presented in Chapter 2, electrodes were placed proximally and distally to the IV site as 

shown in Figure 20. This protocol was approved by the Institutional Animal Care and Use 

Committee at Georgia Tech and T3 Labs (Global Center for Medical Innovation [GCMI], 

Atlanta, GA). First, saline solution is administered to the blood stream simulating drug 

delivery in the absence of an infiltration by infusing 2, 5, 10 and 10 mL. Then, the IV 

catheter is manually dislodged, and the saline solution is infused to the surrounding tissue 

simulating an IV infiltration. 
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Figure 20. IV catheter placed subcutaneously with the current and voltage electrodes placed 
proximally and distally to the IV site.  

5.2.2 Results 

When administering saline solution to the blood stream, there is a minimal change 

in the measured bioimpedance of the IV site at all frequencies as shown in Figure 21 (top). 

However, when displacing the IV catheter simulating an infusion, the localized 

bioimpedance of IV site drops substantially. Since fluid is more conductive than biological 

tissue, static fluid provides a conductive path to the current, hence reducing the measured 

impedance of the tissue.  
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Figure 21. Localized Bioimpedance Measurement of the IV site during (top) normal drug 
delivery to the blood stream and (bottom) to the surrounding tissue simulating an 
infiltration.  
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Figure 22. Localized Bioimpedance Measurement at 5 and 100 kHz of an IV site while 
infusing 2, 7, 17, and 27 mL of fluid.  

Moreover, as illustrated earlier in Chapters 3 and 4, low frequency currents depend 

primarily on extracellular fluid for path due to their inability to penetrate cell walls, which 

is also shown here in Figure 22. After injecting a total of 27 mL of saline into the 

surrounding tissue, there is 10 Ω decrease in the 5 kHz bioimpedance measurement 

compared to 6.5 Ω drop in the 100 kHz bioimpedance measurement.  
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5.3 Human Subject Study at Children’s Healthcare of Atlanta  

In Section 5.2, a controlled experiment was performed to validate the system’s 

ability to detect IV infiltration in a controlled setting is presented. In this section, we 

describe the use of our system in a human subject study in a clinical setting, where we 

develop a novel algorithm to remove the variability of the data due to subject movement. 

5.3.1 Study Protocol 

Approval from the Institutional Review Boards of Emory University, Children’s 

Healthcare of Atlanta (CHOA), and Georgia Tech was obtained, and all participants’ 

families provided written consent and patient assent when appropriate prior to starting any 

study procedures. A total of 9 pediatric patients at CHOA in the Cardiac Intensive Care 

Unit (CICU) participated in the study, with demographics as follows, mean (standard 

deviation): 9 years (7 years), 30 kg (24 kg), and 2 males. Participants receiving continuous 

IV therapy for at least 7 hours were recruited, and the system was placed around the IV 

catheter insertion site; two electrodes for the BIS were proximal and two electrodes were 

distal to the catheter. The electrodes were always placed such that the current stimulation 

electrodes were on the outside (further from the insertion site) of voltage sensing 

electrodes. Each temperature sensor was co-located with an IMU, and one such sensor pair 

was placed proximally while the second pair was placed distally to the insertion site. 

Recordings were obtained for a total of 6-8 hours for each patient, with the bedside nurse 

checking the site every hour to ensure that no infiltration had occurred, and filling out a 

case report form (CRF) for each participant accordingly. As none of the patients in this 

study had IV infiltration events, the expected result based on our prior pre-clinical studies 
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was that the BIS measurements should remain stable and minimally variable throughout 

the 6-hour recording period.  

5.3.2 Baseline reset algorithm 

 

Figure 23. Block diagram of signal processing approach to removing postural shift related 
artifacts from impedance measurements that will ultimately provide detection of IV 
infiltration 

The IMU data is first digitally filtered (Savitzky-Golay filter) to reduce out-of-band 

noise. Then, periods of elevated motion are detected from the acceleration signals of the 

IMU by setting an adaptive threshold of 0.2 g (~2	𝑚𝑠+#).  At each such period of elevated 

motion, the BIS data baseline is reset such that only relative changes in the impedance are 

retained. From Figure 23, when a change is posture is detected in the 3-axis accelerometer 

data from both IMUs, the bioimpedance data at this new position is set to be the baseline. 

If the posture is the same for the next measurement, then the change in bioimpedance 

between this measurement and the baseline is added to the corrected bioimpedance array; 

else the baseline is set to this bioimpedance measurement. This way, changes due to 

movement are disregarded, reducing the variability in the signal due to movement. 
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5.3.3 Results 

 

Figure 24. (a) Z-axis acceleration data from the IV site of a subject receiving IV treatment 
and (b) the respective raw 50 kHz resistance measured (blue) showing correlation between 
both signals, and the corrected signal in green. (c) The compiled mean and standard 
deviation of the raw 50 kHz resistance from all subjects shown in blue and the corrected 
signal in green showing a reduction in the variation in the signal over time. 

5.3.3.1 Example Recordings from One Subject 
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Example recordings of the z-axis (perpendicular to the body) acceleration and 50 

kHz resistance from the IV site of one subject is presented in Figure 24 (a) and (b), showing 

a correlation between them. This is due to the sensitivity of bioimpedance to changes in 

the tissue structure and content which is affected by changes in posture and movement. In 

the presented case, there is drop in the bioimpedance signal of 5 Ω in 10 minutes which can 

be confused for an infiltration possibly raising a false alarm. However, when applying our 

baseline resetting algorithm, we successfully removed these changes in bioimpedance due 

to patient movement as shown in green in Figure 24 (b).  

5.3.3.2 Signal Quality 

For each subject, the bioimpedance spectroscopy data of their IV site is inspected 

by checking the resistance vs reactance curve at various data points to make sure it follows 

a Fricke-Morse impedance curve. Then, the longitudinal bioimpedance data at 5, 50 and 

100 kHz is checked to make sure no abrupt changes in the impedance take place due to 

electrodes detaching from the skin.  

5.3.3.3 Recordings from All Subjects 

Figure 24 (c) shows the mean and standard deviation of the raw (blue) and corrected 

(green) 50 kHz resistance measurements from the IV site of 9 patients. After applying our 

baseline correction algorithm, the variability in BIS data was reduced by an average of 

64% and up to 98% in some cases maintaining a variation in the signal to less than 10 Ω 

over 6 hours. The algorithm was also tested on other bioimpedance measurements between 

5 kHz and 100 kHz where it yielded similar results. Using the presented algorithm can 

increase the accuracy of early detection of an IV infiltration by ensuring that changes in 
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the bioimpedance due to an increase in static fluid are utilized for detection rather than 

false alarms due to motion / postural shifts 

5.4 Conclusion 

In this chapter, an extensive validation of the systems presented in Chapter 2 was 

performed in the context of IV infiltration detection. A porcine model was used to test the 

system’s ability in differentiating between normal drug delivery to the blood stream and an 

infiltration. Moreover, the work in this chapter demonstrated, for the first time to the best 

of our knowledge, successful measurement of local physiological parameters around an IV 

catheter insertion site with a wearable device. The unique combination of high-resolution 

BIS data together with motion and skin temperature allowed for a novel correction 

algorithm to be employed for resetting the BIS baseline in the presence of noise and 

increasing the robustness of the approach in clinical settings. Furthermore, the approach 

allowed for high quality data to be obtained from pediatric participants—the very patient 

group that would benefit the most from this technology. While the results thus far are early, 

and no infiltration events have occurred in the study population to date, the quality of the 

signals obtained and the ability to reduce motion-related variability in BIS measurements 

were important results setting the foundation for future efforts. In future work, we plan to 

continue collecting data for the study, and if any infiltration events occur, we will quantify 

the accuracy, sensitivity, and specificity with which they can be detected. Following 

successful demonstration that such events can be accurately detected with our technology, 

we plan to conduct a randomized clinical trial where caregivers use our technology to 

improve their ability to monitor IV catheter insertion sites, with the ultimate objective of 

reducing the frequency and severity of IV infiltration events that occur.  
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CHAPTER 6. DYNAMIC SURFACE ELECTRICAL 

IMPEDANCE TOMOGRAPHY FOR UNIFORM STATIC FLUID 

QUANTIFICATION 

6.1 Introduction 

 

Figure 25. Surface Electrical Impedance Tomography to generate the conductivity map of 
the IV site showing the location of impedance changes which can be utilized to alert the 
medical staff if the location correlates with the IV catheter location. 

Although bioimpedance is sensitive to changes in the tissue’s static fluid content, 

it’s use in early detection of IV infiltration is dependent on the bioimpedance acquisition 

system measurement accuracy, resolution and most importantly the location of the fluid 

relative to the location of the measurement electrodes. Specifically, changes in static fluid 

volume directly in the path of the current and closer to the electrodes will be detected at a 

better resolution than fluids further away due to their higher impact on the current flux. 

This limits the use of BIA in IV infiltration detection to controlled settings where the 
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location of the electrodes relative to the location of the infiltrate is controlled. Moreover, 

to avoid exceeding the impedance threshold of the bioimpedance acquisition system 

current source, using larger gel electrodes is preferred due to their lower skin-electrode 

interface impedance. This restricts the application of bioimpedance to body areas where 

placing four electrodes proximally and distally to the IV site is possible, which is 

particularly limiting in pediatric patients where there is limited space around the IV site. 

Ideally, for early detection of IV infiltration in an uncontrolled wearable setting, a wearable 

system that is easy to place, sensitive to small changes in static fluid volumes and can locate 

the fluid’s relative location without needing accurate system placement is desired. Such a 

system would allow medical professionals to make better decisions about the status of the 

IV treatment site. 

Another major limitation of BIA is its inability to identify the location of changes 

in the tissue’s bioimpedance, possibly confusing a change somewhere in the tissue away 

from the catheter as an infiltration. To mitigate that limitation, a potential solution is to use 

electrical impedance tomography (EIT), which is a non-invasive method that uses the 

tissue’s segmental bioimpedance to generate a tomographic reconstruction of the tissue’s 

conductivity distribution as shown in Figure 25 [6]. Essentially, EIT dissects the tissue 

impedance into areas highlighting exactly where the impedance is changing, potentially 

providing medical professionals a better understanding of the amount of static fluid at the 

IV catheter site. EIT is measured by placing a set of surface electrodes around the tissue of 

interest, where segments of the tissue’s impedance are measured and then used by a 

reconstruction algorithm to generate the conductivity map of that tissue. Similar to BIA, 

two electrodes are used to inject and collect the tissue’s excitation current, and two voltage 
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electrodes are used to measure the voltage drop over a certain area due to the injected 

current. Traditionally, EIT has been used in cross-sectional reconstruction of the tissue 

such as the brain, lungs and wrist, and involves using a bench top system capable of 

performing the impedance measurements and running the intense computations needed for 

the reconstruction[6].  

In this chapter, a wearable system capable of accurately measuring the tissue’s 

segmental bioimpedance and reconstructing its resistivity distribution is presented. The 

bioimpedance acquisition system presented in Chapter 2 is adjusted and re-calibrated using 

the technique in Chapter 2, and validated for accuracy, resolution and power consumption. 

Next, an algorithm that enables the reconstruction of the tissue’s conductivity using 

minimal computations, and is thus amenable to a wearable setting as shown in Figure 25 

is presented. The algorithm leverages the segmental impedance data from the 

bioimpedance acquisition system in the phantom model and animal tissue experiments 

(simulating IV infiltration) to validate its sensitivity and ability to detect and locate small 

changes in the tissue’s static fluid volume. Together, the system and algorithm will assist 

in enabling the early detection of IV infiltration in an uncontrolled setting in future work, 

allowing caregivers to attend to the patient’s IV site in time to avoid irreversible damage 

to the surrounding tissue. 

6.2 Hardware Design 

A wearable, embedded systems-based prototype for EIT measurement is 

developed. The core impedance measurement operation for our system is achieved using 

the AD5940 (Analog Devices, Cambridge, MA) integrated circuit (IC). The system 
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presented in Chapter 2 is adjusted to multiplex the current and voltage signals to measure 

the segmental bioimpedance of the tissue using four ADG729 (Analog Devices, MA).  

 

Figure 26. Electrical impedance tomography system (left) block diagram utilizing the 
AD5940 electro-chemical AFE to measure the segmental bioimpedance and four ADG729 
analog multiplexers to specify the excitation and measurement electrodes.  

 Typically, to perform 8-electrode EIT, four 8x1 multiplexers connect each of the 

bioimpedance measurement system terminals (I+, I-, V+ and V-) to all eight electrode; 

however, this decreases signal-to-noise ratio (SNR) as it provides more possible signal 

paths thus increasing the measurement error through cross talk between the multiplexer 

channels. Since the AD5940 modulates the measured signal and provides its real and 

imaginary components rather than raw ADC measurements, we are able to distribute our 

eight electrodes as shown in Figure 26, by pairing the positive and negative (current and 

voltage) terminals separately and calculating the absolute value of the signal’s real and 
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imaginary components. This allows us to reduce the hardware complexity and hence the 

measurement error of the system by limiting the sources of noise in the signal path. 

6.2.1 EIT System Calibration 

In the literature, the effect of the analog multiplexers used for EIT on the current 

and voltage signals is rarely accounted for [89]. Analog multiplexers add resistive and 

capacitive components (parasitic) in the signal path, hence voiding the use of the 

calibration coefficients retrieved without the multiplexers. Using the system in Chapter 2, 

we measured the calibration impedances with and without the analog multiplexers, and 

noticed a substantial difference in the measured raw real and imaginary values. We also 

tested the inter-channel variability (i.e. different channel combinations) and we noticed a 

small difference; hence we calibrated our system using the eight 2R1C impedances 

measured through the analog multiplexer channels to reduce the measurement error similar 

to Chapter 2. 

6.3 Electrical Impedance Tomography Reconstruction Algorithm 

In the literature there are numerous ways to perform EIT, but they mainly differ in 

two ways: (1) The electrode configuration and measurement sequence (i.e. which 

electrodes inject and collect the current, and measure the voltage difference), and (2) the 

algorithm used to perform the tomographic reconstruction of the tissue’s conductivity 

distribution [90]. A common data collection scheme is the neighboring/adjacent method 

where the current is injected and collected by two adjacent electrodes and the voltage 

difference is measured between the remaining adjacent electrodes. This is then repeated by 

injecting and collecting the current by the next adjacent electrodes and the voltage 
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difference is measured by the remaining adjacent electrodes and so on until the current is 

injected and collected by all adjacent electrodes. For example, from Figure 26, the current 

is first injected and collected by electrodes 1- and 1+ and the voltage drop is measured 

between the following electrodes: 2- to 2+, 2+ to 3-, 3- to 3+, 3+ to 4- and 4- to 4+. Then 

the current is injected and collected by electrodes 1+ and 2-, and the voltage drop is 

measured by the remaining five electrodes and so on till eight different adjacent current 

electrodes are used to inject and collect the current; totaling in 40 or n*(n-3) bioimpedance 

measurements where n is the number of electrodes (n=8, in the presented system). Using 

our system, we are able to collect all 40 measurements at any frequency in 464ms.  

After measuring the tissue’s segmental bioimpedance measurements using the 

presented system, a reconstruction algorithm uses this data to generate a conductivity 

distribution map of the measured tissue. There are hundreds of reconstruction algorithms, 

and as noted by Adler et al. they are usually proprietary, but they fall into two categories: 

iterative and linear algorithms [90]. Iterative algorithms use non-linear least squares to 

estimate the conductivity map from the measured impedances given a boundary problem 

[91]. Although accurate, they require substantial computations and electromagnetics 

knowledge to setup the problem boundaries. However, linear algorithms simplify the 

reconstruction by approximating the projections in a linear fashion similar to Computed 

Tomography (CT) scans, and have shown great accuracy in dynamic EIT where changes 

in a single area are to be detected [89, 91]. Building both algorithms requires finite element 

modeling (FEM) tools that are expensive, or EIT-specific tools such as EIDORS that 

require MATLAB and are limited to certain configurations [90]. In this section, we present 

a method to perform tomographic reconstruction of the tissue’s conductivity distribution 
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using a custom linear back projection algorithm, where we employ different ways to project 

impedance measurements utilizing Python’s cv2 (OpenCV) library to manipulate and draw 

objects on an image matrix.  

Since this system will be used to track longitudinal changes in the static fluid 

content around the IV catheter, using dynamic EIT and linear back projection is possible. 

These methods are accurate in detecting changes at a single area of the tissue and can be 

readily implemented. Dynamic EIT uses the difference in the impedance measurements 

from a baseline to generate the dynamic changes in the conductivity distribution; in the 

case of IV infiltration detection, the baseline would be the segmental bioimpedances 

measured at the beginning of the IV therapy. The normalized impedance measurements are 

then projected onto a straight line starting at the center between the current electrodes to 

the center between the respective voltage electrodes. Our algorithm consists of two parts: 

first, generating the reconstruction matrix which estimates the projections for all 40 

impedance measurements, and, second, using this matrix to generate the conductivity 

distribution. Generating the projections matrix is only done once for any electrode 

configuration (i.e. the location of electrodes relative to each other) and is then used by 

simply multiplying the matrix with the normalized impedance measurements vector.  
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Figure 27. Dynamic Electrical Impedance Tomography Reconstruction Algorithm. 
Neighboring Method is used, where two adjacent electrodes are used to excite the tissue, 
and the voltage is measured between the remaining adjacent voltage electrodes for a total 
of 40 measurements for an eight-electrode system.  For each measurement, a mask is 
created for its respective equipotential projection. All 40 masks are used to create the 
projection matrix which can be then used by simply multiplying it with the normalized 
impedance measurements vector, reducing the computational power needed for 
reconstruction to a single matrix multiplication. The result of the multiplication is the 
reconstructed image showing a scan of the underlying tissue impedance distribution. 

Specifically, we start with a zero matrix (A) of dimensions 40x100x100 pixels 

which would serve as the base matrix for the impedance projections, then we define the 

relative index for the location of our electrodes in that matrix; in the presented case we 

used eight electrodes equally distributed around the circumference of a circle with 50-pixel 

radius. For our first impedance measurement with electrodes 1- and 1+ as current 

electrodes and electrodes 2- and 2+ as voltage electrodes, we approximated the area of the 
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measured bioimpedance using equipotential lines as shown in Figure 27 rather than the 

straight line projection shown in Figure 28b, which should provide a better estimate of the 

measured area. We approximate the equipotential lines by drawing two circles with their 

origins on the straight line passing through the current electrodes, and their circumference 

passing through point (p) on the straight line between the current electrodes and the 

respective voltage electrode. First, the gradient (m) and intercept (c) of the straight line 

resembling the current path between the current electrodes (e) located at row (𝑦3) and 

column (𝑥3) are calculated using the following equation: 

m =	
y.' − y.+
x.' − x.+

 (21) 

c = y.+ −mx.+	 (22) 

For each voltage electrode, the respective point (p) on the straight line between the current 

electrodes is calculated using the relative distance between the voltage electrodes and the 

current electrodes. In our case, since all electrodes were equally distributed around a circle, 

their respective points (p) are also distributed equally on the line between the current 

electrodes. Next, the origin (𝑦W , 𝑥W) of the circle whose circumference approximates the 

equipotential line passing through point (p) and the voltage electrode (e) is calculated using 

the following equation: 

x: =	
xX# − x7# + yX# − y7# − 2c(yX − y7)

2(xX − x7 +mIyX − eM)
 

(23) 

y: = mx: + c	 (24) 
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After calculating the location and the radius of the circle used to estimate the 

equipotential path between a specific voltage electrode and its respective point (p) on the 

line between the current electrodes, a circle is drawn using cv2.circle function by filling 

the pixels inside it with ones. To estimate the equivalent projection for the impedance 

measured between two voltage electrodes, the absolute difference between their respective 

equipotential circles is taken. This is then repeated for all 40 impedance measurements, as 

shown in Figure 27, to generate a 40x100x100 matrix that contains the 40 projections for 

the impedance measurements. Once the projections matrix (A) is created, it is simply used 

by multiplying it with the vector (x) containing the 40 normalized segmental impedance 

measurements, to create a 100x100 pixel (Y) matrix representing the resistivity map of the 

medium measured. The matrix Y is then convolved with a Gaussian filter with dimensions 

29x29 to smooth the image. 

6.4 Experimental Design and Results 

To validate the system and algorithm’s ability to locate and quantify changes in a 

tissue’s static fluid content, we tested its spatial accuracy and sensitivity to changes in fluid 

volume. In this section we present the performed experiments and results to confirm the 

sensitivity of our algorithm to object movement and changes in static fluid volume. 

6.4.1 Phantom Model Experiments and Results 

To quantify the system’s spatial accuracy, we designed our experiment to have a 

uniform conductive medium where we place a non-conductive object at various areas of 

that medium. Specifically, a cylindrical container with a 23 cm diameter is filled with a 

half cup of saltwater which will act as the uniform conductive medium for the current to 
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flow, then the eight system terminals are distributed in a circular fashion, similar to the 

placement used in the reconstruction matrix, on the side walls of the cylinder submerged 

in the saltwater. The baseline measurements for the dynamic EIT reconstruction are taken 

with the cylinder’s base covered in saltwater, then a non-conductive object with a 6.4 cm 

radius is moved diagonally as shown in Figure 28a. At five difference positions, segmental 

impedance data were collected by the presented system and used to create the respective 

dynamic resistivity distribution of the conductive medium with a non-conductive object. 

Additionally, we aimed to compare our approximated equipotential impedance projections 

to others in the literature such as the work done by Zhang et al. where they projected the 

impedance measurements on a straight-line similar to CT scans from the center between 

current electrodes and the center between the voltage electrodes as shown in Figure 28b. 

We also approximated the projections to a triangle with its indices at the point (p) at the 

center between the current electrodes, and the two voltage electrodes as shown in Figure 

28c. 
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Figure 28. Phantom Model Experiment Results. (a) The eight measurement electrodes are 
placed around a hollow cylinder filled with saltwater. A non-conductive plastic circular 
object is moved diagonally to induce changes in the path of the impedance measurements 
close to it. Results from using (b) single line, (c) triangle and (d) area between contour lines 
as projections were used for comparison. Using contour lines provided the best results 
especially when the object is placed close to the center. This is due to its similarity to the 
actual equipotential paths. 

 When moving the object around the medium diagonally and using a straight line to 

project the impedance measurements as in Figure 28b, we were able to locate the objects 

accurately closer to the electrodes, but not around the center of the medium. However, 

when using a triangle to approximate the impedance projections, the error in locating the 

object around the center of the medium was reduced but it was still relatively large. Finally, 

when using our approximated equipotential projections, we were able to accurately locate 

the non-conductive object especially closer to the center of the medium which validates 

our method’s ability to detect and locate the area where changes in conductivity occur. 
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6.4.2 Animal Tissue Experiment and Results 

 

Figure 29. Animal Tissue Experiment. Eight electrodes were placed on a chicken breast in 
a circular fashion similar to our electrode package. The impedance measurement ZAcross is 
shown using the dotted line. Figure 30 present the experiments and results. 

To quantify the system’s sensitivity to changes in a tissue’s static fluid volume, we 

used an animal tissue (chicken breast) to simulate an IV site by placing the eight system 

terminals in a circular fashion as shown in Figure 29. In this experiment, we aimed to study 

the effect of increasing the tissue’s internal temperature and static fluid volume on the 

depth of the dynamic EIT reconstruction and compare it to traditional bioimpedance 

measured across the tissue between electrodes 1+ and 3-. Tissue temperature is one of the 

metrics used to manually check for an infiltrate and has an inverse relationship on the 

tissue’s bioimpedance measurements (i.e. a decrease in the tissue temperature would 

increase its bioimpedance and vice-versa). Therefore, being able to differentiate if the 
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change in the impedance is due to temperature or static fluid is important for enabling the 

system’s early detection of IV infiltration, especially in a wearable setting where the tissue 

is prone to temperature changes through the day. Our experimental protocol was designed 

accordingly by collecting the data from the chicken breast after its removal from the 

refrigerator at 2 degrees Celsius and leaving it to rest to room temperature (23 C).  

6.4.2.1 Animal Tissue Experiment Results 

While the tissue’s internal temperature is rising, segmental impedance of the 

chicken breast along with the impedance between electrodes 1+ and 3- is measured every 

five minutes. For both measurements, the baseline/reference chosen to compare against 

was the prior measurement (5 minutes earlier). Figure 30a shows the effect of the rise in 

the tissue’s internal temperature on the normalized impedance measured between 

electrodes 1+ and 3- and the dynamic EIT reconstruction. Comparing the percentage 

change in the impedance across the tissue to the percentage change at the lowest point in 

the reconstruction, we noticed a similar percentage change due to temperature. 

Additionally, with dynamic EIT, the impedance of the whole medium was changing at a 

similar rate rather than only a specific area. 

 Next, we simulated the effect of an IV infiltration by injecting 1.5 mL of saline 

solution into five different areas of the tissue. Again, after each infusion, the dynamic EIT 

is reconstructed using the prior measurement as a baseline and the bioimpedance measured 

across the tissue is also compared to the prior measurement. When using the bioimpedance 

measured across the tissue between electrodes 1+ and 3- we noticed a larger drop in the 

percentage change in bioimpedance when the liquid is infused closer to the electrodes. 
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Specifically, in Figure 30.b.i and iii when the fluid is injected close to electrodes 1- and 3-

, the percentage drop in the measured bioimpedance due to the infused fluid was 5% and 

6% respectively, compared to 4%, 3% and 2% when the fluid is injected away from the 

measurement electrodes. Moreover, the percentage change in the impedance measured 

across due to infusing 1.5ml of saline was very similar to the percentage changes in the 

bioimpedance due to an increase in the tissue temperature, rendering the use of traditional 

impedance measurements ineffective with such small changes in static fluid volumes. 

Alternatively, when using dynamic EIT reconstructions, we are able to detect the location 

of the infused fluid as shown in Figure 30b as well as easily differentiating between the 

change due to fluid and temperature. Comparing the depth in the tomographic 

reconstruction of the tissue, we observed a similar change for four of the five infusions 

(11% reduction in resistance at the relative fluid location), with the outlier showing a lower 

percentage change at the peak but a bigger area, possibly due to the fluid distributing over 

a larger area. 
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Figure 30. Animal Tissue Experiments and Results. (a) The effect of increase in the internal 
temperature of the chicken breast on the impedance across the tissue and the reconstructed 
image. (b) The effect of injecting 1.5 mL of saline at different sides of the chicken breast 
on the impedance measured across the tissue and the reconstructed. Note the substantial 
difference in the drop of the impedance measured across when the saline is injected close 
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to the electrodes (i and iii) versus when further from it (ii, iv and v) showing the effect of 
electrode placement on sensitivity to changes static fluid volume. 

6.5 Implication on IV Infiltration Detection 

For early detection of IV infiltration in a wearable uncontrolled setting, a non-

invasive system capable of detecting and locating small changes in the static fluid content 

around the catheter insertion site is needed. In this paper, we presented a wearable system 

capable of performing dynamic EIT on the surface of an IV site; this system can potentially 

allow medical professionals to track the changes in static fluid volume at the IV catheter 

insertion site, enabling the early detection of IV infiltration. Our system and algorithms 

will help overcome some of the limitations that traditional bioimpedance has by (1) 

providing a uniform detection resolution to fluid across the scanned area of the tissue 

instead of having higher resolution closer to the electrodes, and (2) differentiating between 

changes due to fluid and temperature. Moreover, rather than having to accurately place 

four electrodes distally and proximally to the IV site, the ability to place the electrodes in 

a circular ring may provide easier and more consistent placement around the IV site. The 

system is thus well positioned for future evaluation in human subjects studies for evaluating 

its effectiveness in detecting IV infiltration.   

6.6 Conclusion 

In this chapter a simple and easy-to-implement wearable system capable of 

performing dynamic electrical impedance tomography system using commercially 

available of the shelf ICs is presented. Prior work presented in the literature uses custom 

built ASIC, and complicated reconstruction algorithms making them undesirable for 

wearable form factors. The work presented reduces hardware and computational 
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complexity, without sacrificing the accuracy and resolution of the reconstructed 

conductivity distribution. Both the system and algorithms were validated for their spatial 

accuracy using a phantom model, and static fluid detection resolution using animal tissue 

model. Future work will include incorporating the tissue kinematics and the algorithm 

presented in Chapter 5 to reduce motion artifacts by updating the dynamic changes in the 

segmental bioimpedance measurements contextualized by the IMU.  
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CHAPTER 7. CONCLUSION AND FUTURE WORK 

7.1 Conclusion 

Nowadays, with rising healthcare costs, telehealth offers a competitive alternative 

to traditional clinical visits, as it saves the patients travel time and costs especially in rural 

areas where hospitals can be tens to hundreds of miles away. Telehealth also reduces in-

hospital traffic enabling physicians to better optimize their time and effort. Moreover, 

during this current pandemic, telehealth has become a necessity for many patient visits to 

avoid potential contact with asymptomatic or pre-symptomatic carriers of COVID-19. 

However, telehealth has been limited in its scope to simple consultations due to the lack of 

physical contact with the patient and minimal diagnostic tools available. At-home health 

monitoring offers a promising solution by providing clinically relevant metrics that would 

require a clinical visit to obtain. In this dissertation, we present multiple wearable 

technologies capable of providing clinically relevant diagnostic metrics that allow at-home 

health monitoring assisting the medical professionals in making better remote decisions 

about the wearer’s health and safety.   

A “wearable” medical system is, by definition, non-invasive, but it should also be 

minimally obtrusive in how it affects the wearer’s daily routine. For example, a device can 

be small and easy to place, but might require the wearer to perform a specific exercise, or 

reduce their activity during data collection, disrupting their daily routine. Moreover, the 

algorithms developed to provide clinically relevant metrics from the measured signals 

using this device need to be within the system’s computational abilities to avoid intense 

data transmission to the cloud and the costs that come with it.  Therefore, in this 
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dissertation, novel, simple and accurate methods and algorithms are presented that utilize 

the wearer’s normal activity to provide clinically relevant metrics about their tissue’s static 

fluid content. 

In this dissertation, key scientific and engineering gaps were addressed towards 

facilitating wearable technologies for longitudinal at-home monitoring of joint and tissue 

health. Specifically, we devised methods to overcome the limitations of using 

bioimpedance in an uncontrolled setting through pairing it with posture data to develop 

various algorithms for the purpose of quantifying changes in the tissue’s static fluid 

content. First, two custom-built miniaturized bioimpedance acquisition systems with high 

sensitivity to localized changes in a tissue’s bioimpedance, posture and temperature are 

presented. Both systems provide a state-of-the art bioimpedance sensing abilities that 

would require bulky benchtop equipment to obtain. Designing the systems with accuracy 

and power consumption in mind, a minimalistic design approach was applied by moving 

the hardware complexity to software through a novel calibration technique. Furthermore, 

one of the presented systems overcomes the need to use gel Ag/AgCl electrodes, making 

it possible to embed the device into an IV wound dressing or an ankle sock.  

 Using fundamentals of bioimpedance regarding the frequency dependency of the 

current path within the tissue, a variety of animal model, cadaver model and human subject 

studies were performed to understand the effect of movement and varying static fluid 

content on low and high bioimpedance measurements of the tissue. First, we tested this 

method on ankle joints for being one of the most injured parts of the body where 

quantifying tissue integrity and swelling are essential to understand the health of the joint 

and subsequently the chances of injury. Acquiring such clinical metrics would typically 
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require medical imaging such as MRI and X-ray which are expensive, obtrusive and most 

importantly do not provide the user with such information when they need it the most which 

is during activity. Our technology overcomes many of the limitations of previous work for 

joint health monitoring, such as the need for a baseline for normalization which is usually 

provided by measuring the contralateral joint, and requiring the patient to limit their 

movement during data collection. This is achieved by simply comparing the changes in the 

joint’s localized bioimpedance at low and high frequencies during a step and during 

multiple steps.  

 However, not all body tissue has cyclical repetitive movement and bony structures 

as joints do. For body tissue with random postural shift and complex composition, an 

algorithm that removes the effect of these movements on the longitudinal change in the 

tissue’s bioimpedance is developed. This allows for longitudinal tracking of the changes in 

the tissue’s bioimpedance due to factors other than movement which correlates to the static 

fluid content of the tissue. Furthermore, for applications that require locating small changes 

in static fluid content in the tissue, a wearable dynamic electrical impedance tomography 

system is developed. This is achieved by a simple and accurate reconstruction algorithm 

that can generate the tissue’s conductivity distribution by a matrix multiplication instead 

of performing computationally intensive non-linear squares fitting.  

7.2 Future Work 

7.2.1 Hardware Directions 

While the devices presented in this work were miniaturized enough to be worn for 

a long period of time, placing them required some knowledge about bioimpedance analysis 
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and how electrodes should be aligned. This is mainly due to the AD5933-based system 

requiring Ag/AgCl electrodes to interface with the body. In contrast, the AD5940-based 

design system is capable of sustaining smaller electrodes with higher skin-electrode 

interface impedance due to its novel measurement technique. Recently, we have 

collaborated with Aline Eid from ATHENA lab at Georgia Tech to use their flexible 

screen-printed electrodes with the AD5940-based system. It was found that the AD5940-

based system is capable of performing accurate bioimpedance measurements with dry 0.5 

cm radius circular silver patches printed on flexible materials. Furthermore, when 

developing the algorithms presented in Chapters 3 and 4, one of the primary limitations 

they were designed to overcome is the need for accurate electrode placement on subjects 

for longitudinal assessment. This feature along with the AD5940-based design makes it 

possible to embed the whole system into an ankle support or a sock as exact electrode 

position and interface impedance are not a limiting factor anymore. Moreover, for IV 

infiltration detection, these electrodes can be aligned in a circular fashion surrounding the 

IV site integrating seamlessly with the IV securement.  

7.2.2 Clinical Directions 

While the simulation model and the study performed in Chapter 4 shows the 

presented method’s ability to detect and quantify changes in ankle swelling and tissue 

integrity, the algorithms were never calibrated to provide exact swelling and tissue damage 

volume. This can be done through feedback by clinicians in a study where subjects would 

wear the system for a specific period of time performing activities that are detrimental to 

the ankle joint. This feedback would help us better calibrate our system outputs to specify 

the swelling and tissue damage volume. Specifically, tracking changes in static 
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fluid/swelling and tissue integrity longitudinally and correlating these parameters to the 

scores presented in chapter 4 to calibrate them. For IV Infiltration detection, the presented 

system and algorithms will be further validated through collecting more data from IV site 

at Children’s Healthcare of Atlanta. With more data, the chances of collecting data from a 

site on the onset of an infiltration increases, and therefore allowing us to further develop 

our algorithms to detect, as early as possible, an IV infiltration. 
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