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ABSTRACT 

 

 

Intracranial pressure (ICP) is an important diagnostic indicator of central nervous system 

function in disease states such as hydrocephalus, pseudotumor cerebri, subarachnoid hemorrhage 

and under various activities such as in high-speed fighter pilots and astronauts. Variations in ICP 

are driven by fluid volume changes of the primary components within the cranial cavity; these 

components include brain tissue, blood, and cerebrospinal fluid (CSF). 

This study will evaluate the hypothesis that changes in effective permittivity resulting from 

shifts in intracranial fluid volume in the human head can be non-invasively detected and monitored 

using an open circuit spiral resonator. The EM sensor consists of a single baseline component 

configured into a rectangular planar spiral with a self-resonant frequency response when impinged 

upon by external radio frequency sweeps.  

In this thesis, we have developed and evaluated a wearable, electromagnetic (EM) skin 

patch sensor to non-invasively detect shifts in fluid volume in a benchtop edema model and during 

induced intracranial bio-fluid volume shifts in human participants. Methods for inducing bio-fluid 

shifts include a 15 degree head down tilt (simulated microgravity) and application of lower body 

negative pressure (representative of countermeasure for astronauts and hyper-gravity experienced 

by fighter pilots).  Additionally, a predictive model is constructed to estimate changes in an easy-

to-interpret medical parameter, intracranial pressure, corresponding with the sensor’s signal 

response during induced bio-fluid shifts, over time. The leveraging of the change in dielectric 

properties during induced bio-fluid shift to detect and estimate shifts in ICP establishes a 

foundation for future work to develop a non-invasive, wearable ICP monitoring system utilizing 

microwave sensing and imaging (MSI).   
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Impact of Increased Intracranial Fluid Volume  

Intracranial pressure (ICP) is an important diagnostic indicator of central nervous system function 

in disease states such as hydrocephalus, pseudotumor cerebri, subarachnoid hemorrhage and under 

various activities such as in high-speed fighter pilots and astronauts. Variations in ICP are driven 

by fluid volume changes of the primary components within the cranial cavity; these components 

include brain tissue, blood, and cerebrospinal fluid (CSF) [1-3]. Equilibrium in the combined 

volume of these components maintains an equilibrium in ICP allowing constant pressure. 

Intracranial pressure is regulated and maintained by autoregulation mechanisms which allow 

cerebrospinal fluid shifts from the ventricles of the brain to the spinal column and alteration of 

cerebral hemodynamics. In most individuals, a compensatory reserve exists that allows for 

increases of 60 mL to 80 mL in intracranial volume with minimal pressure increases [2, 4]. When 

the autoregulation mechanisms are disrupted, the intracranial fluid volume increases 

corresponding with an exponential increase in ICP [2, 4].  

Pathological increases in intracranial pressure, driven by increases in CSF and cerebral blood 

volume, can be associated with a number of neurological complications and even death in patients 

who have had a stroke, traumatic brain injury, or have undergone neurosurgical or neurological 

procedures. These complications can include cerebral hemorrhage, stroke, and irreparable brain 

damage associated with increased morbidity and mortality [4, 5]. Additionally, the cephalad bio-

fluid shift, leading to an increase in intracranial fluid volume,  observed in astronauts in a 

microgravity environment is believed to be associated with changes in ocular structure and visual 
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function. The manifestation of these changes in a microgravity environment are referred to as 

spaceflight associated neuro-ocular syndrome (SANS) or microgravity ocular syndrome and are 

considered health risks by the National Aeronautics and Space Administration for long duration 

spaceflight [6-8].  

1.2 Statement of the Problem 

Currently, ICP is measured primarily through invasive methods, including intraventricular 

catheters, external ventricular drains, lumbar puncture, and micro transducer ICP monitoring 

devices. Complications and limitations of these methods stem from the need for a hole to be drilled 

in the skull to allow for implantation of the measurement device and include: infection, 

hemorrhaging, and the need of a neurosurgeon in a clinical setting [1, 2, 4, 5]. Investigations into 

the development of non-invasive methods to measure ICP and intracranial volume have included 

transcranial Doppler ultrasonography (TCD), magnetic resonance imaging (MRI), computed 

tomography (CT), optic nerve sheath diameter measurement, and tympanic membrane 

displacement [1, 2, 4, 5]. These methods eliminate the risk of infection and hemorrhaging, but they 

can be limited in accuracy, require expensive specialized equipment, and are limited in their ability 

to be used in a point-of-care setting [1, 2, 4, 5]. 

Clinical situations requiring information regarding increases in intracranial fluid volume, in which 

an invasive procedure is contraindicated, highlight the need for improved non-invasive intracranial 

fluid volume measurement methods. Recent advancements regarding the non-invasive 

measurement of intracranial fluid level shifts have focused upon emphasizing the importance of 

simplicity and form factor suitable for wearable point-of-care measurements. This focus provides 

the potential opportunity to obtain intracranial fluid volume information from individuals in low-
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resource environments where access to other measurement techniques is not available, including 

the international space station and rural areas. 

1.3 Objectives 

This study will evaluate the hypothesis that changes in effective permittivity resulting from shifts 

in intracranial fluid volume in the human head can be non-invasively detected and monitored using 

an open circuit spiral resonator. 

Specific objectives of this research are to: 

 I. Develop sensing hardware to detect fluid volume shifts inside a dry human skull model, 

and obtain usable sensor signal response associated with induced cephalad bio-fluid shifts in 

preliminary, proof-of-concept human tests. 

 II. Develop portable, wearable sensing system to monitor shifts in sensor signal response 

associated with shifts in intracranial fluid volume during simulated microgravity in healthy human 

participants. 

The development, evaluation, and validation of this technology establishes a foundation for point-

of-care monitoring of changes in intracranial fluid volume over time. 

1.4 Thesis Organization 

This thesis evaluates microwave sensing hardware to monitor shifts in intracranial fluid volume 

with respect to time. Chapter 2 presents a review of the relevant literature on physiological 

mechanisms guiding increases in intracranial fluid volume, clinical significance of intracranial 

pressure, microgravity induced increases in intracranial fluid volume, and current methods for 

monitoring intracranial fluid volume and pressure. This review aims at highlighting the need for 

and utility of a point-of-care technology to non-invasively monitor changes in intracranial fluid. 

Chapter 3 presents the development of hardware and experimental design used, in pursuit of 
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Objective I, to evaluate the ability of the designed system to detect fluid volume shifts inside both 

a dry human skull and healthy human participants. Chapter 4, focusing on the pursuit of Objective 

II, presents the integration of the previously designed sensing hardware into a wearable, portable 

system to evaluate the correlation between shifts in sensor signal response and intracranial fluid 

volume changes during simulated microgravity. Finally, Chapter 5 presents a summary and 

interpretation of the outcomes of my work while providing recommendations for the continued 

development of this technology. Optimization of the sensing system, improved validation, and 

future applications of the sensing hardware are identified that will improve the applicability of this 

technology. 
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CHAPTER 2 

 

LITERATURE REVIEW 

  

2.1 Background 

Monitoring changes in patient physiology resulting in pathological increases in intracranial 

pressure through a variety of sensing and imaging modalities can be an important tool in 

determining details regarding the presence of excess fluid or tissue [1-3]. The presence of excess 

fluid or tissue in the CSF system, cerebral blood vessels, or brain tissue can result in a number of 

neurological complications and even death in patients who have had stroke, traumatic brain injury, 

inflammatory response of the central nervous system, or have undergone neurosurgical or 

neurological procedures. These complications can include cerebral hemorrhage, stroke, and 

irreparable brain damage associated with increased morbidity and mortality [2, 3].  

Currently, ICP is measured primarily through invasive methods, including intraventricular 

catheters, external ventricular drains, lumbar puncture, and micro transducer ICP monitoring 

devices. External ventricular drains are the gold standard, as they allow for drainage of excess CSF 

from the ventricles [1-4]. Complications and limitations of this method include infection, 

hemorrhaging, and the need of a neurosurgeon in a clinical setting [1-4]. Clinical situations 

requiring an ICP measurement in which an invasive procedure is contraindicated highlight the 

need for an improved non-invasive ICP measurement method. Through the use of a non-invasive 

ICP measurement, treatments can be optimized for patients with conditions such as fulminant 

hepatic failure and preeclampsia where invasive ICP measurement is contraindicated [5]. An 

additional clinical advantage of monitoring the cerebrovascular function through non-invasive 

assessment of intracranial fluid volume is the ability to screen for intracranial bleeding, impaired 
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CSF reabsorption, and assess severity of injury following brain trauma [6]. Investigations into the 

development of non-invasive methods to measure ICP and intracranial volume have included 

transcranial Doppler ultrasonography (TCD), magnetic resonance imaging (MRI), computed 

tomography (CT), optic nerve sheath diameter (ONSD) measurement, and tympanic membrane 

displacement [1, 2]. These methods eliminate the risk of infection and hemorrhaging, but they can 

be limited in accuracy, require expensive specialized equipment, and cannot be used in a point-of-

care setting [1, 2]. Ultrasonography is highly appealing, however, ultrasound waves do not 

adequately penetrate bone, making measurement locations limited to cranial suture joints which 

require precise positioning of the transducer [1]. Attempts to increase the accuracy of ICP 

estimates with TCD using data mining have been explored, but with limited success [5]. 

The use of non-invasive microwave sensing and imaging (MSI) has been explored as safe, 

low cost, alternative to traditional medical imaging, although research performed in a clinical 

setting is still limited [7]. Microwave sensing has been widely explored for medical scenarios in 

which a 2-D or 3-D visual representation is not required. This has been achieved through 

quantitative analysis of changes in the scattered s-parameters of signals transmitted and received 

by the same antenna (reflection) or another antenna (transmission) [8-14]. Microwave medical 

sensing applications include non-invasive monitoring of blood flow, heartbeat detection, cancer 

detection, and cerebral edema [15-18]. Although current work in monitoring cerebral edema does 

not directly quantify the volume or pressure increases, it provides a real-time monitoring tool to 

detect changes in volume over time. In microwave imaging, the same scattering parameters are 

collected and utilized in a monostatic (reflection) or multi-static (transmission) system [16, 19, 

20]. This results in either a quantitative image, where the permittivity of the tissues are estimated, 

or a qualitative image, which only provides a visual representation. In all methods of microwave 
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imaging, the formation of the image relies upon contrast of dielectric properties [20, 21]. This 

contrast due to the distribution of dielectric properties has been observed in a variety of pathologies 

encountered in a neurocritical care setting, including stroke, tumor, and edema [22-26]. 

Investigation into the use of microwave sensing and imaging to extract useful information 

regarding changes in physiology that affect ICP can be classified in three groups: computational 

models, benchtop validation, and in vivo testing in animals and humans. Each of these studies 

focus upon detecting changes in the dielectric properties of the cranial cavity related to a specific 

disease state, with common focuses including stroke, tumor, or edema. From a clinical perspective, 

each of these pathologies are also associated with potential increases in ICP, however, few studies 

have focused upon leveraging the information obtained to estimate changes in ICP.  

The main objective of this chapter is to provide a comprehensive review of microwave brain 

sensing and imaging applications and their potential to alter the paradigm in intracranial pressure 

monitoring. This chapter further discusses the principles of microwave sensing and imaging while 

further examining the physiology of intracranial pressure, highlighting current applications, and 

outlining areas where the two overlap. Section II discusses key components of  physiology and 

clinical significance with respect to detection of brain pathologies using microwave sensing and 

imaging. Section III presents the an overview of the operating principles and applications of 

microwave brain sensing and imaging through the use of computational models, benchtop 

validation, and in vivo testing in animals and humans. Current challenges and future directions of 

this field are discussed in Section IV. The conclusions of this chapter will be presented in Section 

V. 
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2.2 Physiology and Clinical Significance 

2.2.1 Overview of Intracranial Pressure Physiology 

The impact of volumetric changes in the cranial cavity on human health have been long 

appreciated, with the first major milestones in understanding this phenomenon occurring in the 

late 18th century and early 19th century [2]. This milestone was achieved by a Scottish physician, 

Alexander Monro, which described the skull as a rigid container filled with an incompressible 

brain and a volume of blood. This blood volume was postulated to remain constant unless other 

liquids or tissue entered the system, in which case, a quantity of blood equal to the liquid or tissue 

would be secreted out of the cranium [2, 3]. Around 1824, Monro’s former student, George Kellie, 

observed and confirmed Monro’s hypothesis through numerous human and animal autopsies. 

Despite the relevance of these findings, the role of cerebrospinal fluid was neglected. The work of 

George Burrows around 1846 incorporated CSF into the Monro-Kellie doctrine, providing an 

understanding with the scientific community that aligns closer with our current understanding [2]. 

However, the concept that CSF and blood volume possess equal importance in ICP regulation was 

not widely accepted until the work of Harvey Cushing, American Neurosurgeon, around 1926 [2, 

3].  

Variations in ICP are driven by fluid volume changes of the primary components within the 

cranial cavity; these components include brain tissue, blood, and cerebrospinal fluid (CSF) [3, 27, 

28]. Equilibrium in the combined volume of these components maintains an equilibrium in ICP 

allowing constant pressure. Pressure in the human skull is regulated and maintained by 

autoregulation mechanisms which allow cerebrospinal fluid shifts from the ventricles of the brain 

to the spinal column. In most individuals, a compensatory reserve exists that allows for increases 

of 60 mL to 80 mL in intracranial volume with minimal pressure increases [1, 2, 27]. When the 



 

 

11 

 

autoregulation mechanisms are disrupted, and excessive fluid volumes persist in the cranial cavity, 

ICP increases exponentially due to the volume-pressure relationship being non-linear [1-3, 27]. In 

the ICP-volume curve (Figure 2.1), the compensatory reserve can be visualized in the first part of 

the curve [27]. For these volumes, a limited pressure increase is seen. However, once this reserve 

has been filled, the pressure begins to increase more rapidly given a small volumetric shift. As the 

pressure rapidly increases to elevated levels, herniation is possible [2, 27]. Treatment to prevent 

further increases in ICP, and attempts to lower ICP, are typically implemented above 15-20 mmHg, 

depending on the mechanism causing the increase in ICP  [29, 30]. Since ICP can be increased by 

a volumetric increase of any of the three main components of the cranial cavity (brain, blood, or 

CSF), or some combination of the three, it is important for the pathology inducing the volumetric 

increase to be determined before treatment [30]. Thus establishing the need for medical sensing 

and imaging systems to not only provide information about the overall pressure and volume 

Figure 2.1. Pressure-Volume curve for ICP. Courtesy of [27]. 
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changes, but also information regarding location and magnitude of volumetric increases of brain, 

blood, and cerebrospinal fluid to guide treatment and countermeasures. 

2.2.2 Neurocritical Care 

Monitoring changes in patient physiology resulting in pathological increases in intracranial 

pressure through a variety of sensing and imaging modalities can be utilized as an important 

diagnostic indicator in a variety of disease states encountered in a neurocritical care facility [27, 

28, 30-35]. ICP monitoring is the second most widely utilized neurocritical monitoring modality 

[31]. The application of intracranial pressure monitoring in emergency care settings and how the 

information is utilized to improve patient outcomes is variable between facilities, depending upon 

resources available [36]. The first stage of assessing a patient’s likelihood of having an increase in 

intracranial pressure is physical examination to look for symptoms including confused mental 

state, nausea, vomiting, or a headache in the presence of Cushing’s triad (hypertension 

bradycardia, and irregular breathing) [30]. Common clinical protocols rely upon advanced medical 

imaging including computed tomography (CT) and magnetic resonance imaging (MRI) are used 

to quantify cerebral blood volume and to identify potential mechanisms causing the increase in 

intracranial pressure. These images are used to determine if surgical or invasive measures are 

necessary [30, 36]. Preference is typically given to use CT first, due to the time efficiency of scans, 

compared to MRI. The reliance upon advanced medical imaging is potentially problematic as it 

requires the patient to be moved to the imaging suite of the facility [30, 31]. A multitude of 

mechanisms are encountered in a clinical scenario that can lead to increases in intracranial pressure 

including hemorrhage, hematoma, or hydrocephalus. Based on the mechanism identified, 

pharmaceutical treatment is administered and the likelihood of progression is assessed. Invasive 

ICP monitoring is indicated in patients that experienced a traumatic brain injury and are comatose 
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after resuscitation (Glasgow Coma Scale (GCS) of 3–8) and have either 1) abnormalities on cranial 

CT scan (hematoma, contusion, swelling, herniation, or compressed cisterns) [30, 36]. 

Additionally, if no abnormalities exist on the CT scan, invasive monitoring is indicated if a patient 

meets at least two of the following three criteria: age >40 years; uni- or bi-lateral motor posturing; 

or systolic blood pressure <90. Invasive monitoring is also utilized in other conditions, including 

hepatic encephalopathy, however, no standard, universally accepted guidelines regarding 

indications for ICP monitoring exist [30, 36].  

A variety of different ICP monitoring systems can be utilized to obtain information related to 

ICP. Common invasive methods include the use of intraventricular catheters or subdural, epidural, 

and intraparenchymal devices [1-3, 27, 28, 33, 34]. Placement of a catheter into one of the 

ventricles, through a burr hole, is considered the gold standard of ICP monitoring [1, 2, 28, 37]. 

The use of an intraventricular catheter with extra-ventricular drainage allows for drainage of excess 

CSF, to help decrease ICP, or intrathecal administration of medication (Figure 2.2) [1, 2, 37]. The 

surgical placement of intraventricular catheters is viewed as a minor procedure with minimal risks, 

however, complications from hemorrhage or infection can occur. Other invasive ICP monitors 

include fiber optic devices, strain gauges, and pneumatic sensors [2, 28].  

Non-invasive technologies to assess absolute and relative ICP have been an area of increased 

research interest, however, widespread clinical implementation of these systems has still not 

occurred [1, 2, 27, 28]. Investigations into the development of non-invasive methods to measure 

ICP and intracranial volume include transcranial Doppler ultrasonography (TCD), otoacoustic 

emissions (OAE), magnetic resonance imaging (MRI), computed tomography (CT), optic nerve 

sheath diameter (ONSD) measurement, electrical impedance tomography (EIT), near infrared 

spectroscopy (NIRS), and tympanic membrane displacement [1, 2, 27, 28]. These methods 
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eliminate the risk of infection and hemorrhaging, but they can be limited in accuracy and require 

expensive specialized equipment that may not be accessible in all facilities. ONSD measurements 

are emerging as a potential screening tool in intensive care units to evaluate the potential for ICP 

in patients before invasive methods are utilized [28, 34, 35].  

2.2.3 Spaceflight Associated Neuro-ocular Syndrome 

Cephalad bio-fluid shifts in a microgravity environment have been associated with changes in 

human physiology including abnormal blood flow, syncope, and visual impairment [38, 39].  On 

Earth, the gravitational field forms a hydrostatic pressure gradient in the human body which results 

in a majority of bio-fluids being located in the lower body, however, this pressure gradient is 

disrupted in microgravity[40, 41]. When the hydrostatic pressure gradient ceases to exist, 

Figure 2.2. Artistic rendering of inserted intraventricular catheter being used as an 

external ventricular drain to allow for drainage of excess cerebrospinal fluid. Courtesy of 

[37]. 
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transmural pressures also redistribute throughout the body. Redistribution of transmural pressures 

are commonly seen, daily, on Earth [40, 42]. As individuals move from supine to upright positions, 

the hydrostatic pressure gradient and transmural pressure distributions are altered, resulting in bio-

fluid redistributions (Figure 2.3) [39, 40, 43]. Consequently, the central venous pressure increases, 

reducing drainage from the dural sinuses, and increasing the amount of cerebral blood volume [40, 

43-45]. This subsequent pressure increase in the dural sinuses halts passive diffusion of 

cerebrospinal fluid into the venous return, an important step in CSF reabsorption. As formation of 

CSF continues to occur, without adequate reabsorption, CSF volume increases[40]. Additionally, 

lack of a hydrostatic pressure gradient also allows for a volumetric shift of CSF from the spinal 

compartment to the cranial cavity. The combined CSF and cerebral blood volume increases 

contribute to an increase in intracranial pressure [40]. The role that intracranial pressure plays in 

Figure 2.3. Distribution of hydrostatic pressures throughout the body on Earth (1G), in 

microgravity, and upon returning to Earth [40]. 
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astronauts’ physiology is not fully understood due to the insufficient amount of data obtained in 

microgravity environments [39-41, 45-47]. 

Visual changes in National Aeronautics and Space Administration (NASA) astronauts have been 

investigated since the Mercury missions, leading to recent investigations focused upon discovering 

the etiology of these visual changes [39-41, 47]. One leading hypothesis is that as the intracranial 

bio-fluid volume increases, causing an increase in intracranial pressure, the amount of 

cerebrospinal fluid (CSF) in the sub-arachnoid space surrounding the optic nerve increases [38-

41, 47]. As the CSF volume increases, it causes distension of the optic nerve sheath which leads 

to compression of the optic nerve. This mechanism is similar to how visual disturbances are caused 

in individuals with papilledema, or optic disc edema, associated with intracranial hypertension, on 

Earth [39]. Another commonly investigated hypothesis revolves around the idea of an intracranial 

pressure- intraocular pressure (IOP) mismatch [41, 46, 48, 49]. The rationale behind this proposed 

mechanism is that under normal, healthy conditions, IOP exceeds ICP. This allows for the globe 

of the eye to maintain a spherical shape [39, 40]. However, in a microgravity environment it is 

believed that increases in ICP, due to the cephalad bio-fluid shift results in ICP exceeding IOP. 

This pressure mismatch may then lead to globe deformation and choroidal folding, which are 

associated with visual changes when induced through other mechanisms on earth [39, 46]. 

Current investigations into the detection and tracking of the redistribution of bio-fluids, in a 

micro-gravity environment, have focused on using non-invasive, point-of-care technologies to 

estimate intracranial pressure including ultrasound, otoacoustics, tympanic membrane 

displacement, and pulse lock loop [38-41, 46, 48]. The development of these technologies and 

motivation to develop new diagnostic systems is largely motivated by the goal of guiding the 

administration of countermeasures in a microgravity environment. Countermeasures to mitigate 
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the potential risks that astronauts face due to cephalad bio-fluid shifts are a primary interest in 

microgravity [41]. Commonly investigated countermeasures include intermittent artificial gravity 

(IAG), induced using a short arm centrifuge or exercise within a lower body negative pressure 

(LBNP) chamber, thigh cuffs, or LBNP without exercise [39, 40, 43-45, 48, 50-55]. It is 

hypothesized that IAG can be utilized to induce redistributions of transmural pressures throughout 

the body, mimicking the daily cycle seen on Earth, in an attempt to prevent cardiovascular 

deconditioning [41, 43]. If these countermeasures can be implemented at the appropriate times in 

the physiological cycle, for an adequate duration, it is hypothesized that the effects of 

cardiovascular deconditioning and cephalad bio-fluid shifts on astronaut can be partially mitigated 

[43, 44]. Thus establishing the need for development of a medical sensing system capable of 

detecting changes in intracranial bio-fluid volume in the limited resource, microgravity 

environment. 

2.3 Sensing And Imaging Theory And Applications 

2.3.1 Overview of Microwave Sensing and Imaging 

Microwave sensing and imaging (MSI) is a modality that is utilized in a variety of disciplines 

[7, 8, 16]. Common applications include thermal sensing, geological characterization, and 

structural health monitoring of bridges and buildings [8]. Early work on applying MSI to be 

applicable in tracking and monitoring human health focused upon imaging the perfusion of a 

canine kidney and imaging of a benchtop model representative of cerebral edema [10, 18, 56]. 

MSI is advantageous in that it does not use ionizing radiation, is capable of creating images faster 

than MRI, and can be portable [7]. The images created relied upon a contrast in the dielectric 

properties of the systems in the imaging domain. The dielectric properties of human tissue has 

been an active area of research since the 1950’s and has resulted in a characterization of the 
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permittivity and conductivity values of a majority of tissues present in the cranial cavity [7]. The 

understanding of these properties has led to further advancements in the field of microwave 

sensing and imaging. Commonly studied medical applications of MSI include breast, brain, bone, 

and torso imaging [16]. Current directions of research focus primarily on the 1) physics of applied 

electromagnetic, 2) hardware development, and 3) algorithms for signal processing, classification, 

and image reconstruction [7, 16, 19, 20, 23, 24, 57-62]. 

2.3.2 Theory of Microwave Sensing and Imaging 

The fundamental principle guiding the feasibility of microwave sensing and imaging relies 

upon the contrast in dielectric properties of tissues throughout the body [7, 16, 20]. Over a given 

frequency range, the dielectric representation of tissues varies as a function of frequency. In the 

literature, the analysis of changes in dielectric properties to monitor changes in human brain 

physiology has been investigated using a variety of hardware and signal processing algorithms [7, 

11, 12, 14, 16, 17, 19-26, 57-84]. These applications can be divided into two main configurations, 

monostatic or multi-static. In a monostatic system, one antenna is used to transmit and receive 

signals, and only provides information regarding the S-parameter reflection coefficient [7, 16, 20, 

21]. The antenna type utilized can vary, which alters the radiation pattern. Selection of the optimal 

antenna relies upon consideration of the desired radiation pattern, penetration depth, and form 

factor [16, 20, 21]. To obtain information from different parts of the imaging or sensing domain, 

the antenna placement must be changed to different areas around the domain. Conversely, a multi-

static domain utilizes two or more antennas surrounding the imaging domain, where one antenna 

transmits signals that is then received by one or more of the other antennas [20, 21]. In this set-up, 

both the S-parameter transmission coefficients and reflection coefficients can be obtained by 

setting up a system where one antenna transmits and receives, followed by that same antenna acting 
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as a transmitter while all the other antennas operate as receivers [20, 21]. This is repeated for all 

the antennas surrounding the imaging or sensing domain to provide information on the different 

parts of the domain. The combination of transmission and reflection coefficients provides the 

highest amount of information to be plugged into the signal processing algorithms [20, 21]. 

Electromagnetic resonant sensors detect volumetric changes in layered material as shifts in 

the resonant frequency due to changes in the effective permittivity [15, 17, 85-88]. In accordance 

to Maxwell’s equations of electric and magnetic fields and the right hand rule, oscillating electric 

and magnetic fields are formulated around the sensor [15, 17, 87-89]. The magnitude of the 

magnetic field is dependent upon the inductance (L) value, which can be calculated using Equation 

(2.1) [15, 17, 86-89].  

𝑳 =
𝝁𝟎

𝟒𝝅𝑰𝟐
∬ [

𝐽(𝑟𝑖)𝝁𝒊 ∗ 𝐽(𝑟𝑗)𝝁𝒋

|𝑟𝑖 − 𝑟𝑗|
]  𝑑3𝑟𝑖𝑑

3𝑟𝑗         (2.1) 

Where, L is the total inductance, J(ri) is the spatial current density as a function of ri which is the 

length of the sensor trace, µ0 is the free space magnetic permeability, µi is the relative magnetic 

permeability, and I is the total current in the circuit.  

In addition, the gaps between traces provide parasitic capacitance with an electric field being 

developed between the traces during times of resonance. Resonance occurs at certain frequencies 

when energy is alternatively stored in magnetic and electric fields [15, 17, 86-88]. The ability of 

the electric and magnetic fields to develop depends on the electric permittivity and magnetic 

permeability of the substrate. The capacitance value of the sensor can be calculated using Equation 

(2.2) [15, 17, 86-88]. 

𝑪−𝟏 =  
𝟏

𝟒𝜺𝟎Q𝟐
∬  [

𝝆(𝒓𝒊)𝝆(𝒓𝒋)𝒌𝒊𝒋

|𝒓𝒊 − 𝒓𝒋|
] 𝒅𝟑𝒓𝒊𝒅

𝟑𝒓𝒋       (2.2) 
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Where, C is the capacitance, ρ(ri) is the spatial charge density as function of ri which is the 

length of the sensor trace, ε0 is the free space electrical permittivity, kij is the relative permittivity, 

and Q is the total charge density. 

 Alterations of the sensor design parameters, including size, shape, number of turns in the 

inductor planar spiral, trace width of coil, and gap between traces, results in a unique 

electromagnetic field. Each sensor’s electromagnetic field will consistently have a specific 

magnitude while the resonant frequency response is substrate specific. The first principal resonant 

frequency can be calculated using Equation (2.3).  

𝒇 =
𝟏

𝟐𝝅√𝑳𝑪
        (2.3) 

Where, f is the first principal resonant frequency, L is the inductance, and C is the capacitance. 

Electric permittivity (ε) is the proportionality constant that relates the electric displacement 

field or electric flux density (D) to the strength of the externally applied electric field (E) where D 

= εE, and is a complex frequency dispersive value that has real and imaginary components (ε = ε 

− j ε) [8, 90]. The real component (ε´) is the dielectric constant of the material, whereas, the 

imaginary component (ε´´) is related to the dielectric loss or attenuation of the wave as it passes 

through the material. Permittivity is also related to the volume electric susceptibility, and 

molecular polarizability[8, 90]. The polarizability is dependent on the molecules within the 

material and their ability to redistribute charges in response to the electric field. Polarization can 

occur in polar and non-polar molecules through ion drift and induce loss as they oppose the electric 

field. The effective permittivity of a system is a measure of permittivity when the system being 

examined consists of several different layers [8, 15, 17, 88, 90].  
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In regards to non-invasive electromagnetic intracranial fluid shift detection, the substrate 

composition of blood, brain tissue, and cerebrospinal fluid in the cranial cavity act as a layered 

substrate material. Healthy distribution of these components are 80% brain (≈1.1 L), 10% blood 

(≈100 mL), and 10% cerebrospinal fluid (≈100 mL) [27]. As seen in Figure 2.4, there is a natural 

contrast between each tissue at a given frequency [7]. As the electromagnetic field passes through 

the cranial cavity, the path and magnitude of the field is altered based on the conductivity and 

permittivity of the different tissue layers [17]. In imaging, this allows for detection of tissue 

boundaries and relative comparison of different layers. In microwave sensing, this allows for 

characterization of the system. Therefore, as the volume of blood or cerebrospinal fluid in the 

sensing domain changes, as seen in cerebral edema, the effective permittivity of the substrate 

interacting with the electromagnetic field of the resonant sensor produces a change in the resonant 

equivalent inductance and capacitance causing a shift in the resonant frequency response [15, 17, 

73, 88, 91]. Thus, changes in the substrate, such as an increase in blood volume without a 

Figure 2.4. Demonstration of contrast in dielectric properties in the cranial cavity 

Courtesy of [7]. 
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corresponding CSF decrease, are associated with shifts in the effective electric permittivity [7, 8, 

16, 17]. Traditionally, rigid, non-contact antennas are utilized for MSI; thus limiting the 

wearability and form factor of the system [16]. However, recent work by the Abbosh group, has 

resulted in the development of wearable antennas adhere for brain stroke diagnosis [84].  This 

work, along with our previous work [17], is some of the first published articles regarding the design 

of wearable skin patch sensors for microwave brain sensing and imaging. 

2.3.3 Computational Models 

A majority of the work done regarding microwave brain sensing and imaging has focused on the 

development and application of numerical models. These models focus primarily on 1) detection 

of increased fluid volume associated with hemorrhage or edema and 2) detection and classification 

of stroke. Due to the possibility of knowing information regarding the dielectric properties of the 

system and various boundary conditions, image reconstruction is commonly performed to 

visualize the distributions of the dielectric properties, corresponding with different tissues, across 

the cranial cavity. However, in application, as described below, sensing is also commonly utilized. 

Early feasibility studies for brain monitoring were performed by the Semenov and Persson groups 

in 2008 with a focus on image reconstruction and antenna design, respectively [63, 92]. These 

groups continue to be leaders in the field. Additional investigations have built off this early work 

[7, 14, 19, 20, 26, 59, 61, 66, 70, 71, 77-80, 82, 92-101].  

Quantitative methods for these image reconstructions predominantly focus upon solving the 

electromagnetic inverse problem through the Born iterative method or Gauss-Newton inversions 

[20]. Other applications, utilizing a monostatic approach, rely upon radar reconstruction 

techniques [16, 21]. The head models utilized to evaluate the detection capabilities of the designed 

antenna vary between simplified models and complex, anatomically realistic models. Additionally, 
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the use of numerical models is beneficial in the evaluation of safety. One commonly used 

parameter for safety in microwave sensing and imaging is specific absorption rate (SAR) [102, 

103]. SAR is indicative of the power of the electromagnetic field interacting with the body and its 

potential to cause harmful heating. The Federal Communications Commission (FCC) oversees 

safety guidelines for electromagnetic devices [102, 103]. 

2.3.4 Benchtop and Animal Models 

Further characterization of microwave brain sensing and imaging have been performed using 

benchtop models to mimic human physiology [7, 9-13, 16, 18, 20, 58, 62, 63, 66, 68, 81-83, 91, 

93]. Investigations of particular interest in this area of applications include the work done by the 

Abbosh and Rubinsky groups [7, 9-13, 16, 18, 20, 21, 58, 62, 63, 66, 68, 81-83, 91, 93]. Benchtop 

models for MSI predominantly take the form of animal models or anatomically relevant phantoms. 

The work of the Abbosh group, currently on-going, focuses on a combination of numerical and 

bench-top models to develop non-invasive, portable brain imaging and sensing systems with a 

focus on hardware and image reconstruction [20, 21]. Realistic head phantoms described in [104, 

105] use tissue mimicking materials to model the dielectric properties of the human head and are 

utilized throughout their work. Progress made through this work, combined with other work from 

the Abbosh group, have led to the creation of EMvision Medical Devices. The mission of this 

company is provide a hybrid of anatomical and functional brain imaging by leveraging innovative 

algorithms to map the dielectric properties of tissues in the cranial cavity. Anatomical features 

included in these head phantoms include cerebrospinal fluid, spinal cord, cerebellum, dura, grey 

matter, and white matter. The Rubinsky group pioneered the term, volumetric impedance phase 

shift spectroscopy (VIPS), to describe their work involving the application of electromagnetics to 

detect intracranial bio-fluid shifts. Preliminary studies involve the use of a first order edema model, 
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using ex vivo porcine brain tissue and detection of brain ischemia in rat models [13, 106]. This 

work, combined with Rubinsky’s other previous work[11-13, 68, 72, 83, 106, 107], has established 

the foundation for the creation of Cerebrotech. This company is focused on the development of a 

tool for the real-time assessment of brain fluid distribution for patients in neuro-critical care. 

Additionally, the use of human head phantoms accelerated the development of electromagnetic 

tomography for 3D reconstructions of stroke by the Semenov [66]. In [66], a simplified, 

homogenous head phantom, with an embedded blood phantom representative of a stroke, was 

placed in the electromagnetic tomography system. Image reconstruction was performed for axial, 

coronal and sagittal slices.  This work, combined with Semenov’s previous work, has established 

the foundation for the creation of EMTensor GmbH. The company has developed two generations 

of microwave head-imaging systems [66, 67]. The computational study work performed by the 

Persson group, evolved into benchtop models. Benchtop testing utilized a prototype sensing 

system was integrated into a bicycle helmet to detect and classify different sizes of brain bleeds in 

a simplified brain/blood phantom [24]. These benchtop studies by the Persson group laid the 

ground work for the development of Medfield Diagnostics. 

2.3.5 Preliminary Human Testing 

Following validation in benchtop and animal models, the next step towards identifying the 

clinical feasibility and utility of microwave brain sensing and imaging is preliminary human testing 

and clinical studies. The primary leaders in human testing are the same groups that have produced 

the aforementioned cutting-edge computational, benchtop, and animal studies. The companies 

based on the work of Semenov (EMTensor), Rubinsky (Cerebrotech), Abbosh (EMvision Medical 

Devices), and Persson (Medfield Diagnostics) are making significant strides towards clinical 

validation as part of the commercialization process (Figure 2.5).  
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Clinical trials are currently being performed for Medfield Diagnostics, Cerebrotech, and 

EMTensor. Previously completed clinical trials by Medfield Diagnostics has resulted in  

enrollment of 454 subjects across four different trials [23, 24]. The focus of these investigations 

has been on 1) proof-of-principle human testing, 2) detection of physiological changes in the 

Figure 2.5. Visualization of MSI systems used in human studies by A) Medfield 

Diagnostics. Courtesy of [7], B) Abbosh group at University of Queensland. Courtesy of 

[7], and C) Cerebrotech. Courtesy of [22].  

C) 

B) 

A) 
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human skull, 3) detection of stroke, and 4) detection of subdural hematoma. Published work for 

these trials includes classification of intracerebral hemorrhage or ischemic stroke in 45 patients 

following acute stroke [23]. Work published using the system designed at Cerebrotech has 

included 1) a proof-of-concept study (n=20) to monitor intracranial bio-fluid shifts during dialysis 

[25] and 2) a pooled analysis of stroke detection capabilities (n=248) [22].  The published work of 

Semenov and EMTensor discusses investigations on at least one individual with stroke and five 

healthy volunteers [26, 67]. However, this does not include currently on-going or recently finished 

trials. Results from current clinical trials for all three companies are anticipated in 2020. Non-

commercial testing of microwave brain sensing and imaging in preliminary human tests have also 

been performed [74], including our previous work [17]. 

2.4 Current Challenges and Future Directions 

As illustrated in the aforementioned review of current applications, a majority of studies have 

focused upon understanding the physics, hardware, and algorithm development necessary to create 

a clinically viable brain sensing and imaging modality. Therefore, limited amount of data has been 

collected and utilized in human populations. Moreover, validation of the sensing and imaging 

techniques in diseased populations has only been seen in [22, 23, 26, 67]. This data demonstrates 

the high potential for translation of the sensing and imaging techniques into human studies. The 

potential clinical value of this modality, as demonstrated through current work, comes through the 

ability to provide an alternative for stroke triage. This technology, pending further validation, is 

poised to impact stroke triage similarly to the impact that electrocardiogram had on triage of 

patients with myocardial infarction [22]. The visualization of the cranial cavity through microwave 

imaging combined with the quantitative information obtained from microwave sensing or 

quantitative imaging can provide useful information regarding the following: presence of stroke, 
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tumor, or subarachnoid hemorrhage; classification of stroke (hemorrhagic or ischemic); location 

of pathophysiology; and monitoring real-time volume changes [7, 16]. 

Despite the promising results described above, several challenges and limitations exist. From 

a physics perspective, the coupling of the microwave signal to the human body is inefficient. 

Consequently, of the signal transmitted from the antenna, only a weak portion of this signal is left 

to penetrate beyond superficial layers [7, 14, 16]. This inefficiency stems from the contrast in 

dielectric properties between the medium in which the antenna resides, and the surface boundaries 

of the human body. To avoid this, a matching medium is often times used [7, 14, 16]. This reduces 

the contrast and allows for deeper penetration. However, further optimization of the coupling is 

necessary to obtain maximal penetration depth [7, 14, 16]. Additionally, the challenge of balancing 

resolution and penetration depth must be faced. When identifying the proper frequency band to 

utilize, it must be considered that by increasing frequency, resolution increases, but penetration 

depth decreases. The opposite is true as frequency is decreased [7, 16]. Therefore, it is imperative 

that optimal frequency bands be utilized to balance the penetration depth needed for non-

superficial sensing of changes in the cranial cavity, while preserving the resolution. In addition to 

the aforementioned technical challenges, in order for clinical application to be possible, the non-

technical challenge of convincing clinicians to consider using MSI instead of technologies that 

they currently embrace, such as MRI, CT, or ultrasound [16].   

Although stroke triage is an important first step towards the validation and implementation of 

MSI, numerous other potential avenues for future development exist. Once stroke triage has been 

performed, the need for information regarding the patient’s physiology does not cease. Therefore, 

the ability to classify stroke and monitor intracranial bio-fluid volume, through a value or index 

from the sensor response that relates to a usable medical parameter such as intracranial pressure, 
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over time is incredibly advantageous. MSI has also been applied to obtaining information 

regarding blood flow and cardiac output [15, 73, 88]. These studies establish the potential of MSI 

to be utilized to obtain data regarding transient phenomena over time. The combination of cerebral 

blood flow data with intracranial bio-fluid volume data would allow for characterization of 

cerebrovascular compliance and autoregulation, which are useful parameters in understanding the 

Figure 2.6. Artistic renderings of future MSI systems for  A) Medfield Diagnostics 

(Courtesy of Medfield Diagnostics), B) EMTensor (Courtesy of EMTensor), C) 

Cerebrotech (Courtesy of Cerebrotech), and D) EMvision (Courtesy of EMvision).  

A) B) 

D) 
C) 
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status of a patient following traumatic brain injury. The incorporation of functional and anatomical 

imaging in one system is highly appealing.  

Current MSI systems are either stationary or portable, however, the lack the small size and 

form factor required for use as a point-of-care, wearable technology [16, 17]. Continued 

optimization of the size and form factor of these systems will open up the possibility of tracking 

intracranial bio-fluid shifts in military personnel (monitor for traumatic brain injury), fighter pilots 

(monitor for intracranial hypotension), and astronauts in a microgravity environment (increased 

intracranial bio-fluids). The low-power capabilities and potential for minimally obtrusive sensing 

systems opens up the possibility for ambulatory, in-field measurements, something that is not 

feasible with current non-invasive ICP monitoring systems [28].  

2.5 Conclusion 

The fundamental problem with ICP monitoring is that the gold standard requires an invasive 

procedure and specialized staff, equipment, and facilities that may not be available at all facilities 

around the world [1-3]. Additionally, the invasiveness of the gold standard technique is highly 

unappealing for field applications to track bio-fluid shifts in healthy individuals such as the 

tracking intracranial bio-fluid shifts in military personnel (monitor for traumatic brain injury), 

fighter pilots (monitor for intracranial hypotension), and astronauts in a microgravity environment 

(increased intracranial bio-fluids). Current efforts to develop non-invasive ICP monitoring has 

resulting in several promising modalities including tympanic displacement and optic nerve sheath 

diameter [27, 28]. However, these methods lack the form factor and usability to be utilized by 

individuals in field situations such as those experience by astronauts and military members.  

 The currently emerging field of microwave sensing and imaging provides a unique opportunity to 

address the limitations of current methods. Current work in this area has focused on stroke triage 
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through assessment of the dielectric properties in the cranial cavity and 2-D image reconstructions 

[22, 23, 25, 26]. However, this work does not leverage the information obtained to estimate 

changes in ICP. 

In this thesis, we have developed and evaluated a wearable, electromagnetic (EM) skin patch 

sensor to non-invasively detect shifts in fluid volume in a benchtop edema model and during 

induced intracranial bio-fluid volume shifts in human participants. Additionally, a predictive 

model is constructed to estimate changes in an easy-to-interpret medical parameter, intracranial 

pressure, corresponding with the sensor’s signal response during induced bio-fluid shifts, over 

time. The leveraging of the change in dielectric properties during induced bio-fluid shift to provide 

information regarding intracranial pressure addresses a current gap in the literature regarding state 

of the art microwave brain sensing and imaging.  
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CHAPTER 3 

 

NON-INVASIVE ELECTROMAGNETIC SKIN PATCH SENSOR TO MEASURE 

INTRACRANIAL FLUID-VOLUME SHIFTS 

 

  

 3.1  Abstract  

Elevated intracranial fluid volume can drive intracranial pressure increases, potentially 

resulting in numerous neurological complications or death. This study’s focus was to develop a 

passive skin patch sensor for the head that would non-invasively measure cranial fluid volume 

shifts. The EM sensor consists of a single baseline component configured into a rectangular planar 

spiral with a self-resonant frequency response when impinged upon by external radio frequency 

sweeps. Fluid volume changes (10 mL increments) were detected through cranial bone using the 

sensor on a dry human skull model. Preliminary human tests utilized two sensors to determine 

feasibility of detecting fluid volume shifts in the complex environment of the human body. The 

correlation between fluid volume changes and shifts in the first resonance frequency using the dry 

human skull was classified as a second order polynomial with R2=0.97. During preliminary and 

secondary human tests, a ≈24MHz and an average of ≈45.07 MHz shifts in the principal resonant 

frequency were measured respectively, corresponding to the induced cephalad bio-fluid shifts. 

This electromagnetic resonant sensor may provide a non-invasive method to monitor shifts in fluid 

volume and assist with medical scenarios including stroke, cerebral hemorrhage, concussion, or 

monitoring intracranial pressure.   
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 3.2 Introduction  

Pathological increases in intracranial pressure (ICP) can be associated with a number of 

neurological complications and even death in patients who have had stroke, traumatic brain injury, 

inflammatory response of the central nervous system, or have undergone neurosurgical or 

neurological procedures. These complications can include cerebral hemorrhage, stroke, and 

irreparable brain damage associated with increased morbidity and mortality [1, 2]. Variations in 

ICP are driven by fluid volume changes of the primary components within the cranial cavity; these 

components include brain tissue, blood, and cerebrospinal fluid (CSF) [2]. Equilibrium in the 

combined volume of these components maintains an equilibrium in ICP allowing constant 

pressure. Pressure in the human skull is regulated and maintained by autoregulation mechanisms 

which allow cerebrospinal fluid shifts from the ventricles of the brain to the spinal column. In most 

individuals, a compensatory reserve exists that allows for increases of 60 mL to 80 mL in 

intracranial volume with minimal pressure increases [1]. When the autoregulation mechanisms are 

disrupted, and excessive fluid volumes persist in the cranial cavity, ICP increases exponentially 

due to the volume-pressure relationship being non-linear [1-4]. 

Currently, ICP is measured primarily through invasive methods, including intraventricular 

catheters, external ventricular drains, lumbar puncture, and micro transducer ICP monitoring 

devices. External ventricular drains are the gold standard, as they allow for drainage of excess CSF 

from the ventricles. Complications and limitations of this method include infection, hemorrhaging, 

and the need of a neurosurgeon in a clinical setting [1-3, 5]. Clinical situations requiring an ICP 

measurement in which an invasive procedure is contraindicated highlight the need for an improved 

non-invasive ICP measurement method. Through the use of a non-invasive ICP measurement, 

treatments can be optimized for patients with conditions such as fulminant hepatic failure and 
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preeclampsia where invasive ICP measurement is contraindicated [6]. An additional clinical 

advantage of monitoring the cerebrovascular function through non-invasive assessment of 

intracranial fluid volume is the ability to screen for intracranial bleeding, impaired CSF 

reabsorption, and assess severity of injury following brain trauma [7]. Another situation requiring 

non-invasive assessment of either ICP or intracranial fluid volume arises when astronauts are 

exposed to a microgravity environment during long duration spaceflight missions. Monitoring of 

CSF and cerebral blood volume is an area of interest concerning long duration spaceflight missions 

due to its potential impact on astronaut crew health [3, 8, 9]. However, sufficient quantitative data 

has not been obtained to conclusively determine the role of elevated ICP on human physiology in 

a microgravity environment (Nelson et al., 2014). Overall, these situations highlight the need for 

development of non-invasive, point-of-care technologies to monitor intracranial fluid volume. 

Investigations into the development of non-invasive methods to measure ICP and 

intracranial volume have included transcranial Doppler ultrasonography (TCD), magnetic 

resonance imaging (MRI), computed tomography (CT), optic nerve sheath diameter (ONSD) 

measurement, and tympanic membrane displacement [1, 3]. These methods eliminate the risk of 

infection and hemorrhaging, but they can be limited in accuracy, require expensive specialized 

equipment, and cannot be used in a point-of-care setting [1, 3]. Ultrasonography is highly 

appealing, however, ultrasound waves do not adequately penetrate bone, making measurement 

locations limited to cranial suture joints which require precise positioning of the transducer [3]. 

Attempts to increase the accuracy of ICP estimates with TCD using data mining have been 

explored, but with limited success [6]. 
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3.2.1 State of the Art in Intracranial Pressure Measurement 

Recent advancements regarding the non-invasive measurement of intracranial fluid level 

shifts have focused upon the use of electrical impedance spectroscopy, magnetic induction 

spectroscopy, and volumetric inductive phase shift spectroscopy [10-19]. These non-invasive 

methods have promise, but they lack in simplicity and form factor suitable for wearable, point-of-

care measurements. Current electromagnetic tomography imaging systems exist, but utilize 

multiple antennae that alternate between transmitting and receiving signals to create the image.  

In contrast, open circuit resonant sensors, which utilize operating principles similar to 

electromagnetic tomography imaging systems, are more simplistic in design and form factor. Open 

circuit resonant sensors can be designed as wearable, soft bioelectronics, much like a skin patch 

that can be applied as an adhesive bandage, allowing it to be used as a point-of-care diagnostic 

technology. Open circuit resonant sensors do not require electrical components and are passively 

energized using an external radiofrequency (RF) sweep. Based upon the premise that impedance 

fluctuations arise as a result of fluid volume changes, open circuit electromagnetic skin patch 

sensors may be able to detect changes in intracranial fluid volume levels [14, 20]. Recent advances 

in research have improved the development and optimization of open circuit resonant sensors [21-

24]. These advances have also been implemented in our previous work to measure limb 

hemodynamics, detect changes in volume, and obtain usable sensor signal response regarding fluid 

filling in the left ventricle of a bovine heart [20, 21, 25, 26, 27]. 

The focus of this study was to evaluate changes in the resonant frequency as a result of 

volumetric shifts of intracranial fluids using an open circuit electromagnetic resonant skin patch 

sensor. It is hypothesized that fluid volume changes inside a human skull can be detected as a shift 

in the resonant frequency of the open circuit resonant sensor skin patch. The objectives of this 
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study were 1) to develop a point-of-care, non-invasive electromagnetic resonant skin patch sensor 

to measure changes in intracranial fluid volume, 2) to detect fluid volume shifts inside a dry human 

skull model, and 3) to obtain usable sensor signal response associated with induced cephalad bio-

fluid shifts in preliminary, proof-of-concept human tests. 

 3.3  Methods 

3.3.1 Sensor Design and Data Collection Setup 

The electromagnetic resonant sensor patch was designed and built from a single baseline 

component: a trace of copper which was configured into a rectangular planar spiral (Figure 3.1A). 

Two separate designs were utilized in this study. The rectangular spiral patch (11.83 cm x 5.92 

cm) had 20 turns, a trace width (t1, along the minor axis) of 0.95 mm and a gap width (g1, along 

the minor axis) of 0.88 mm, and a trace width (t2, along the major axis) of approximately 1.24 mm 

and a gap width (g2, along the major axis) of 0.47 mm. To address the large size and bulky form 

factor of the first sensor’s design, a second patch was designed as a square planar spiral (Figure 

3.1B) to reduce surface area, increase ease of adherence to the forehead, and possess a more 

wearable form factor for human testing. This square sensor design (2.8 cm x 2.8 cm) had 5 turns, 

a trace width (t4) of 2.00 mm and a gap width (g4) of 1.00 mm.  

In order to measure shifts in the resonant frequency response of the rectangular sensor 

design, a rectangular loop antenna (12.34 cm x 6.5 cm) surrounding the sensor with a trace width 

(t3) of 2.08 mm was connected to a coaxial cable using a 50 Ohm SMA (SubMiniature version A) 

connector. The square sensor design utilized a similar set-up, however, the square loop antenna 

(3.38 cm x 3.38 cm) surrounding the sensor had a trace width (t5) of 1.50 mm. In both set-ups, the 

antenna produced the radiofrequency (RF) wave that interrogated and became electromagnetically 

coupled with the sensor. A vector network analyzer (VNA) (R&S ZNC-3) was used to produce an 
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RF sweep in the desired frequency range and measure the return loss S-parameter, or the S11 

reflection coefficient. Prior to data collection, the VNA was calibrated using the open short match 

(OSM) method over the desired frequency bandwidth. 

3.3.2 Theory and Operating Principle 

Incident RF waves, originating from the antenna, interrogate the electromagnetic resonant 

patch sensor which induces a current in the copper trace. In accordance to Maxwell’s equations of 

electric and magnetic fields and the right hand rule, oscillating electric and magnetic fields are 

formulated around the sensor [23]. The magnitude of the magnetic field is dependent upon the 

inductance (L) value, which can be calculated using Equation (3.1) [23, 28].  

𝑳 =
𝝁𝟎

𝟒𝝅𝑰𝟐
∬ [

𝐽(𝑟𝑖)𝝁𝒊 ∗ 𝐽(𝑟𝑗)𝝁𝒋

|𝑟𝑖 − 𝑟𝑗|
]  𝑑3𝑟𝑖𝑑

3𝑟𝑗         (3.1) 

 

A) Sensor Design 1: Rectangular B) Sensor Design 2: Square 

Figure 3.1. Electromagnetic skin patch sensors developed to measure changes in 

intracranial fluid volume. Data was collected from six human participants (following IRB 

approved protocol). 
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Where, L is the total inductance, J(ri) is the spatial current density as a function of ri which is the 

length of the sensor trace, µ0 is the free space magnetic permeability, µi is the relative magnetic 

permeability, and I is the total current in the circuit. 

In addition, the gaps between traces provide parasitic capacitance with an electric field 

being developed between the traces during times of resonance. Resonance occurs at certain 

frequencies when energy is alternatively stored in magnetic and electric fields [28]. The ability of 

the electric and magnetic fields to develop depends on the electric permittivity and magnetic 

permeability of the substrate. The capacitance value of the sensor can be calculated using Equation 

(3.2) [23, 28]. 

𝑪−𝟏 =  
𝟏

𝟒𝜺𝟎Q𝟐
∬  [

𝝆(𝒓𝒊)𝝆(𝒓𝒋)𝒌𝒊𝒋

|𝒓𝒊 − 𝒓𝒋|
] 𝒅𝟑𝒓𝒊𝒅

𝟑𝒓𝒋       (3.2) 

Where, C is the capacitance, ρ(ri) is the spatial charge density as function of ri which is the length 

of the sensor trace, ε0 is the free space electrical permittivity, kij is the relative permittivity, and Q 

is the total charge density. 

  Alterations of the sensor design parameters, including size, shape, number of turns in the 

inductor planar spiral, trace width of coil, and gap between traces, results in a unique 

electromagnetic field. Each sensor’s electromagnetic field will consistently have a specific 

magnitude while the resonant frequency response is substrate specific. The first principal resonant 

frequency can be calculated using Equation (3.3).  

𝒇 =
𝟏

𝟐𝝅√𝑳𝑪
        (3.3) 

Where, f is the first principal resonant frequency, L is the inductance, and C is the capacitance. 
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 Electromagnetic sensors detect volumetric changes in layered material as shifts in the resonant 

frequency due to changes in the effective permittivity [28, 29]. In regards to non-invasive 

electromagnetic intracranial fluid shift detection, the substrate composition of blood, brain tissue, 

and cerebrospinal fluid in the cranial cavity act as a layered substrate material. When the fluid 

volume changes in these layers, the effective permittivity of the substrate interacting with the 

electromagnetic field of the resonant sensor produces a change in the resonant equivalent 

inductance and capacitance causing a shift in the resonant frequency response. Thus, changes in 

the substrate, such as an increase in blood volume without a corresponding CSF decrease, are 

associated with shifts in the effective electric permittivity which is detected using the sensor and 

quantified through the S11 reflection coefficient. In our previous work [21], we further outlined the 

theory and operating principles. 

In regards to safety, the power output from the VNA we used for the study was very low 

(at 0 dbm). One way to quantify the safety aspects is through specific absorption rate (SAR). SAR 

is an important measure used to assess whether an RF wave emitting device is safe for use near or 

in the human body [30]. Specific absorption rate (SAR) measurement of the sensor was conducted 

on the head for an in vivo, non-invasive, on-the-body measurement to determine the power 

absorbed into the tissue and subsequently calculate the SAR value using the method described in 

the literature [31]. 

3.3.3 Dry Human Skull Model 

The pressure-volume relationship inside the cranial cavity dictates that pathological 

increases in intracranial pressure are driven by a volume increase of blood, cerebrospinal fluid, or 

brain tissue. Non-invasively detecting shifts in intracranial pressure requires a sensor that is able 

to detect fluid volume changes through cranial bone and result in a unique sensor signal response. 
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A physical model was constructed to test the correlation between signal response and fluid volume 

changes. Using a dry human skull, a bladder was inserted into the cranium and filled with 800 mL 

of water (εr ≈ 78) to represent the intracranial fluid volume (Figure 3.2). Additional fluid was 

added in increments of 10 mL using a syringe and plastic tubing. Fluid volume increments of 10 

mL were used to determine the sensor’s ability to detect volumetric changes less than the 

compensatory reserve (60-80 mL). Volumetric shifts exceeding the compensatory reserve are 

necessary for a significant pressure increase. Therefore, the detection of a volume fluctuation 

greater than the compensatory reserve may be used to detect a significant ICP increase. The 

rectangular sensor was placed on the outside of the skull, and sensor readings were collected at 

each volume level. The VNA was calibrated to collect 5001 data points from 100 MHz to 1 GHz 

with a sweep rate of approximately 497 ms. Correlation between changes in volume and resonance 

frequency shifts were evaluated using the squared Pearson correlation coefficient. 

To address limitations in the dry human skull model, a skin phantom was created and 

placed between the sensor and the skull (εs ≈ 45). The phantom used in this study was a modified 

version of a white matter tissue phantom [32] altered to match the permittivity of skin and verified 

using a dielectric probe (DAK-12). The addition of this phantom adds a layer of complexity to the 

effective permittivity of the model and aimed to establish the ability of the sensor to function in a 

multi-layered, complex environment similar to that seen in the human body. Protocol similar to 

Figure 3.2. A) A dry human skull and bladder filled with water were used to represent fluid 

volume changes in the cranial cavity. B) The sensor was placed on the outside of the skull and 

a syringe with tube was used to incrementally simulate a fluid volume shift in the cranium. 

 

 



 

 

51 

 

that used for the dry human skull model was used, with the amount of fluid injected into the system 

being increased from 150 mL to 200 mL and the increments being decreased from 10 mL to 5 mL. 

3.3.4 Preliminary Proof-of-Concept Human Tests 

3.3.4.1 Human Subjects 

Detecting shifts in intracranial pressure in the human body using the developed sensor 

requires the ability to detect fluid volume changes in a complex environment (human cranial 

cavity). To assess the sensor’s ability to detect fluid volume changes in the human cranial cavity, 

a preliminary head down tilt test was conducted with the rectangular sensor using a mannequin 

(control) and two healthy volunteers, one female (Participant 1; age: 20 years; height: 172 cm; 

weight: 79 kg) and one male (Participant 2; age: 19 years; height: 183 cm; weight: 64 kg). 

Additional testing was conducted to preliminarily assess the sensor’s ability to detect intracranial 

fluid volume changes induced by postural changes from upright to supine to head-down tilt. This 

second section of preliminary human tests was conducted with the square sensor using a 

mannequin (control) and four healthy male volunteers, (Participant 3; age: 19 years; height: 183 

cm; weight: 64 kg, Participant 4; age: 23 years; height: 178 cm; weight: 68 kg, Participant 5; age: 

21 years; height: 185 cm; weight: 99 kg, Participant 6; age: 21 years; height: 183 cm; weight: 84 

kg). All participants were informed of the purpose and risks of the procedure and signed an 

informed consent form. The study protocols were approved by the Institutional Review Board 

(IRB) of Wichita State University. None of the participants had been diagnosed with a 

cardiovascular disease or other pathology affecting cerebral autoregulation, had undergone a 

revascularization procedure, or had implantable medical devices in their bodies. 
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3.3.4.2 Validation of Bio-fluid shift 

Simultaneous monitoring of the total intracranial fluid volume using MRI or 

intraventricular catheters would be optimal for validation, however, these methods require specific 

surgical expertise and equipment unavailable for this preliminary study. Therefore, the cross-

sectional area of the internal jugular vein was used as validation of the cephalad bio-fluid shift in 

this proof-of-concept human study (without considering the correlation between sensor signal 

response and exact intracranial fluid volume). Axial views of the jugular vein were obtained using 

B-mode ultrasonography (Mindray M7, National Ultrasound, Duluth, GA) and the DICOM file 

was used for analysis. Increases in intracranial fluid volume, such as those induced during postural 

changes (upright to supine or upright to head down tilt), have been associated with an increase in 

the cross-sectional area of the jugular vein [33]. As venous drainage increases in an attempt to 

return cerebral blood volume to the baseline level, the total blood volume in the jugular vein rises, 

driving an increase in cross-sectional area. Cross-sectional areas of the jugular vein were obtained 

using measurement tools onboard the ultrasound. 

For further validation of the cephalad bio-fluid shifts, optic nerve sheath diameters were 

obtained and used to calculate estimated changes in ICP. Axial views of the optic nerve sheath 

were obtained using B-mode ultrasonography (Mindray M7, National Ultrasound, Duluth, GA) 

and the DICOM file was used for analysis. As the pressure and volume in the cranial cavity 

increase, the increased CSF pressure in the subarachnoid space around the brain causes a swelling 

of the subarachnoid space around the optic nerve leading to an increase in the ONSD. Therefore, 

there is a direct relationship between ONSD and ICP. The ONSD measurements were used to 

quantify the induced change in ICP, using Equation (3.4) from literature [34].  

𝑰𝑪𝑷 = −111.92 + (77.36 ∗ 𝑶𝑵𝑺𝑫)        (3.4) 
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3.3.4.3 Data Collection for Human Testing – Head down tilt study 

An inversion table (Ironman Fitness iControl 600 Weight Extended Disk Brake System 

Inversion Table with Air Tech Backrest) was used to induce cephalad bio-fluid shifts (Figure 3.3). 

In the first stage of human testing, Participant 1 and Participant 2 were placed in two different 

angles (supine and 50° below supine) to induce the shifts in ICP due to changes in posture. The 

rectangular, electromagnetic resonant sensor was placed and secured on the participant’s forehead, 

and an RF sweep of 10 MHz to 3 GHz was used to find an optimal frequency for obtaining usable 

sensor signal response. The VNA was used to interrogate the sensor with an RF sweep from 1.75 

GHz to 2 GHz and collect the S11 reflection coefficient of the first resonant frequency using 501 

data points per sweep for approximately 70 s (as the fluid shift occurred). The sweeps began 

immediately after the participant was moved from supine to 50° below supine. Sweep data was 

extracted using Matlab 2016a and was smoothed using a 20-point moving-average filter. In each 

position, jugular vein cross-sectional area, systolic blood pressure, and diastolic blood pressure 

were measured. 

In the second stage of human testing, the mannequin (control) and Participants 3-6 were 

positioned on the inversion table and moved between upright, supine, and 15° head down tilt to 

induce bio-fluid changes. This stage of preliminary testing was aimed at determining the ability of 

a smaller form factor sensor to detect induced intracranial bio-fluid shifts with the upright position 

as the baseline. To address the ability of a smaller sensor to detect intracranial bio-fluid shifts, the 

square sensor was adhered to the participant’s forehead. The patch was tested in several locations 

on the head besides the forehead in a small, pilot study. These locations include the parietal, 

occipital, and temporal regions of the head. With the experimental design utilizing an inversion 

table, the placement on the occipital region was not used due to the potential for varying pressure  
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of the back of the head (with sensor attached) on the table which would result in increased 

variability during testing. The preliminary results of the pilot study indicated the greatest potential 

existing in sensor placement on the forehead. An RF sweep of 10 MHz to 3 GHz was used to find 

an optimal frequency for obtaining usable sensor signal response. The VNA was used to 

interrogate the square sensor with an RF sweep from 700 MHz to 1.1 GHz and collect the S11 

reflection coefficient of the first principal resonant frequency using 5001 data points per sweep. 

Sensor readings were taken for each participant in the upright position, supine position, and every 

90 s during a 30-min head down tilt at 15° below supine. Resonant frequency data was extracted 

using Matlab 2016a and smoothed using a 20-point moving-average filter. In each position, jugular 

vein cross-sectional area, systolic blood pressure, and diastolic blood pressure were measured. 

3.3.4.4 Repeatability of Measurements 

Obtaining usable information regarding fluid volume detection requires the ability to obtain 

repeatable measurements, and during the human testing performed in this study, an important 

Figure 3.3. (Live human subjects were used – the mannequin provides visual representation 

only) The electromagnetic skin patch sensor to detect bio-fluid shift in 50° head down tilt. The 

mannequin was used to represent system set-up and sensor placement; however, data was 

collected from human participants. 
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aspect to consider is the variance in sensor readings induced by changes in the participant’s 

posture. To evaluate the variation in the sensor’s resonant frequency, a preliminary repeatability 

test was conducted using a mannequin. The rationale for utilizing a mannequin for this 

repeatability study is to avoid the influence of day-to-day variations in human physiology on the 

assessment of the sensor’s variability. The impact of postural changes on shifts in the sensor’s 

resonant frequency was assessed by placing the square sensor on the forehead of a mannequin, and 

sensor readings were taken from the mannequin in the upright, supine, and 15° below supine 

positions. These readings were repeated every day for a total of three days with 10 samples in each 

reading. An analysis of variance (ANOVA) followed by a Bonferroni adjusted multiple 

comparison test was conducted to determine if postural changes had any significant differences in 

the resonant frequency shifts. Furthermore, the effect of temperature changes on shifts in resonant 

frequency was investigated. Sensor readings were obtained on a beaker of water at 35, 36, 37, 38, 

and 39°C.  

 3.4 Results and Discussion  

3.4.1 Electromagnetic Resonant Sensor 

The passive spiral patch sensor was activated by gathering energy from the impinging RF 

wave. When the incident RF wave impinged upon the sensor, a current was induced in the spiral 

trace and produced electric and magnetic fields around the sensor which penetrated into the 

substrate, namely the skull (Figure 3.4A). At specific frequencies, the sensor resonated producing 

principal resonant frequencies and subsequent harmonic resonant frequencies (Figure 3.4B). The 

specific absorption rate for the system was calculated as approximately 0.114 W/kg. 
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3.4.2 Sensor Signal Response Due to Volumetric Changes in Skull Model 

Development of the physical model to mimic intracranial volume changes yielded useful 

data regarding the sensor’s ability to detect changes in fluid volume. Volume changes in the 

physical model triggered shifts in sensor signal response with 10 trials being conducted (Figure 

3.5A). As the electromagnetic field propagated through the skull and fluid volume increased the 

fields were altered. These alterations prompted shifts in sensor signal response including a shift of 

the resonant frequency. Shifts in sensor signal response were primarily the result of changes in the 

effective electric permittivity of the layered system. Overall, fluid volume increase from 800 mL 

to 950 mL resulted in a net leftward shift in resonant frequency of 8.64 MHz. The standard error 

of the mean of the resonant frequency readings between the 10 trials at each volume was 

approximately 5.9 kHz. The shift in resonant frequency arising from the 10 mL increases in fluid 

volume had statistically significant differences (p<0.01) for the first 13 volume levels, when using 

the Bonferroni adjusted multiple comparison test. The last three shifts in fluid volume (10 mL 

increments), from 920 mL to 950 mL, were not detected by the sensor. However, the 40 mL shift 

from 910 mL to 950 mL was detected. The correlation between the changes in principal resonance 
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Figure 3.4. A) The electromagnetic resonant sensor develops an electromagnetic field that 

surrounds the sensor. B) The sensor resonates at different resonant frequencies depending on 

the substrate. 
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frequency of the sensor and the volume changes had an R2 = 0.97 (Figure 3.5B) and was classified 

as a second order polynomial. Furthermore, in the physical model consisting of the dry human 

skull and skin phantom, an overall fluid volume increase of 200 mL corresponded with a net 

leftward shift in resonant frequency of 4.97 MHz. The correlation between the changes in principal 

resonance frequency of the sensor and the volume changes in this more complex model had an R2 

= 0.97 (Figure 3.6) and was classified as a third order polynomial. 

3.4.3 Preliminary Human Tests 

During a head down tilt test, the shift in bio-fluids from the lower body to the head and 

torso is accompanied by dilation of the internal jugular vein. Axial view ultrasound images of the 

internal jugular vein were used to validate the successful induction of an increase in intracranial 

fluid volume. During the first stage of human testing, in the upright position before the bio-fluid 

shift was induced, the cross-sectional area of the jugular vein, as calculated using the measurement 

tool onboard the ultrasound machine, was approximately 0.06 cm2 and 0.72 cm2 for participants 1 

and 2, respectively (Figures 3.7A and 3.7B). During head down tilt, the cross-sectional area 

increased to approximately 0.36 cm2 and 1.41 cm2 for participant 1 and 2, respectively (Figures 

3.7C and 3.7D).  

Figure 3.5. A) Sensor signal response due to volume change. B) Correlation between 

principal resonance frequency shift and volume change. 
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Shifts in sensor signal response corresponding with the induced bio-fluid shift during the 

Figure 3.6. Correlation between principal resonance frequency shift and volume change in 

the model consisting of the dry human skull and head phantom. 

Figure 3.7. For the 70 s HDT at 50°, validation of the cephalad bio-fluid shift was 

determined by the cross-sectional area data obtained from ultrasound of the jugular vein as seen 

in upright position for A) participant 1 and B) participant 2, and for head down tilt for C) 

participant 1 and D) participant 2. 
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70 s head down tilt were observed as seen in Figures 3.8A and 3.8B for participants 1 and 2, 

respectively. Over time, the fluid volume also corresponded with a negative shift of the resonant 

frequency (Figures 3.8C and 3.8D). The shift in the resonant frequency from time = t1 to time = 

t2 is approximately 24.4 MHz for participant 1 which corresponds to a 0.3 cm2 increase in jugular 

vein cross-sectional area. Whereas, a 24.825 MHz shift was observed in participant 2 with a 

corresponding cross-sectional area increase of approximately 0.69 cm2. 

During the second stage of human testing, the increase in intracranial fluid volume was 

validated by observing the increase in venous outflow, indicated by an increase in the cross-

sectional area of the jugular vein for the all participants, and the increase in optic nerve sheath  

Participant 1 

C) D) 

Participant 2 

Figure 3.8. The sensor’s signal response corresponding with a cephalad bio-fluid shift was 

seen as shifts in the sensor’s principal resonant frequency in A) participant 1 and in B) 

participant 2. The resonant frequency shift during an induced bio-fluid shift over time for C) 

participant 1 and D) participant 2. 



 

 

60 

 

diameter. The average dilation of the jugular vein from the upright position to the end of the 30-

min 15° head down tilt was approximately 1.18 cm2. Representative figures of the dilation of the 

jugular vein can be observed in Figure 3.9. Whereas the average diameter increase of the optic 

nerve was approximately 1.7 mm. Using the diameter of the optic nerve, ICP estimates were 

obtained with an average change in ICP of approximately 9.67 mmHg. Representative figures of 

the optic nerve sheath can be observed in Figure 3.10. Correlation of the change in ICP vs. change 

in frequency and change in ONSD vs. change in frequency can be observed in Figure 3.11. 

Figure 3.9. For the 30 min HDT at 15°, cross-sectional area data was obtained from 

ultrasound of the jugular vein as seen in upright position for A) participant 3 and B) participant 

5, and for head down tilt for C) participant 3 and D) participant 5. 
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Additionally, over the course of the 30-min head down tilt, the increased bio-fluid volume 

in the cranial cavity corresponded with a negative shift of the resonant frequency for all four human 

participants (Figure 3.12), whereas the control remained close to 0 (within ±1.2 MHz). Figure 

3.12 represents the shifts in resonant frequency over time after a 20-point moving-average filter to 

Figure 3.10. Optic nerve sheath diameter was obtained from ultrasound imaging of the eye 

and used to estimate ICP. 

Figure 3.11. A) Correlation between intracranial pressure (calculated using optic nerve 

sheath diameter) and principal resonant frequency shift. B) Correlation between optic nerve 

sheath diameter and principal resonant frequency shift. 
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smooth the data. The average shift in the resonant frequency from the upright position (time = 0 

min) to the end of the 30 min head down tilt (time = 35 min) was approximately 45.07 MHz. 

Assessment of the repeatability of the sensor readings from the mannequin in multiple 

postures was obtained and statistically analyzed. For the three days, the average and standard 

deviations of the resonant frequency over ten sweeps in the upright, supine, and head down tilt 

positions were 696.16±1.03, 695.84±0.73, and 696.68±1.08 (MHz), respectively. An ANOVA was 

conducted, followed by a Bonferroni adjusted multiple comparison test which indicated that there 

were not significant differences (p>0.05) in resonant frequency resulting from postural changes, 

shown in Figure 3.13.  Additionally, the change in temperature from 35°C to 39°C resulted in a 

total shift of less than 100 kHz. Significantly less than the magnitude of shift in resonant frequency 

due to increase in fluid volume. 

Figure 3.12. The sensor’s signal response corresponding with a cephalad bio-fluid shift was 

seen as shifts in the sensor’s principal resonant frequency for the 4 participants and the control.  
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3.5   Discussion  

In this study, we have demonstrated the ability of an electromagnetic skin patch sensor to 

detect shifts in fluid volume of 10 mL through cranial bone. The ability of the sensor to detect 

volume changes of 10 mL is a robust step towards quantifying non-invasive intracranial fluid 

volume measurements. Although other non-invasive methods such as ultrasound possess the 

capability to detect volume changes, penetration depth through cranial bone has been a limiting 

factor. This sensor addresses the concern of penetration depth through the utilization of 

electromagnetic waves instead of the mechanical sound waves used in ultrasound. Electromagnetic 

waves permeate through structures, such as bone, more effectively than their mechanical 

counterparts, providing a larger range of clinical applications. Additionally, the SAR values 

obtained in this study (0.114 W/kg) is well within the accepted range resulting in minimal risk to 

the participants. Subsequently, this method to measure changes in fluid volume addresses three 

Figure 3.13. Repeatability test due to postural changes on a mannequin control. The sensor 

readings for the various positions had approximately a 2.5 MHz shift due to postural changes. 

When compared to the 45 MHz shift seen on a human due to bio-fluid shift, the shift due to 

postural changes were considered negligible. 
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major limitations regarding intracranial pressure/volume measurement methods: invasiveness, 

penetration depth, and the need for specialized medical imaging equipment (MRI or CT). 

The results of this study indicate that shifts in resonant frequency correspond with shifts in 

the effective permittivity of the system associated with increased bio-fluid volume in the cranial 

cavity. This volume detection capability may be utilized to indicate the presence of altered 

cerebrovascular function associated with volumetric increases in CSF and cerebral blood volume.  

3.5.1 Potential Clinical Applications 

This sensor technology may be harnessed as a point-of-care biomedical diagnostic to track 

the progression of diseases related to bio-fluid volume irregularities in the cranial cavity. A long 

term goal of this research is to utilize the effective electric permittivity of the blood, CSF, and 

brain tissue in the cranial cavity as a screening and monitoring tool for a variety of conditions 

including: hydrocephalus, hemorrhage, stroke, aneurysm, and edema. The optimization of a 

technology to be used to screen and monitor these conditions without the need for specialized 

equipment or training is particularly advantageous in low-resource settings such as the 

microgravity environment of space, rural communities, and for use by emergency medical 

services. Through the simplicity of the application and operation of our resonant sensor, several 

risks and limitations associated with current methods for measuring intracranial volume/pressure 

could be significantly reduced while opening up new possibilities. 

Further optimization of the electromagnetic skin patch sensor may not only provide a point-

of-care alternative to quickly monitor the risk of cerebral edema due to intracranial bleeding caused 

by brain trauma, but could also allow for assessment of severity of the injury. Previous studies 

have explored links between intracranial pressure increases and mechanisms affecting normal 

intracranial fluid dynamics such as traumatic brain injury [35, 36]. Currently, standard imaging 
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modalities such as CT and MRI lack the ability to be used for a confirmed concussion diagnosis, 

but are often used to monitor complications of the trauma including bone fracture and intracranial 

bleeding [7]. This technology is not widely available in limited resource settings and limits the 

ability for individuals in need to seek diagnostics and treatment [11, 19]. The capacity to diagnose 

and monitor concussions and traumatic brain injuries is an area of interest in both the clinical 

setting and the realm of competitive sports. In many areas of athletics (particularly contact sports), 

pre-participation exams are already in place in many settings to establish an individual’s baseline 

as a safeguard to determine when they can return to normal activity following a concussion. 

Current practices help minimize complications such as second impact syndrome [7]. Although 

highly debated, this disorder is believed to occur when an individual receives a second injury 

before the initial injury heals. Due to autoregulation already being disrupted, this can lead to more 

serious damage including cerebral edema and herniation [37, 38]. Alternative screening practices 

could be developed using this sensor technology to assist in the diagnosis of concussions along 

with the potential monitoring of the brain’s healing process, further reducing the risk of secondary 

complications. 

Despite strong correlations between fluid volume changes and sensor signal response, the 

portion of the study using a simple model does possess several limitations. These include the 

simplification of the model, the use of only one human skull, and the absence of other biological 

tissue present in the layers of the body (skin, adipose, muscle, and brain tissue). The contents of 

the cranial cavity were simplified to be represented by water in a bladder. This simplification also 

implies a static fluid scenario which ignores the movement of blood and cerebrospinal fluid 

throughout the cranial cavity. However, these limitations were addressed through the incorporation 

of preliminary human tests. Implementation of human testing in this study assessed the sensor’s 
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ability to detect fluid volume shifts, measured by shifts in resonant frequency, in a complex 

environment. 

The primary limitation of human tests in this study is the number of participants in both 

the first stage and the second stage. Due to the small sample size, the analysis of the sensor’s ability 

to detect changes in bio-fluid volume is still preliminary. Despite the preliminary nature of this 

work, data collected throughout this study has indicated that the proposed sensor technology is 

able to detect induced volumetric increases in intracranial fluid volume. This detection capability 

is supported by the shift in the sensor’s resonant frequency corresponding to increases in 

intracranial fluid volume. An additional limitation is the inability to quantify the exact volume 

increase in the cranial cavity – which requires highly specialized medical imaging systems such as 

MRI. However, the use of ultrasound to track the cross-sectional area of the jugular vein provides 

evidence supporting the assumed increase in intracranial fluid volume. Future studies will look to 

1) improve validation of the sensor’s performance through the use of phase contrast magnetic 

resonance imaging to quantify changes in CSF and cerebral blood volume and 2) increase sample 

size to provide for increased statistical analysis and evaluation of the sensor’s capabilities. 

3.6. Conclusion 

The electromagnetic resonant skin patch sensor developed in this study was able to detect 

fluid volume changes in not only a benchtop model, but also in preliminary human tests. This 

detection capability relies upon the sensor’s ability to detect alterations in the effective electric 

permittivity of a layered system. The results demonstrate an ability for the sensor to detect an 

increase in intracranial fluid, which is an integral step in creating an approach to non-invasively 

monitor shifts in intracranial pressure. This work combined with the optimization of the wearable 
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form factor may also help identify novel approaches for the detection and monitoring of a variety 

of conditions including hydrocephalus, cerebral edema, concussions, and stroke. 
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CHAPTER 4 

 

APPLICATIONS OF NON-INVASIVE, WEARABLE  SENSING SYSTEM FOR 

MONITORING INTRACRANIAL BIO-FLUID SHIFTS IN AEROSPACE MEDICINE 

 

 

4.1 Abstract 

Intracranial pressure (ICP) is an important diagnostic indicator of central nervous system 

function in disease states including hydrocephalus, pseudotumor cerebri, subarachnoid 

hemorrhage and under various activities such as in high-speed fighter pilots and astronauts. 

Alteration of the hydrostatic pressure gradient in the human body (due to alteration in gravitational 

forces) has been associated with changes in human physiology including abnormal blood flow, 

syncope, and visual impairment. The focus of this study was to evaluate changes in the resonant 

frequency of the skin patch sensor as a result of volumetric changes in the cranial cavity during a 

15° head down tilt and during application of lower body negative pressure (LBNP). The sensor 

consists of a single baseline component configured into a rectangular planar spiral with a self-

resonant frequency response when impinged upon by external radio frequency sweeps. A cephalad 

bio-fluid shift, to simulate microgravity was induced in 8 healthy human participants (n = 8). The 

average shift in resonant frequency, during a 15 degree head down tilt for 30 minutes, was 

approximately -13.76±6.49 MHz, corresponding with an average shift in ICP of approximately 

9.53±1.32 mmHg. A caudal bio-fluid shift, to simulated LBNP countermeasure, was induced in 4 

healthy human participants (n = 4). The average shift in resonant frequency, from baseline to -40 

mmHg LBNP, was approximately  8.80±5.2097 MHz, corresponding with an average shift in ICP 

of approximately -5.83±2.76 mmHg. A regression model was built to explain the variance in shift 

in ICP using the shift in resonant frequency (R2 = 0.97 ) with an RMSE of 1.24.  
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4.2 Introduction 

Alteration of human bio-fluid distributions in an aerospace environment have been 

associated with changes in human physiology including abnormal blood flow, syncope, and visual 

impairment [1, 2].   On Earth, the gravitational field forms a hydrostatic pressure gradient in the 

human body which results in a majority of bio-fluids being located in the lower body, however, 

this pressure gradient is disrupted in both microgravity, experienced by astronauts, and hyper-

gravity, experienced by fighter pilots [3]. In microgravity, the modification of the pressure gradient 

results in a cephalad shift of blood and interstitial fluid (≈1.5-2.0 L) from the lower limbs [3]. In 

addition to a redistribution of fluids, this shift also upsets typical cardiovascular regulation of 

arterial blood pressure [4, 5]. Whereas, in a hyper-gravity environment a rapid redistribution of 

fluid away from the head, towards the lower extremities, can occur, causing intracranial 

hypotension which may lead to loss of consciousness. Implementation of reliable countermeasures 

require an easy-to-use, non-invasive technology capable of detecting and quantifying the 

magnitude of bio-fluid shifts, which is the focus of this study.  

Recent investigations have been launched to determine the causes of ophthalmic conditions 

present in astronauts after long duration space flight [1, 6-9]. These conditions resemble symptoms 

of elevated intracranial pressure on earth, including disc edema, globe flattening, and hyperopic 

shifts [2, 8, 10]. The resulting changes in ocular structure and visual function are hypothesized to 

be associated with the fluid redistribution that occurs upon entering microgravity. As a result, these 

conditions are referred to as spaceflight associated neuro-ocular syndrome (SANS) or microgravity 

ocular syndrome. SANS and the other physiological changes believed to be linked to the cephalad 

bio-fluid shift seen in astronauts are considered health risks by the National Aeronautics and Space 

Administration (NASA) for long-duration spaceflight [2, 10].  Current investigations into the 
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detection and tracking of the redistribution of bio-fluids, in a micro-gravity environment, have 

focused on using non-invasive, point-of-care technologies to estimate intracranial pressure 

including ultrasound, otoacoustics, tympanic membrane displacement, and pulse lock loop. 

However, the lack of a wearable form factor and penetration depth of these technologies present 

an obstacle in the integration of these technologies to be used by crew members in an aerospace 

environment. The goal of developing these technologies is to guide the administration of 

countermeasures so that the physiological effects caused by exposure to a microgravity 

environment can be mitigated or reversed. 

Countermeasures to mitigate the potential risks that astronauts face due to cephalad bio-

fluid shifts are a primary interest in microgravity. A primary countermeasure being investigated to 

redistribute bio-fluids in the human body in a microgravity environment is lower body negative 

pressure (LBNP) [11-13]. The implementation and overall effectiveness of LBNP, and other 

counter-measures, relies upon identifying when the countermeasure becomes necessary and the 

duration or dose of the countermeasure being administered. Through the monitoring of intracranial 

bio-fluid levels over time, the proposed sensing system could be utilized to alert crew members 

when fluid levels increase to a state necessitating administration of the countermeasure. During 

administration of the LBNP countermeasure, real-time monitoring of the fluid levels can be used 

to alert crew members when they have returned to an accepted status. 

Our previous investigations with relevance to crew health during long duration spaceflight 

have focused on the development of a passive, electromagnetic skin patch sensor to measure limb 

hemodynamics, detect changes in fluid volume in a beaker and bovine heart, and detect fluid shifts 

in a complex environment such as the human body [14-18]. Electromagnetic sensors are the focus 

of this study and possess the ability to non-invasively detect fluid shifts in preliminary human tests 
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[17] while being lightweight and can be designed with a wearable form factor similar to an 

adhesive bandage or wearable headband. Electromagnetic sensors detect volumetric changes in 

layered material as shifts in the resonant frequency due to changes in the effective permittivity [19, 

20]. In regards to non-invasive electromagnetic intracranial fluid shift detection, the substrate 

composition of blood, brain tissue, and cerebrospinal fluid in the cranial cavity act as a layered 

substrate material.  When the fluid volume changes in these layers, the effective permittivity of 

the substrate interacting with the electromagnetic field of the resonant sensor produces a change 

in the resonant equivalent inductance and capacitance causing a shift in the resonant frequency 

response. Thus, changes in the substrate, such as an increase or decrease in intracranial bio-fluid 

volume in an aerospace environment, are associated with shifts in the effective electric permittivity 

which is detected using the sensor and quantified through the S11 reflection coefficient. In our 

previous work [14, 16, 17], we further outlined the theory and operating principles. 

The focus of this study was to evaluate changes in the resonant frequency of the skin patch 

sensor as a result of volumetric changes in the cranial cavity during a 15° head down tilt and during 

application of lower body negative pressure (LBNP). We hypothesized that fluid volume changes, 

and subsequent intracranial pressure shifts, inside the human body can be non-invasively detected 

as a shift in the resonant frequency of the open circuit resonant sensor skin patch. The objectives 

of this study were to 1) develop a portable, wearable sensor system capable of obtaining 

measurements that non-invasively detect shifts in intracranial fluid volume, 2) detect changes in 

EM sensor’s resonant frequency over time, corresponding to induced shifts in intracranial bio-fluid 

volume, and 3) estimate changes in intracranial pressure based on the EM sensor’s resonant 

frequency.  
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4.3 Materials and methods 

4.3.1 Ethical Approval and Human Participants 

All participants were informed of the purpose and risks of the procedure and signed an 

informed consent form. The study protocols were approved by the Institutional Review Board 

(IRB) of Wichita State University and conformed to the Declaration of Helsinki. Exclusion criteria 

for this study include: having been diagnosed with a cardiovascular disease or other pathology 

affecting cerebral autoregulation, taking medications that affect cardiovascular function, have 

undergone a revascularization procedure, or have implantable medical devices in their bodies. 

Participants were asked to refrain from alcohol consumption, extreme physical activity, and 

caffeine for at least 12 hours before participation in the study. 

All experiments were conducted at Wichita State University (Wichita, KS, USA). Each 

participant was required to complete a health history questionnaire to determine their eligibility 

for participation. Participants had not been diagnosed with a cardiovascular disease or other 

pathology affecting cerebral autoregulation, were not taking medications, had not undergone a 

revascularization procedure, or did not have implantable medical devices in their bodies. 

Participants were asked to refrain from alcohol consumption, extreme physical activity, and 

caffeine for at least 12 hours before participation in the study. 

Detecting shifts in intracranial pressure in the human body using the developed sensor 

requires the ability to detect fluid volume changes through changes in sensor signal response and 

properly interpret these signals. To assess the sensor’s ability to detect increases in intracranial 

fluid volume in a simulated microgravity environment, a head down tilt test was conducted with 

the sensing system using 8 healthy male volunteers [mean ± SD (range): age 23.875 ±2.95 years 

(21-30); height 179.38 ± 7.30 cm (165-188); weight 86.75±17.22 kg (66-109)].  
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Additionally, administration of lower body negative pressure (LBNP) protocols were 

performed using 4 healthy male volunteers [mean ± SD (range): age 22.8 ± 1.79 years (21-25); 

height 180.85 ± 5.79 cm (173-188); weight 81.65 ± 17.93 kg (66-104)] to simulate a decrease in 

intracranial fluid volume. The purpose of this protocol is to evaluate the sensing technology’s 

potential to be used to detect a decrease in intracranial bio-fluid volume such as the one occurring 

in fighter pilots undergoing high G-forces. 

4.3.2 Sensing System and Data Acquisition 

The electromagnetic resonant sensor patch was designed and built from a single baseline 

component: a trace of copper which was configured into a square planar spiral (Figure 4.1A), as 

described in our previous work [17]. Building off of our previous work, the sensor patch was 

embedded inside a wearable headband to increase ease of adherence to the forehead (Figure 4.1B), 

decrease chances of skin irritation caused by adhesive, and increase repeatability of placement of 

the system during human testing.  

In order to measure shifts in the resonant frequency response of the rectangular sensor 

design, a square loop antenna (3.38 cm x 3.38 cm) surrounding the sensor with a trace width (t5) 

of 1.50 mm was connected to a coaxial cable using a 50 Ohm SMA (SubMiniature version A) 

connector. The square loop antenna produced the radiofrequency (RF) wave that interrogated and 

became electromagnetically coupled with the sensing patch. A vector network analyzer (VNA) 

(SDR-Kits DG8SAQ) was used to produce an RF sweep in the desired frequency range and 

measure the return loss S-parameter, or the S11 reflection coefficient. Prior to data collection, the 

VNA was calibrated using the open short match (OSM) method over the desired frequency 

bandwidth. 
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In regards to safety, the power output from the VNA used for this study was very low               

(< -15 dbm). One way to quantify the safety aspects of electromagnetic resonant sensors is through 

analysis of the specific absorption rate (SAR) averaged over a 1 gram cube of tissue. SAR is an 

important measure used to assess whether an RF wave emitting device is safe for use near or in 

the human body [30]. SAR calculations of the sensor were performed using FEKO modeling 

software based on the method of moments solver method. The human head tissue was modeled as 

a 20 x 20 x 20 cm homogeneous cube, consistent with dielectric properties provided by the IEEE 

for evaluating SAR compliance [21] derived from IEEE standard head phantom [22]. The tissue 

was assumed to have a mass density of 1000 kg/m3, also in accordance with FCC and IEEE 

standards [21, 22]. The electromagnetic patch sensor used in this study was modelled in the virtual 

environment using a triangular mesh as a perfect electric conductor. A triangular mesh was used 

to evaluate the model with the total source power scaled to -15dBm with any attenuation due to 

impedance mismatch between the feed-point and antenna being ignored.   

4.3.3 Experimental Protocol 

4.3.3.1 Validation of Bio-Fluid Shift 

Quantification of the induced bio-fluid shifts using techniques involving MRI and 

intraventricular would be useful for validation of this technique, however, these methods require 

specific surgical expertise and equipment not feasible for this study. Instead, validation of the 

induced bio-fluid shifts, and estimates of intracranial pressure, were performed using optic nerve 

sheath diameter (ONSD) measurements. Axial views of the optic nerve sheath were obtained using 

B-mode ultrasonography (Mindray M7, National Ultrasound, Duluth, GA) and the DICOM file 

was used for analysis. As the pressure and volume in the cranial cavity increases, the increased 

CSF pressure in the subarachnoid space around the brain causes a swelling of the subarachnoid 
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space around the optic nerve leading to an increase in the ONSD. Therefore, there is a direct 

relationship between ONSD and ICP. The ONSD measurements were used to quantify the induced 

change in ICP, using Equation (4) from literature .  

𝑰𝑪𝑷 = −111.92 + (77.36 ∗ 𝑶𝑵𝑺𝑫)        (1) 
 

4.3.3.2 Data Collection and Analysis for Human Testing– Head Down Tilt 

An emergency department and post-anesthesia care unit stretcher (Stryker 1501 PACU 

Stretcher) with tilting capabilities was utilized to induce cephalad bio-fluid shifts. In this stage of 

human testing, all participants (n=10) were placed were positioned on the stretcher and moved 

from supine to 15° head down tilt, for 30 minutes, to induce bio-fluid changes (Figure 4.2A). This 

Figure 4.1. EM skin patch sensor placement A) Adhered to forehead 

(preliminary work) and B) embedded into a wearable headband (this study). Data was 

collected from human participants during induce bio-fluid shift (following IRB 

approved protocol). 
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stage of human studies was aimed at simulating the bio-fluid shift that is experienced by astronauts 

in a microgravity environment. Data collected during this study include the resonant frequency 

response of the EM skin patch sensor (every 2.5 minutes), embedded in the wearable headband, 

and ultrasound images of the optic nerve sheath (every 5 minutes), for validation. An RF sweep of 

10 MHz to 3 GHz was used to find an optimal frequency for obtaining usable sensor signal 

response. The VNA was used to interrogate the square sensor with an RF sweep in the range of 

250 MHz to 320 MHz with a bandwidth of 21 MHz using 201 data points per sweep. The exact 

frequency range used for each individual was variable depending on their physiology and 

magnitude of the induced bio-fluid shift. Resonant frequency data was extracted using MatLab 

2016a. The optic nerve sheath diameter will be used to estimate intracranial pressure to 

demonstrate the correlation between shift in ICP and shift in the EM skin patch’s resonant 

frequency. To monitor participant safety, heart rate and blood pressure were closely monitored 

throughout the study. 

A statistical correlation analysis was performed to determine the relationship between 

resonant frequency and estimated ICP, obtained using ultrasound. Means and standard deviations 

were calculated for the estimated ICP (ultrasound) and the sensor’s resonant frequency at each 

data collection time point. One-way Analysis of Variance (ANOVA) of the resonant frequency 

means (calculated at each time point), followed by a Bonferroni adjusted multiple comparison test, 

were utilized to determine if there is a statistical difference between the sensor’s resonant 

frequency response, corresponding with the shifts in intracranial bio-fluid volume, over time. A 

power analysis was performed to determine the statistical power of the system given α=0.05, 7 

groups, 8 subjects, and an effect size calculated using sum of squares between and sum of squares 

total, from the ANOVA data table. The selected alpha value was obtained to minimize the 
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likelihood of a Type I error. To reduce the effect of Type II errors on this study, a maximum of 

4:1 weighting of errors is desired (α=0.05, β<0.20). 

4.3.3.3 Data Collection and Analysis for Human Testing– Lower Body Negative Pressure 

In the second stage of human testing, a safe decrease in intracranial bio-fluids was induced 

to mimic the physiological response experienced when LBNP countermeasures are administered 

or when astronauts re-enter a gravitational field. This bio-fluid shift was induced using custom-

built lower body negative pressure (LBNP) chamber (designed and built by the authors).  

For the LBNP protocol, 4 participants (n=4) were recruited and positioned so that the LBNP 

chamber was sealed at the participant’s iliac crest using a kayak skirt, embedded into the lid of the 

LBNP chamber (Figure 4.2B). The application of LBNP in supine, utilized in this study, induces 

a shift proportional to the shift in bio-fluids that pilots experience in high G-Force scenarios, or 

what astronauts experience during re-entry into a gravitational field. The LBNP protocol being 

used for this study will start with application of 0 mmHg and decrease to -40 mmHg in steps of 10 

mmHg every 5 minutes; then increase back up to 0 mmHg in steps of 10 mmHg every 5 minutes 

[23]. Data collected at every pressure over time will include heart rate, blood pressure, proposed 

EM skin patch sensing system resonant frequency, and ultrasound images of the optic nerve sheath 

to estimate changes in ICP. 

To evaluate the EM sensing system’s ability to monitor rapid redistribution of fluid away 

from the head during application of LBNP or re-entry into a gravitational field, as a result of 

orthostatic intolerance, the sensor’s resonant frequency was be plotted over time. A statistical 

correlation analysis was performed between resonant frequency and estimated ICP.  Means and 

standard deviations will be calculated for the estimated ICP and the sensor’s resonant frequency 

for each pressure. One-way Analysis of Variance (ANOVA) of the resonant frequency for each of 
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the 9 different pressures, followed by a Bonferroni adjusted multiple comparison, will be utilized 

to determine the sensing system’s ability to detect different intracranial fluid volumes associated 

with increasing magnitude of pressure inside the LBNP chamber. 

4.3.4 Development of Predictive Model to Estimate Change in Intracranial Pressure 

An important step in validating the use of this sensor technology to monitor aerospace crew 

health is the ability to output a value or index from the sensor response that relates to usable 

medical parameters such as intracranial pressure. Non-invasive detection of intracranial volumetric 

changes and estimation of changes in intracranial pressure is an integral step toward guiding the 

Figure 4.2. EM skin patch sensor embedded in wearable headband to detect 

induced bio-fluid shift in A) 15° head down tilt and B) during administration of lower 

body negative pressure (LBNP). 
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administration of countermeasures in astronauts and fighter pilots. Estimation of changes in ICP 

from sensor output relies upon statistical correlation between the change in sensor output and 

changes in ICP. The primary component of the sensor’s output being analyzed in this study is the 

resonant frequency, however, use of other parameters including phase, impedance, capacitance, 

and inductance were also investigated. A simple linear regression model was developed using the 

data obtained from healthy volunteers in the aforementioned human studies to predict the 

approximate change in ICP, from baseline, based upon the shift in resonant frequency, from 

baseline. The constructed model utilized the change in resonant frequency, over time, as the 

predictor variable and the change in ICP values, estimated using ONSD over time, as the response 

variable.  

Simple linear regression assumes a linear relationship between the predictor and response 

variables of the form of Equation 4.2 where y is the predicted response, β0 and β1 are the optimal 

coefficients that minimize the sum of squares, and x is the predictor variable [24]. 

𝑦 = 𝛽0 +  𝛽1𝑥         (4.2) 

Analysis of the model was performed using 1) an F-Test to determine the significance of 

regression, 2) the root mean square error (RMSE) to determine the error in the between the 

response variable and predicted response, and 3) the coefficient of determination to evaluate the 

percent of variability of the change in ICP explained by the shift in resonant frequency. 

4.4 Results 

4.4.1 Electromagnetic Resonant Sensing System 

The EM skin patch sensor embedded within the wearable headband was activated by 

gathering energy from the impinging RF wave. When the incident RF wave impinged upon the 

sensor, a current was induced in the spiral trace, producing electric and magnetic fields around the 



 

 

85 

 

sensor which penetrated into the substrate, namely the skull. At specific frequencies, the sensor 

resonated producing principal resonant frequencies and subsequent harmonic resonant 

frequencies, which were utilized to track changes in intracranial bio-fluid volume. The specific 

absorption rate for the system was calculated, using FEKO, as less than 0.16 W/kg averaged over 

a 1 gram cube. This is over an order of magnitude below the allowable limit set forth by the FCC 

[25]. 

4.4.2 Validation of Bio-fluid Shift 

During induced bio-fluid shifts, the shift in intracranial bio-fluid volume is accompanied 

by dilation, or constriction, of the optic nerve sheath, depending upon if the overall volume is 

increasing or decreasing. The amount of cerebrospinal fluid in the subarachnoid space surrounding 

the optic nerve sheath increases as the total intracranial bio-fluid volume increases. The average 

diameter increase of the optic nerve sheath, during head down tilt, was approximately 1.32±0.23 

mm. Using the diameter of the optic nerve, ICP estimates were obtained with an average change 

in ICP of approximately 9.53±1.32 mmHg. Conversely, to validate the induced bio-fluid shift 

using the described LBNP protocol, the average ONSD decrease was approximately 1.025±0.4 

mm. Using ONSD, the average change in ICP was calculated as approximately -5.83±2.76 mmHg. 

4.4.3 Monitoring Induced Bio-fluid Shifts in Human Participants 

4.4.3.1 Head Down Tilt 

Over time, the increase in intracranial bio-fluid volume induced using a 15 degree head 

down tilt over 30 minutes, corresponded with a negative shift of the resonant frequency in all 

participants. Figure 4.3 represents the shifts in resonant frequency over time. The average shift in 

resonant frequency from supine (time = 0 minutes) to the end of the 30 minute head down tilt (time 

= 30 minutes) was approximately -11.74±2.40 MHz.  
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Statistical correlation analysis between the EM skin patch sensor’s resonant frequency and 

shift in ICP over time yielded R2=0.89. The linear relationship between these two parameters 

allows for the utilization of a simple linear regression model. Analysis of the statistical difference 

of sensor readings at different time points during the head-down tilt was performed. For the 7 

different time points, the mean and standard deviations, for the 8 participants, of the resonant 

frequency, in MHz, were 0±0 (0 minutes), -4.56±1.67 (5 minutes), -7.01±2.38 (10 minutes),              

-9.07±3.08 (15 minutes), -10.95±3.99 (20 minutes), -12.23±5.27 (25 minutes), and -13.76±6.49 

(30 minutes).  

An ANOVA was conducted, followed by a Bonferroni adjusted multiple comparison test 

which indicated that the mean shift in resonant frequency in supine was significantly different than 

all other time points during head down tilt (Figure 4.3). Using the sum of squares between and 

sum of squares total, effect size (η2) was determined to be 0.79. A retrospective power analysis 

was performed to determine the statistical power of the study ((α=0.05, 7 groups, 8 subjects, 

η2=0.79). The statistical power for this study was calculated as being greater than 0.99 (β<0.01).  

4.4.3.2 Lower Body Negative Pressure 

As the magnitude of LBNP increased over time, the decrease in intracranial bio-fluid 

volume, corresponded with a positive shift of the resonant frequency in all participants. Figure 4.3 

represents the shifts in resonant frequency as the magnitude of the pressure increased. The average 

shift in resonant frequency from baseline (0 mmHg) to the peak pressure (-40 mmHg) was 

approximately 8.80±5.2097 MHz.  

Statistical correlation analysis between the EM skin patch sensor’s resonant frequency and 

shift in ICP as LBNP magnitude increased yielded R2= 0.67. The linear relationship between these 

two parameters allows for the utilization of a simple linear regression model. Analysis of the 
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statistical difference of sensor readings at different pressures during administration of LBNP was 

performed. For the 6 time points at 5 different pressures, the mean and standard deviations, for the 

4 participants, of the resonant frequency, in MHz, were 0±0 (0 mmHg at 0 minutes), -0.51±.88 (0 

mmHg at 5 minutes), 0.78±1.76 (-10 mmHg at 10 minutes), 3.50±1.85 (-20 mmHg at 15 minutes), 

5.53±3.66 (-30 mmHg at 20 minutes), and 8.80±5.2097 (-40 mmHg at 25 minutes).  

An ANOVA was conducted, followed by a Bonferroni adjusted multiple comparison test 

which indicated that the mean shift in frequency at 0 mmHg was significantly different than the 

mean shift at -30 mmHg and -40 mmHg (Figure 4.3). Using the sum of squares between and sum 

of squares total, effect size (η2) was determined to be 0.65.   

4.4.4 Predictive Model to Estimate Change in Intracranial Pressure 

The datasets for the head down tilt and LBNP studies were combined, using the resonant 

frequency as the predictor variable and ICP values, calculated using ultrasound, as the response 

Figure 4.3. Shifts in EM skin patch sensor’s resonant frequency corresponding with induced bio-

fluid shifts. Multiple comparison test to identify statistical significance between means at different C) 

time points during head down tilt and D) different pressures during lower body negative pressure 

protocol.  
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variable. Using the shifts in resonant frequency corresponding with induced bio-fluid shifts 

(correlated with shifts in ICP), a predictive simple linear regression model was built [Equation 3]. 

𝑦 =  −0.7199𝑥 + 0.8899         (3) 

Using the R output summary of the linear model, analysis of the performance and adequacy of the 

model were performed. The developed model (R2 = 0.97) explains 97% of the variance in ICP 

during induced bio-fluid shifts using the shift in resonant frequency (Figure 4.4). A global F-test 

was performed to determine the significance of regression yielding an F-statistic of 352.5 on 1 and 

10 degrees of freedom, p-value of 3.98e-09. The p-value less than 0.05 indicates adequacy of the 

created model. To analyze accuracy of the estimations, root-mean-square-error (RMSE) 

calculations were performed with RMSE= 1.24. 

 4.5 Discussion 

In this study, we have demonstrated the ability of an EM skin patch sensor embedded in a 

wearable headband to detect induced shifts in intracranial bio-fluid volume. Electromagnetic 

Figure 4.4. Simple linear regression model relating shifts in EM skin patch sensor’s 

resonant frequency (predictor) with intracranial pressure (response). RMSE = 1.24 mmHg.  
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waves permeate through structures, such as bone, more effectively than their mechanical 

counterparts, providing a larger range of clinical applications. Additionally, the SAR values 

obtained in this study (less than 0.16 W/kg averaged over a 1 gram cube) is more than an order of 

magnitude below the maximum allowed SAR (1.6 W/kg over a 1 gram cube).  

The ability of the sensor to detect both increases and decreases in intracranial bio-fluid 

volume, and its correlation with shifts in ICP, is a towards non-invasive monitoring of shifts 

intracranial pressure in an aerospace environment. The proposed sensing system presents the 

possibility directly tracking volumetric increases and decreases inside the cranial cavities of 

astronauts and pilots instead of relying upon secondary physiological indicators. Additionally this 

system addresses three major limitations regarding intracranial pressure/volume monitoring: 

invasiveness, penetration depth, and the need for specialized medical imaging equipment. Through 

the simplicity of the application and operation of our EM skin patch sensor, several risks and 

limitations associated with current methods for measuring intracranial volume/pressure could be 

significantly reduced while opening up new possibilities for clinical and aerospace medicine 

applications. 

The results of this study indicate that shifts in resonant frequency can be leveraged to 

predict shifts in intracranial pressure over time. This pressure monitoring capability may be 

utilized to guide administration of the Valsalva maneuver or anti-G suit in fighter pilots or LBNP 

and other countermeasures in astronauts in a microgravity environment. 

4.5.1 Potential Applications 

This sensor technology may be harnessed as a point-of-care biomedical diagnostic to track 

the progression of bio-fluid volume irregularities in the cranial cavity in the aerospace 

environment. A long term goal of this research is to develop a wearable body sensor network to 
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monitor intracranial bio-fluid shifts, associated with an aerospace environment, and provide easy-

to-interpret medical updates in the form of alert systems and countermeasure recommendations.  

In regards to bio-fluid shifts in fighter pilots, a primary concern is G-Forced induced loss 

of consciousness (G-LOC). Exposure to high G-force accelerations can result in alterations in 

blood pressure and redistribution of blood throughout the body . The redistribution of blood 

volume towards the lower extremities, as a result of the increased hydrostatic pressure gradient, is 

associated with nausea, vomiting, visual disturbances, and headaches as pilots approach 

intracranial hypotension. Anti-G suits and the Valsalva maneuver are in place to maintain 

sufficient cerebral blood volume and avoid loss of consciousness. Real time monitoring of 

intracranial fluid volume would provide more information to guide and optimize administration of 

these countermeasures through personalized recommendations One approach to avoid loss of 

consciousness is subjecting pilots to high G-forces during training, in a centrifuge, and determining 

their tolerance. Then as the G-Forces increase, as monitored inside the aircraft, countermeasures 

are put in place to avoid reaching their max tolerance. 

Orthostatic intolerance is a serious concern regarding fighter pilots in a high G-force 

environment and astronaut safety during long-duration spaceflight missions and is a direct effect 

of cardiovascular deconditioning [26]. During orthostatic intolerance, the cardiovascular system is 

no longer able to properly autoregulate and significant bio-fluid shifts can occur as their exposure 

to G-Forces suddenly increase, such as during complex aerial maneuvers or re-entry into a 

planetary gravitational field. This can result in the rapid shift and pooling of fluid in the lower 

extremities, away from the brain, which involves the risk of the individual losing consciousness 

[26]. Current physiological monitoring to track the risk of G-force induced loss of consciousness 

relies upon heart rate monitoring, electroencephalography, or electromyography of the 
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gastrocnemius muscles [27-29].  These techniques measure a secondary physiological change 

instead of directly obtaining information regarding the shift in cerebral blood volume, which is the 

primary mechanism believed to cause g-force induced loss of consciousness. The limitation of 

these methods is that other physiological adaptations can lead to alteration in gastrocnemius 

muscle activation or heart rate, that may not always be indicative of fluid shift and impending loss 

of consciousness. Thus, highlighting a need for a non-invasive monitoring tool to track pilot health 

and guide countermeasures, relevant to cerebral blood volume, aimed at preventing loss of 

consciousness. The proposed EM skin patch sensing system aims at addressing these limitations 

to track decreases in cerebral blood volume instead of relying upon secondary physiological 

indicators.  

Systems integration of the designed EM skin patch sensor with our other work to develop 

a portable data acquisition system [30], and predictive algorithms aim at providing a viable 

alternative to the monitoring and medical assessment of bio-fluid shifts induced in a microgravity 

environment. Based on the estimated increases in intracranial fluid volume, or ICP, 

countermeasures can be recommended. During administration of the countermeasure, continuous 

monitoring of the intracranial bio-fluids could provide important, individualized details regarding 

appropriate duration for each countermeasure. 

The primary limitation of human tests in this study is the number of participants in both 

the first stage and the second stage. Due to the small sample size, the analysis of the sensor’s ability 

to detect changes in bio-fluid volume is still preliminary. Despite the preliminary nature of this 

work, data collected throughout this study has indicated that the proposed sensor technology is 

able to detect induced volumetric increases in intracranial fluid volume. This detection capability 

is supported by the shift in the sensor’s resonant frequency corresponding to increases in 
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intracranial fluid volume. An additional limitation is the inability to quantify the exact volume or 

pressure increase in the cranial cavity – which requires invasive monitoring or highly specialized 

medical imaging systems such as MRI. However, the use of ultrasound to track the change in 

ONSD and calculate changes in ICP provides evidence supporting the assumed increase in 

intracranial fluid volume. Future studies will look to improve validation of the sensor’s 

performance through the use of phase contrast magnetic resonance imaging to quantify changes in 

CSF and cerebral blood volume. 

Conclusion 

The EM skin patch embedded into a wearable headband and examined in this study was 

able to detect induced intracranial bio-fluid volume changes simulating those seen in an aerospace 

environment. This detection capability relies upon the sensor’s ability to detect alterations in the 

effective electric permittivity of a layered system. The results demonstrate an ability for the sensor 

to detect an increase in intracranial fluid, and to estimate the shift in intracranial pressure. This is 

an integral step towards creating an approach to non-invasively monitor shifts in intracranial 

pressure. This work combined with the optimization of the wearable form factor and incorporation 

of a portable data acquisition system may, long term, lead to the development of a wearable body 

sensor network to monitor intracranial bio-fluid shifts and provide easy-to-interpret medical 

updates in the form of alert systems and countermeasure recommendations for pilots and astronauts 

in an aerospace environment. 
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CHAPTER 5 

 

CONCLUSION 

 

 

5.1 Summary 

Intracranial pressure is a valuable indicator of cerebrovascular health and overall 

neurophysiological function. However, the ability to obtain information regarding intracranial 

pressure is significantly impeded by the invasiveness of the gold standard. The invasiveness 

involved with placing an intraventricular catheter makes invasive ICP monitoring unappealing in 

healthy individuals or in patients where an invasive procedure is contraindicated. Non-invasive 

ICP monitoring modalities have emerged, including tympanic membrane displacement, optic 

nerve sheath diameter and pulse lock loop. Limitations of these system, in regards to wearable, 

point-of care application, include difficulty of operation and necessity of training, large form 

factor, and inability to passively collect data while an individual is actively performing other tasks. 

These limitations hamper the ability of these modalities to be utilized by individuals, such as 

astronauts, fighter pilots, and other military personnel, in field situations. The currently emerging 

field of microwave sensing and imaging provides a unique opportunity to address the limitations 

of current methods. Current work in this area has focused on stroke triage through assessment of 

the dielectric properties in the cranial cavity and 2-D image reconstructions. However, this work 

does not leverage the information obtained to estimate changes in ICP. 

In this thesis, we have developed and evaluated a wearable, electromagnetic (EM) skin patch 

sensor to non-invasively detect shifts in fluid volume in a benchtop edema model and during 

induced intracranial bio-fluid volume shifts in human participants. Methods for inducing bio-fluid 

shifts include a 15 degree head down tilt (simulated microgravity) and application of lower body 
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negative pressure (representative of countermeasure for astronauts and hyper-gravity experienced 

by fighter pilots).  Additionally, a predictive model is constructed to estimate changes in an easy-

to-interpret medical parameter, intracranial pressure, corresponding with the sensor’s signal 

response during induced bio-fluid shifts, over time. The leveraging of the change in dielectric 

properties during induced bio-fluid shift to provide information regarding intracranial pressure 

addresses a current gap in the literature regarding state of the art microwave brain sensing and 

imaging. 

5.2 Recommendations for Future Research 

This study establishes a foundation for future work to identify novel applications for the 

monitoring of shifts in intracranial pressure through the use of a wearable, electromagnetic skin 

patch sensing system.  The long-term goal of this research is to harness changes in dielectric 

properties, corresponding with intracranial bio-fluid shifts, to monitor cerebrovascular function, 

screen for stroke or intracranial bleeding, monitor individuals with hydrocephalus, and assess 

severity of injury following brain trauma. In addition to clinical applications, this thesis also 

establishes the foundation for future work to track bio-fluid shifts in military personnel (monitor 

for traumatic brain injury), fighter pilots (G-LOC warning system), and astronauts in a 

microgravity environment (monitor cephalad bio-fluid shift and guide countermeasures).  

Long term, in order to realize these visions, future development of the project and 

technology are necessary. This study aims at obtaining information regarding the shifts in local 

bio-fluid volume through shifts in resonant frequency. Thereby, requiring a baseline value. 

However, many clinical scenarios do not have the luxury of a baseline. To address this, future 

work should include extraction of alternate parameters to estimate an absolute ICP value. This 

would diversify the possible applications and increase overall utility. Additionally, the inclusion 
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of one sensor, on the forehead, limits the amount of information that can be obtained from the 

entire cranial cavity. By including multiple locations, in future work, localized volume information 

from various regions of the cranial cavity can be obtained. This will boost the capabilities for 

regional blood flow monitoring and detection of stroke, hemorrhage, and hematomas. Pilot studies 

regarding detection of cerebral arterial flow using the EM skin patch sensor should be expanded. 

Pending obtainment of the pulse waveforms, parameters such as cerebral compliance and arterial 

stiffness should be derived from the data. These steps move the project away from purely sensing 

and towards a hybrid sensing, imaging platform. By gaining an understanding of regional cerebral 

blood volume, cerebral blood flow, and cerebrovascular compliance, combined with the capability 

of visualizing aggregates of blood or cerebrospinal fluid, the idea of a functional imaging system, 

capable of estimating intracranial pressure, becomes more realistic. 

In the short term, increased data collection will further assess the applicability of the 

described sensing system, while helping identify areas for improvement. Chapter 4 of this thesis 

outlined data collection on 8 individuals undergoing simulated microgravity and 4 individuals 

undergoing the LBNP countermeasure. To obtain significant statistical power for the regression 

model to estimate shifts in ICP given shifts in resonant frequency, given β=0.10, α=0.05, 1 

predictor, η2=0.35, a sample size of is 32 is desired. Recruitment of subjects for this next study is 

currently on-going. The validation of this predictive algorithm would open up potential avenues 

for further validation of the algorithm compared to invasive ICP monitoring in individuals having 

suffered stroke or traumatic brain injury. Additional options for validation include studies designed 

to compare the predicted shift in ICP, using the EM skin patch sensor signal response, with the 

estimated ICP obtained using Magnetic Resonance Imaging. As the ICP detection capabilities 

evolve and become more validated, the proliferation of applications being investigated is to be 
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anticipated. Consequently, studies involving long duration bed rest, to better simulate 

microgravity, or short arm centrifuges, to simulate the hyper-gravity scenarios faced by fighter 

pilots, should be considered. Overall, future work should continue to strive toward the goal of 

altering the paradigm of modern intracranial pressure monitoring. 


