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Abstract

ABSTRACT
Stroke is among the leading causes of death worldwide and requires
immediate care to prevent death or permanent disability. Unfortunately,
the current state of stroke diagnosis is limited to fixed neuroimaging
facilities that do not allow rapid stroke diagnosis. Hence, a portable strokediagnosis device could assist in the pre-hospital triage of patients.
Moreover, such a portable device could also be useful for bedside stroke
monitoring of patients in the Neuro Intensive Care Unit (Neuro-ICU) to
avoid unnecessary neuroimaging. Recent animal studies and numerical
simulations have supported the idea of implementing Electrical
Bioimpedance (EBI) in a portable device, allowing non-invasive
assessment as a useful tool for the pre-hospital triage of stroke and
Traumatic Brain Injury (TBI) patients. Unfortunately, these studies have
not reported any results from human subjects in the acute phase of the
stroke. The numerical simulations are also based on simple models that
sometimes lack necessary details.
Finite Element Method (FEM) simulations on a realistic numerical
head model as well as experimental Bioimpedance Spectroscopy (BIS)
measurements from human subjects in the acute, subacute and chronic
phases of stroke were used to answer the following research questions: (i)
Does stroke modify the electrical properties of brain tissue in a way that is
detectable via EBI? (ii) Would it be possible to detect stroke via EBI as
early as in the acute and sub-acute phase? (iii) Is EBI sensitive enough to
monitor changes caused by stroke pathogenesis?
Using FEM to simulate electrical current injection on the head and
study the resulting distribution of electrical potential on the scalp, it was
shown that Intra-Cranial Hemorrhage (ICH) affects the quasi-symmetric
scalp potential distribution, creating larger left-right potential asymmetry
when compared to the healthy head model. Proof-of-concept FEM
simulations were also tested in a small cohort of 6 ICH patients and 10
healthy controls, showing that the left-right potential difference in the
patients is significantly (p<0.05) larger than in the controls. Using
bioimpedance measurements in the acute, subacute and chronic phases of
stroke and examining simple features, it was also shown that the head EBI
measurements of patients suffering stroke are different from controls,
enabling the discrimination of healthy controls and stroke patients at any
stage of the stroke. The absolute change in test-retest resistance
measurements of the control group (~5.33%) was also found to be
significantly (p<0.05) smaller than the EBI measurements of patients
obtained 24 hours and 72 hours after stroke onset (20.44%). These results
suggested that scalp EBI is sensitive to stroke pathogenesis changes and
thus useful for bedside monitoring in the Neuro-ICU. These results
suggested that EBI is a potentially useful tool for stroke diagnosis and
monitoring.
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Abstract
Finally, the initial observations based on a small number of patients,
addressing the proposed future work of this thesis, suggested that the
average head resistance amplitude of hemorrhagic stroke patients is smaller
than in healthy controls, while ischemic stroke patients show a larger
resistance amplitude than the controls. Scalp potential asymmetry analysis
of healthy, hemorrhagic and ischemic stroke subjects also suggests that
these three groups can be separated. However, these results are based on a
small number of patients and need to be validated using a larger cohort.
Initial observations also showed that the resistance of the EBI
measurements of controls is robust between test and retest measurements,
showing no significant difference (less than 2% and p>0.05). Subject
position during EBI recording (supine or sitting) did not seem to affect the
resistance of the EBI measurements (p>0.05). However, age, sex and head
size showed significant effects on the resistance measurements. These
initial observations are encouraging for further research on EBI for
cerebral monitoring and stroke diagnosis. However, at this stage,
considering the uncertainties in stroke type differentiation, EBI cannot
replace CT but has the potential to be used as a consultation tool.
Keywords: Electrical Biompedance Spectroscopy, Stroke, Hemorrhage,
Ischemia, FEM, HFSS, Electrical Potentials
.
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Thesis Introduction

THESIS INTRODUCTION

Research Project Background
Stroke is the third leading cause of death worldwide. Individuals
surviving stroke will suffer long-term disabilities, which also constitutes a
huge financial burden for society. Stroke, i.e., a disruption in cerebral blood
circulation, is categorized into two types: ischemic and hemorrhagic stroke.
Ischemic stroke occurs due to an occlusion in one of the vessels supplying
blood to the brain, while hemorrhagic stroke or Intracranial Hemorrhage
(ICH) occurs due to bleeding within the cranial cavity. Both types of
stroke require immediate diagnosis and treatment to reduce the risk of
death or long-term disabilities. Unfortunately, the current state of stroke
diagnosis is limited to bulky hospital-based machines, Magnetic Resonance
Imaging (MRI) and Computed Tomography (CT), that are not available in
remote areas and not suitable for the bedside monitoring of patients.

Research Hypothesis & Method
Electrical Bioimpedance (EBI) measures tissue electrical properties
non-invasively. Pathology changes tissue shape and constituents, which
will also modify its electrical properties. Hence, it is expected that
pathology will change tissue impedance. Stroke, due to affecting cerebral
circulation, is also expected to affect the electrical properties of the brain
tissue, and such changes can be detected based on non-invasive EBI
measurements from the scalp. In this regard, numerical simulations and
experimental bioimpedance measurements from healthy subjects and
patients suffering stroke are used to test this hypothesis, see Figure I.
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Figure I Research cycle followed in this thesis work, starting from the theory

Clinical Impact
Because of its low costs of production, non-invasiveness and
portability, bioimpedance technology is suitable for developing a stroke
detection and monitoring device that can assist in pre-hospital triage as
well as the bedside monitoring of patients. Given the similarities between
hemorrhagic stroke and traumatic brain injury (TBI), such a bioimpedancebased device can also be useful for the pre-hospital triage of TBI patients
in sporting events, far forward military environments and rural areas.

Research Questions
The ultimate goal of this thesis work is to provide a proof of concept
that stroke affects the electrical properties of the brain and that such
changes can be detected via EBI. In this regard, the following research
questions are to be answered:
RQ1. Does stroke modify the electrical properties of brain tissue
in a way that is detectable via EBI?
RQ2. Would it be possible to detect stroke with EBI as early as in
the acute and sub-acute phases?
RQ3. Is EBI sensitive enough to monitor the changes caused by
stroke pathogenesis?
Two important and relevant research questions that did not fit within
the timeframe and available resources for this thesis work are as follows:
RQ4. Is it possible to differentiate major types of stroke, i.e.,
ischemic and hemorrhagic, with EBI?

2
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RQ5. What is the role of non-pathological confounders such as
age, sex, patient position and head size in bioimpedance
measurements?
These research questions are considered to be the immediate future
work following this thesis. Preliminary results addressing these questions
are presented in the future work section of the thesis.

Thesis Contents and Outline
This thesis is organized into two parts. The first part consists of six
chapters. The first chapter gives an introduction to brain anatomy and
stroke and highlights stroke characteristics and it influence on different
anatomical structures in the head. Chapter two presents a brief
introduction to the electrical properties of tissue and how these electrical
properties can be used to measure Electrical Bioimpedance (EBI). This
chapter ends with a brief description of different EBI measurement
configurations. Chapter three explains the clinical need for portable stroke
monitoring and detection technologies. This chapter continues by
describing the clinical motivation for using EBI for this purpose,
explaining how stroke will affect the electrical properties of brain tissue
and, in particular, EBI measurements recorded from the scalp. Chapter
four explains the numerical Finite Element Method (FEM) simulations on
a realistic numerical head model for EBI analysis. Chapter five briefly
presents the results of this thesis work, answering the research questions
formulated in this thesis. Finally, part I ends with the conclusion and a
discussion of the results, as well as the future work planned in connection
to this thesis.
In the second part of the thesis, five published conference and journal
papers based on the results of this thesis work are presented. All
publications have been published or submitted to peer reviewed
conferences or journals. For each publication, a brief introduction to the
paper is given.

Summary of Publications
The following five papers are included in part II of this thesis:
Paper A.
Electrical Bioimpedance Cerebral Monitoring
Results from Measurements of Stroke patients

Preliminary

Engineering in Medicine and Biology Society (EMBC), 2012 Annual International Conference of
the IEEE, San Diego, USA

In this paper, EBI measurements from six healthy subjects and
three chronic unilateral stroke cases are used in a small case-control
study. This paper aims to compare non-invasive EBI measurements
of the patients and controls to determine whether there is any
difference between the EBI measurements of the cases and controls
that might be caused by stroke lesions. EBI measurements were

-3-
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recorded at four locations (two central and two lateral) on the scalp
in the frequency range of 3.096-1000 kHz at 256 logarithmically
spaced points. Spectral EBI measurements were then fit into the
Cole empirical model, and the Cole parameters R 0 and R∞, i.e.,
resistance at low and high frequencies, respectively, were used as simple
features to show the differences between a stroke-damaged brain
and a healthy brain. In the healthy group, the central measurements
showed higher resistance, i.e., real part of impedance, amplitude than
the lateral measurements in the entire frequency range, while no
such behavior was observed in the two patients at low frequencies,
i.e., R0, and in all three patients at high frequencies, R∞. The reason
for this change in the spectral resistance behavior of patients was
linked to stroke scars in the chronic phase that were turned into
cavities filled with Cerebrospinal Fluid (CSF), which is more
conductive than normal brain tissue. Moreover, this small casecontrol study also shows the utility of electrical Bioimpedance
Spectroscopy (BIS), showing that detection sensitivity increases at
higher ranges of the frequency band, where anatomical structures in
the head tend to be more conductive, allowing more of the injected
current to reach the deep structures in the head.

Paper B
Stroke Damage Detection using Classification Trees on
Electrical Bioimpedance Cerebral Spectroscopy Measurements
Sensors, 2013, Volume 13, issue 8

In paper B, spectral observations from paper A were used to define
three features based on the Cole parameters and the expected
symmetry of the two hemispheres. These features were obtained
from the low, mid and high frequencies of BIS measurements.
These features were then fed into a classification tree with three
nodes. A threshold was set for each node, and, in the last node, full
classification of healthy and stroke-damaged tissue was achieved.
Classification tree performance was measured using the leave-one
out-method suitable for small data sets, and the final classification
error was 0.

Paper C
Electric Bioimpedance Spectroscopy on Acute Unilateral Stroke
Patients. Initial Observations Regarding Differences Between
Sides
BioMed Research International, 2015

In this paper, to assess the utility of bioimpedance technology for
stroke diagnosis in the acute phase, BIS measurements were
collected from three healthy controls and 10 patients suffering from
acute stroke, i.e., less than 24 hours from stroke onset. Two BIS
measurements were obtained from each hemisphere in the
frequency range 3.096-1000 kHz. Hemispheric recordings were
mutually paired relative to the mid-sagittal plane of the head.
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Accurate pairing of the hemispheric measurements was obtained
using 10-20 international EEG landmarks to determine the current
injection and potential measurement electrode positions for each
recording. The obtained BIS measurements were then analyzed to
show that unilateral stroke produces spectral asymmetries in paired
BIS measurements that are larger than the anatomical asymmetries
seen in the healthy group. The results of paper C showed that
superficial lesions present clear differences in the magnitude of the
impedance spectrum that are straightforwardly observable when
making side-to-side ratio comparisons. However, BIS measurements
in patients with deep lesions only showed differences related to the
frequency content of the measurement and not the magnitude. The
difference between means in fc values between healthy brains and
brains with deep stroke lesions is statistically significant ( p= 0.034).

Paper D
Intracranial haemorrhage alters scalp potential distributions in
bioimpedance cerebral monitoring applications: preliminary
results from FEM simulation on a realistic head model and
human subjects
Medical Physics, submitted 2015

In this paper, the influence of Intracranial Haemorrhage (ICH) on
quasi-symmetric scalp potential distribution was studied using
realistic numerical simulations as well as the experimental potential
measurements obtained from 10 healthy subjects and 6 patients
suffering from acute/sub-acute ICH.
The 3D-anatomically
accurate FEM simulations showed that the normalized scalp
potential difference between damaged and healthy brain models
is zero everywhere on the head surface except in the vicinity of
the lesion. The experimental results also confirmed that the leftright scalp potential difference in patients with ICH is
significantly larger than in healthy subjects at the 5% significance
level. (p<0.05). The results of this study confirmed that ICH
affects the electrical properties of the head.
Paper E
Stroke Pathogenesis Alters Dielectric Properties of Brain Tissue
Supporting Electrical Bioimpedance Technology as a tool for
Cerebral Monitoring
Journal of Clinical Investigation, submitted 2015

In paper E, the influence of stroke pathogenesis on BIS measurements
of the head was studied. In this regard, BIS measurements one day and
three days after stroke onset were compared to similar recordings
obtained from healthy controls. The absolute change in the resistance of
BIS measurements one day and three days after stroke onset was
significantly (p< 0.05) larger than the test-retest differences in the
control group. These pilot results showed that stroke pathogenesis
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affects the BIS measurements of the head, confirming the potential
utility of bioimpedance technology for stroke detection and monitoring.

6

PART I

-7-

8

Chapter 1. Introduction to Stroke

C HAPTER 1

I NTRODUCTION TO
S TROKE

1.1 Introduction to Head & Brain Anatomy
The brain, the main organ in the central nervous system, is located
within the cranial cavity and embraced by the skull, which acts as a
protective shell. Three layers, the pia, arachnoid and dura mater, envelop
the brain. The dura is a thick layer and the closest to the skull, the middle
layer is the arachnoid, and the pia mater is the innermost meninges. The
area between the arachnoid and pia mater is the subarachnoid space. See
Figure 1-1.

Figure 1-1 Meninges layers enveloping the brain (public domain, NIH/Wikimedia Commons)
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Figure 1-2 Brain lobes (work of Cancer Research UK/Wikimedia Common)

The brain weighs on average 1.3 - 1.2 kg, which is almost 2% of the
total body weight (Hartmann et al. 1994, Raichle et al. 2002). The brain is
divided into the cerebrum, cerebellum and brainstem. The cerebrum is
divided into two hemispheres (left and right) and four lobes, frontal,
temporal, parietal and occipital. See Figure 1-2. The unmyelinated part of
the cerebrum is the gray matter, and the myelinated part mostly composed
of axons is the white matter. The cerebellum is located at the bottom of
the brain and attached to the brainstem, which continues with the spinal
cord. There is a cavity in each hemisphere of the cerebrum called a
ventricle. Each ventricle is filled with clear cerebrospinal fluid (csf), which
travels through narrow openings to the subarachnoid space and bathes the
brain surface and spinal cord, as shown in Figure 1-3 (Horesh 2006).

1.2 Stroke
Stroke, also known as cerebrovascular accident (CVA), cerebrovascular
insult (CVI) or brain attack, occurs due to a sudden disruption in cerebral
circulation. The disturbance in cerebral circulation occurs due to either
reduced blood supply to the brain, known as ischemic stroke, or expansion
of blood in the cranial area, due to the bursting of a weakened blood
vessel, known as hemorrhagic stroke or intracranial hemorrhage (ICH)
(Frizzell 2005).

Figure 1- 3 Cerebrospinal fluid (CSF) circulation in the ventricles and subarachnoid space
and around the spinal cord (work of OpenStax College, Anatomy & Physiology,
Connexions)/Wikimedia Commons.
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Cellular infarction/ischemia and ICH will result in a lack of oxygen
and nutrient supply to the brain and damage the brain. Stroke is a lifethreatening condition that requires prompt diagnosis and treatment.
Delayed treatment can lead to death or permanent disability (Mueller et al.
1988, Grossman et al. 1997, Jauch et al. 2013)

1.3 Stroke Epidemiology
In 2008, stroke was ranked as the third leading cause of death
worldwide (Donnan et al. 2008). In 2010, 16.9 million people experienced
their first stroke, and 5.9 people died of stroke (Feigin et al. 2014). In
2012, the stroke-related death rate increased to 6.7 million, ranking stroke
as the second leading cause of death worldwide (WHO 2014). However,
since the 1970s, there has been a shift in stroke incidence among highincome countries and lower- and middle-income countries. In 1970s, the
stroke incident rate of higher-income countries was reported to be almost
triple the rate in lower-income countries, while from 1997 to 2008, there
was a decline in the annual stroke incidence of high-income countries,
while the annual stroke incidence in low- and middle-income countries
increased (Feigin et al. 2009), as shown in Figure 1-4. For instance, in the
Unites States, approximately 795 000 people experience a stroke each year.
Almost 610 000 of these stroke cases are new, while 185 000 are recurrent
cases. On average, in the United States, one person experiences a stroke
every 40 seconds, and someone dies of stroke every four minutes.
However, the number of actual deaths caused by stroke in the United
States has declined by 21.2% from 2001 to 2011. This decline is to some
extent due to cardiovascular risk factor control interventions, such as
hypertension control efforts (Mozaffarian et al. 2015).

Figure 1-4 Global stroke mortality rate (adjusted for age and sex). Reprinted from (Johnston
et al. 2009) with permission from Elsevier.
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1.4

Financial Burden of Stroke

Those Individuals who survive stroke will suffer post-stroke disabilities
and complications that will leave a huge cost burden for society. This
figure has been reported 65.5$ billion as of 2008 for only the United States
alone (Rosamond et al. 2008). In Sweden, in 2004, with an incidence of 213
first-ever strokes per 100,000 individuals, the direct and indirect costs of
stroke have been estimated to be SEK 12.3 billion (approximately US$1.3
billion) (Ghatnekar et al. 2004).

1.5 Stroke Types and Diagnosis
Stroke is divided into two groups, ischemic and hemorrhagic stroke.
The majority of stroke incidents (87%) are ischemic stroke, and the
remaining cases (13%) are hemorrhagic stroke (Mozaffarian et al. 2015).
Magnetic Resonance Imaging (MRI) and Computed Tomography (CT) are
the mainstay of stroke diagnosis. CT, with almost 100% sensitivity, is the
modality of choice for hemorrhagic stroke diagnosis (Shackford et al. 1992,
Birenbaum et al. 2011). In the emergency room, CT is used to rule out
hemorrhagic stroke. Ischemia and infarcts, however, may not be evident
by CT (Frizzell 2005). MRI can be useful for ischemic stroke detection.
Recent advances in MRI, such as diffusion-weighted imaging (DWI), have
made it possible to gain addition information regarding ischemic stroke,
such as the extent of the ischemia and irreversible injury (Neumann‐
Haefelin et al. 2000, Kidwell et al. 2003, Frizzell 2005). Recent studies
suggest that MRI can also be used in acute settings for ICH detection (von
Kummer 2002, Siddiqui et al. 2011).

1.6

Ischemic stroke

Ischemic stroke occurs due to a disturbance in the blood flow to the
brain. For instance, once blood flow to the brain tissue decreases to less
than 20 mL/minute per 100 g of brain tissue, the lack of nutrients and
oxygen supply to the brain and failure to remove metabolites will result in
brain tissue death. In the absence of blood flow, the death of brain tissue
occurs within 4 to 10 minutes (Frizzell 2005, Smith WS et al. 2005).

1.6.1

Etiology

Reduced blood flow in ischemic stroke can occur due to an occlusion
in one of the vessels carrying blood to the brain. The source of occlusion
can be due to
 Cerebral thrombosis- A clot formed in one of the vessels in
the head.
 Cerebral embolism- A clot formed elsewhere in the
circulatory system, e.g., the heart or large arteries in the upper chest,
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that breaks and travels towards the head, where it will be
trapped in the smaller vessels.

1.6.2

Pathophysiology

Although the brain accounts for only 2% of total body weight, it
accounts for 20% of the body’s total oxygen usage (Raichle and Gusnard
2002). Oxygen and nutrients are delivered to the brain tissue through
blood circulation. Complete interruption of the blood flow to the brain
can cause the death of vulnerable neurons in 5 minutes (Lee et al. 2000).
Once blood flow to the brain tissue is interrupted, e.g., ischemic stroke,
the brain tries to overcome the lack of oxygen by initiating a set of events
known as ischemic cascade. If the ischemic cascade is left unnoticed,
irreversible cell damage, i.e., infarction, surrounded by a penumbra of
reversible ischemic tissue will occur (Horesh 2006, Xing et al. 2012). One
of the major consequences of the ischemic cascade is the ATP production
failure that will affect the dependent sodium-potassium pumps in the cell
membrane. Once these active pumps fail, the intracellular and extracellular
ionic balance will change with an influx of calcium. This ionic
concentration imbalance will result in a water influx to the cell to balance
the osmotic pressure on both sides of the cell membrane, causing
cytotoxic edema. At this stage, the blood-brain barrier is still intact.
However, if ischemic stroke remains untreated, the blood-brain barrier will
break down in 4-6 hours, leading to a flow of water into the parenchymal
extracellular space and vasogenic edema. Vasogenic edema will increase
the mass and cell swelling for the next 3-5 days. After this stage, water and
proteins will be reabsorbed (Bell et al. 1985, Gotoh et al. 1985). The
infarcted tissue eventually undergoes liquefaction necrosis and is removed
by macrophages, which will eventually cause parenchymal volume loss to
be filled with a cerebrospinal fluid–like fluid. The evolution of these
chronic changes may be seen in the weeks to months following the
infarction (Edward C Jauch).

1.6.3

Treatment

In ischemic stroke, the reduced blood perfusion needs to be restored
as soon as possible, or the ischemic tissue will become necrotic.
Thrombolytic treatment is the mainstay of ischemic stroke treatment
(Frizzell 2005). The gold standard and the only drug approved by the US
Food and Drug Administration (FDA) for ischemic stroke is tissue
Plasminogen Activator (tPA). However, there is a time window of 3-4
hours before the risks of treatment outweigh its benefits (Hacke et al. 2008,
del Zoppo et al. 2009, Lees et al. 2010). It is also necessary to make sure
there is no ICH before tPA can be used. The endovascular procedure is
another treatment used for ischemic stroke, where a catheter is sent to the
site of the blood vessel to remove the clot or administer tPA locally to the
clot.
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1.7

Hemorrhagic Stroke

Hemorrhagic stroke or Intracranial Hemorrhage (ICH) occurs when
one of the vessels in the brain bursts and leaks into the cranial cavity.
Depending on the hemorrhage site, ICH is categorized into the following
subgroups:
 Cerebral Hemorrhage- Bleeding in the brain tissue
o Intraparenchymal hemorrhage (IPH)
o Intraventricular hemorrhage (IVH)
 Epidural hemorrhage (EPH)- bleeding between the dura
mater and skull
 Subdural hemorrhage (SDH)- bleeding between the dura
mater and arachnoid
 Subarachnoid hemorrhage (SAH)- bleeding between the
arachnoid and pia mater
In cerebral hemorrhage, bleeding will occur inside the brain and can be
deep, while EPH, SDH and SAH are superficial bleeding close to the skull.

1.7.1

Etiology

Traumatic Brain Injury (TBI), aneurysm and Arteriovenous
Malformation (AVM) are the causes of ICH. Aneurysm is a balloon-like
bulge of blood formed in the wall of a weakened blood vessel. AVM is an
abnormal connection between arteries and veins that bypasses the
capillaries. TBI is the main cause of superficial bleeding, as in SAH, EPH
and SDH. SAH can also occur due to a ruptured aneurysm (Frizzell 2005)

1.7.2

Pathophysiology

In the event of hemorrhagic stroke, blood will abruptly expand in the
cranial cavity. Hemorrhagic stroke will develop rapidly in 30-90 minutes
and result in reduced cerebral blood flow (CBF). Expansion of the blood
can compress adjacent tissues, causing them to become swollen and
necrotic. Large hematomas can increase intracranial pressure (ICP) and
cause ischemia. Within 48 hours after hemorrhagic stroke onset,
macrophages begin to phagocytize the hemorrhagic area. Eventually, the
hematoma will dissolve and shrink in size. As an inflammatory response,
the damaged area is liquefied, astrocytes will fill in the cavity, and new
capillaries will be formed (Frizzell 2005).

1.7.3

Treatment

After hemorrhagic stroke, blood will leak into the brain, requiring
prompt attention and treatment because hemorrhagic stroke develops
rapidly in 30-90 minutes. Endovascular procedures and surgical treatment
are the mainstay of hemorrhagic stroke treatment. Endovascular
procedures are less invasive. In endovascular procedures, a catheter is sent
to the site of the aneurysm or AVM, and the weakened blood vessel is
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strengthened using a coil. Surgical treatment is needed in the event of
bleeding in the brain. For instance, once an aneurysm is ruptured, a metal
clip can be surgically placed at the base of the aneurysm to stop the
bleeding (strokeassociation.org).
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C HAPTER 2

T ISSUE E LECTRICAL
P ROPERTIES &
B IOIMPEDANCE

2.1 Biological System Electrical Properties
Different structures and mechanisms within the cell or tissue account
for the biological system’s electrical properties. Examples of active
electrical properties of the biological system include ionic pumps within
the plasma membrane or action potentials. Such electrical properties in the
biological system as well as the measurement of passive electrical
properties of the tissue have enabled the development of electrical sources
and tools for treatment, the reduction of pain and diagnosis (Grimmes et
al. 2008, Atefi et al. 2013, Malone et al. 2014, Cohen et al. 2015, Seoane et al.
2015) (Aberg et al. 2004) (Azar et al. 2009).

2.2 Cell Electrical Properties
Cells are the building blocks of living tissue. The medium around the
cells is filled with extracellular fluid, which is separated from the
intercellular space by the cell membrane. The intercellular space includes
the organelles, cytosol, protoplasm and the nucleus of the cell, as shown in
Figure 2-1. Intercellular and extracellular fluids and the cell membrane are
among the constituents that account for cell and tissue electrical
properties.

- 17 -

Chapter 2. Tissue Electrical Properties & Bioimpedance

Figure 2-1. Cell and its constituents (work of OpenStax College, Anatomy & Physiology,
Connexions/Wikimedia Commons)

2.2.1 Extracellular and Intracellular Fluids
Body fluids such as the intracellular and extracellular space contain
ions. The ions in these liquids create an electrolyte that can carry DC ionic
current after applying an external voltage. The main ions within tissue
fluids and their concentrations are listed in Table 2-1.
Table 2-1 Major ions in tissue fluids and their concentrations
Cellular ionic concentrations of major tissue ions
Intracellular
Extracellular
10-20 mM
150 mM
Na +
100 mM
5 mM
K+
1 mM
Ca 2+
10-4 mM
* Data from (Guyton et al. 2001)

2.2.2

The Plasma Membrane

The plasma membrane separates the intracellular medium from the
extracellular medium. The plasma membrane consists of lipids and
proteins. Lipids in the plasma membrane have a hydrophobic and a
hydrophilic side. The hydrophobic sides attract each other, forcing the
hydrophilic sides to the exterior and keeping the hydrophobic sides inside
the structure. This structure forms a continuous double layer known as the
lipid bi-layer, as shown in Figure 2-2. The conductivity of the lipid bi-layer
is very poor and is mainly considered as a dielectric. The intracellular
medium, lipid bi-layer and extracellular medium all together behave as a
capacitor with an approximate capacitance of 0.01 F/𝑚2 (van Dijk 2012).
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Figure 2-2. Lipid bi-layer structure

2.3 Cell Electrical Model
Fricke’s model can be used to model the electrical properties of the
cell based on its constituents (Fricke 1924, Fricke et al. 1925). According to
Fricke’s model, the intracellular and extracellular mediums are resistive
with resistivities of Re and Ri, respectively. The cell membrane is modeled
by a capacitor, Cm , in parallel with membrane resistance Rm. Because the
membrane conductivity is poor, the membrane resistance can be neglected,
and the model in Figure 2-3 b can be simplified to the model in Figure 23 c.

Figure 2-3 The equivalent of the cell electrical model (a) and (b), as well as the simplified model
neglecting Rm (c). Note that Cm* is equal to Cm/2.

2.4 Dispersion Windows
The conductivity and permittivity of the tissue are frequency
dependent. This frequency dependency has been categorized into four
dispersion windows known as 𝛼, 𝛽 , 𝛾 and 𝛿 -dispersion (Rajewsky et al.
1948, Schwan 1957, Foster et al. 1989, Schwan 1994), as shown in Figure
2-4.
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(a)

(b)

Figure 2-4 Permittivity and conductivity for brain grey matter (Seoane Martínez 2007)

α–dispersion
The 𝛼-dispersion is associated with low frequencies from a few Hz to
a few kHz, although there is not a definitive and comprehensive
understanding of this dispersion (Schwan 1994). The three major
phenomena that account for 𝛼 -–dispersion include the following: (i) The
frequency dependency of the conductance of protein channels in the cell
membrane, (ii) The effect of the endoplasmic reticulum and, (iii) the effect
of the relaxation of counter ions once the cellular surface is charged
(Schwan et al. 1993).
β–dispersion
The main structures responsible for the 𝛽-dispersion are the plasma
membrane and other constituents such as organelles, amino acids and
proteins (Foster and Schwan 1989). The 𝛽-dispersion spans from a few
kHz to a few hundred MHz.
γ-dispersion
This dispersion is mainly due to the molecules of water in intra- and
extracellular fluid with the relaxation frequency of 20 GHz; however, due
to proteins and other components, this dispersion covers a broad range
from hundreds of MHz to some GHz (Schwan 1994).
δ–dispersion
This dispersion is relatively weak and is caused by the proteins bonded
to water and amino acids, which is observed at approximately 100 MHz
(Schwan 1994).
Once an external electrical field is applied to the tissue, the current will
pass through different routes at different frequencies. At low frequencies,
near DC, the resistance of the plasma membrane is quite high, preventing
the penetration of current in the intracellular space. As the frequency
increases near the 𝛽 -dispersion, ionic current can pass through both
intracellular and extracellular space, see Figure 2-5.
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Figure 2-5 Current flow routes at different frequencies

2.5 Tissue Impedance
To calculate the impedance of a volume conductor, the specific
impedance z*(𝜔) and its shape factor, k, are required.
𝑍(ω) = 𝑧

∗ (ω)k

=𝑧

∗ (ω)

𝐿

∫
0

𝑑𝑥
𝑆(𝑥)

(2.1)

The shape factor is dependent on the material’s length L and the
available surface S for the electric current to flow through, towards the
electric field gradient, where the surface is normal to the direction of the
gradient (Seoane Martínez 2007), as shown in Figure 2-6.

Figure 2-6. Volume conductor with impedance z*
changes along the x axis

length L and cross-sectional area S that

2.6 Conductivity of Head Anatomical Structure
and Tissues
The tabulated conductivity 𝛿 of different anatomical structures in the
head can be found in the literature (Gabriel et al. 1996). These frequencydependent tabulated values show that the skull is among the most resistive
structures in the head, whereas the CSF and blood are the most conductive
structures in the head, as shown in Table 2-2.
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Table 2-2. List of segmented anatomical structures of the head and their conductivity at 25 kHz
(Gabriel (1996))
Tissue

Conductivity (S/m)

Cerebrospinal Fluid (CSF)

2

Blood

0.70022

Skull

0.020541

Cartilage

0.17641

Cerebellum

0.14191

Retina

0.51254

Fat

0.024076

Muscle

0.34629

Gray matter

0.12191

White matter

0.073823

2.7 Electrical Bioimpedance
Electrical Bioimpedance (EBI) technology measures tissue impedance
by applying either current or voltage to the tissue and measuring its
response (voltage or current depending on the stimulation source,
respectively). The transfer function between the input and output provides
an estimate of the transfer impedance.
𝑉
(2.2)
𝑍=
𝐼

2.8 EBI & Frequency
Tissue impedance can be measured at a single frequency, e.g., 50 kHz,
at a few frequency points, i.e., multi-frequency, or in a frequency range.
Because tissue is a dispersive medium and its dielectric properties vary with
frequency, a wide range of frequencies rather than a single frequency will
provide more information regarding tissue status.

2.9 Cole Function and BIS Fitting
The Cole function, introduced by K.S. Cole in 1940 (2.3), provides
a good fit to the experimental BIS measurements, which allows a
compact and brief representation of BIS data in one dispersion. The
Cole impedance function for a single dispersion consists of four
parameters: R 0, resistance at DC; R ∞, resistance at infinite frequency; 𝜏,
i.e., relaxation time, which is the inverse of 2pi times the characteristic frequency
f C; and 𝛼, indicating the distribution of the relaxation times (Cole 1940).
Curve fitting methods can be used to estimate the Cole parameters
(Ayllon et al. 2009).
R −R

0
∞
ZCole (ω) = R ∞ + 1+(jωτ)
α ≈ Z Meas (ω)
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2.10 EBI Instrumentation
EBI can be measured using two, three or four electrodes
configurations. In the two-electrode method, a pair of electrodes is used to
inject the excitation source signal, and then the tissue response is measured
using the same pair of electrodes. The three-electrode configuration uses
one shared electrode between the injection and sensing channels. To
exclude the influence of the electrode contact impedance from tissue
impedance, it has been recommended to use two separate pairs of
electrodes for excitation and measurement. This measurement method is
known as the four-electrode technique or the tetra-polar bioimpedance
configuration (Schwan et al. 1968, Marquez 2011).

2.10.1

EBI Instruments

In this thesis work, BIS measurements were recorded using the
tetrapolar configuration. BIS measurements were recorded using two
different instruments, a single-channel instrument (SFB7) developed by
Impedimed, Ltd (Brisbane, Australia)., and a multichannel custom-made
instrument developed at MGH.
SFB7 Specifications
The SFB7 is a single-channel instrument that measures tissue
impedance by sweeping the range 3.096-1000 kHz at 256 logarithmically
spaced points with a sinusoidal root mean square (rms) current of 200 µA.
Custom-Made Instrument Specifications
The custom-made instrument is a multichannel instrument developed
at MGH (for an earlier version of the instrument, see Bonmassar et al.
(2010)). This instrument can sense voltage simultaneously from six
different independent locations while the volume under study is stimulated
with a Gaussian white rms current of 500 µA in the frequency range of 050 kHz. The instrument consists of a portable computer (3.2 GHz CPU
and 2 GB RAM) with two PCI cards installed. A 16-bit digital-to-analogue
converter card (NI6251, National Instruments Corp.; Austin, TX) is
connected to a custom-made transconductance amplifier to generate the
probing current (Horowitz et al. 1980). A 24-bit analogue-to-digital
converter card (NI4472, National Instruments Corp.; Austin, TX, USA) is
used to acquire the scalp potentials at a rate of 100kS/s at 6 locations on
the scalp; see Figure 2-7.

Figure 2-7 (a) Portable instrument developed at MGH with a CT scanner in the background.
(b) Instrument connector channels (c) Schematic of the voltage measurements from the scalp
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In order to calculate the impedance the voltage data were transferred
into a bipolar montage by subtracting the neighboring electrode voltage.
Tissue impedance was the ratio between the input power spectrum and the
input/output cross-spectra computed at the bipolar pair k using the Welch
method (Welch 1967, Bonmassar et al. 2010).
𝑘
𝑍𝑖𝑣
(𝑓) =

𝑘
𝑃𝑖𝑣
(𝑓)
𝑃𝑖𝑖 (𝑓)

(2.3)

Custom-made LabVIEW (National Instruments Corp., Austin, TX,
USA) code was written to control the stimulus delivery and raw trace
output, a real-time channel-by-channel display of the resistance and
reactance.
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C HAPTER 3

S TROKE &
E LECTRICAL
B IOIMPEDANCE

3.1 Clinical Need
The close relationship between time and the outcome of most
therapeutic approaches has always been a challenge. Stroke patients,
without exception, will also benefit from prompt diagnosis. The rationale
in stroke management is that “time is brain”, as the ultimate goal in stroke
management is to minimize the damage to the brain by prompt diagnosis
and treatment. Thrombolysis treatment is the mainstay of ischemic stroke
treatment, which is the most frequent type of stroke, i.e., 87%, but has only
a short time window of 3-4 hours before the risks of treatment outweigh
its benefits (Hacke et al. 2008, del Zoppo et al. 2009, Lees et al. 2010).
Beyond 6 hours, permanent neurological damage will occur (Baron et al.
1995). Unfortunately, the current state of stroke diagnosis is limited to
fixed hospital-based neuroimaging facilities, e.g., CT and MRI, and thus
does not allow prompt stroke diagnosis, causing delayed treatment (Smith
et al. 1998, Wester et al. 1999, Audebert et al. 2013). Such delays will cause
most patients to receive proper treatment, i.e., tPA, at the later end of the
therapeutic window (Audebert et al. 2013). Hence, a portable stroke
assessment device fitting in the ambulatory system can assist in prompt
stroke diagnosis and pre-hospital triage of patients in rural areas, sporting
events or far-forward military environments (Walcher et al. 2006, Hoyer et
al. 2010, Chenaitia et al. 2011, Ryan et al. 2011, Kostopoulos et al. 2012),
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where heightened risk may be experienced due to the increased travel
times to fixed facilities (Mueller et al. 1988, Grossman et al. 1997).
Moreover, current neuroimaging techniques are not suitable for the
continuous bedside monitoring of patients. Due to the lack of such
monitoring devices, accurate times for neuroimaging cannot be estimated,
and some patients will undergo frequent CT scans and receive excessive
radiation doses (Hopper et al. 2001, Brenner et al. 2007).

3.2 Motivation for EBI
Electrical bioimpedance (EBI) measures tissue impedance
noninvasively. In the event of pathology, tissue shape and constituents will
change, and such changes will affect the electrical properties of the tissue
in ways that enable the detection of tissue pathology. The portable and
non-invasive properties of bioimpedance technology are a good fit for the
clinical need for stroke management. These properties of EBI will allow
the development of a stroke diagnosis and monitoring device that can fit in
a portable system and assist in the pre-hospital triage of patients as well as
the bedside monitoring of patients.

3.3 Background
From the early applications of bioimpedance for impedance
cardiography in 1940 (Nyboer et al. 1940), EBI and BIS have been
developed significantly over seven decades and are widely used in clinical
routines and physiological research (Schwan 1999). EBI is currently used
for a long list of applications including lung function monitoring (Olsson et
al. 1970), skin cancer detection (Aberg et al. 2004) and nutritional status
assessment in hemodialysis patients (Azar et al. 2009). A more historical
review can be found in Malmivuo (Malmivuo et al. 1995).

3.4 EBI Cerebral Monitoring (EBCM)
Electrical Biompedance Cerebral Monitoring (EBCM) is an area in
which EBI can play an important role in enhancing the quality of
caregiving to patients. Different studies have drawn attention to the
changes in the electric properties of the brain after an incident of
neurophysiological damage and the fact that these changes can be detected
by bioimpedance techniques.

3.4.1

Historical Review of EBCM

The early applications of EBI for EBCM go back to the 1950s, when
EBI was used to study different etiologies such as depression, seizure
activities, asphyxia and cardiac arrest (Ochs et al. 1956, Van Harreveld et al.
1957, Van Harreveld et al. 1962, Van Harreveld et al. 1963). In the last 30
years, EBI has been used in the areas of brain ischemia (Williams et al.
1991, Holder 1992, Seoane et al. 2004), perinatal asphyxia (Lingwood et al.
2002, Lingwood et al. 2003), epilepsy (Cusick et al. 1994, Olsson et al. 2006),
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brain function monitoring (Tidswell et al. 2001) and cerebral monitoring of
patients undergoing cardiovascular surgery (Atefi et al. 2013). Even an
imaging technique known as Electrical Impedance Tomography (EIT) has
been developed based on the electrical properties of the tissue (Bayford
2006).

3.4.2

EBCM and Stroke

One potential application of EBCM is stroke diagnosis. The first
chapter detailed how stroke pathophysiology modifies tissue shape and
constituents. Such changes will also affect the electrical properties of tissue
described in chapter two. Different authors have reported that such
changes in the electrical properties of the brain caused by stroke
pathophysiology can be useful for stroke detection (Holder 1992,
Lingwood et al. 2002, Bonmassar et al. 2004, Bonmassar et al. 2010, Atefi et
al. 2012, Atefi et al. 2013, Ma et al. 2014, Malone et al. 2014, Cohen et al.
2015, Seoane et al. 2015)
Ischemic Stroke
As described in chapter one, in the event of ischemic stroke, blood
supply to the brain tissue is reduced. The lack of blood supply will result in
a reduced flow of nutrients and oxygen to the brain tissue, which will
affect the tissue’s hemostatic condition. The tissue will then switch from
aerobic status to anaerobic status, and if blood circulation is not restored
quickly, ischemic cascade will begin. Ischemic cascade will result in the
accumulation of catabolites and cellular edema. The following phenomena
are known to influence the electrical properties of infarcted/ischemic
tissue.
 In the event of ischemic stroke, cellular edema will occur.
Considering the small volume of extra-cellular space in gray matter
glial cells, i.e., 10-20%, cellular edema will result in decreased extracellular space and increased impedance. This phenomenon has
been reported to be more pronounced at lower frequencies
because cell membrane permeability increases at higher frequencies
(Hansen et al. 1980, Horesh 2006).
 There will be reduced blood flow in the ischemic region, and
considering the high conductivity of blood compared to other
anatomical structures in the head (Gabriel et al. 1996), reduced
blood flow can also result in increased impedance amplitude.
 Between 10 hours to a few days after ischemic stroke, once all
metabolisms are stabilized, β-dispersion will decline and eventually
disappear, resulting in decreased resistivity at low frequencies
(Foster et al. 1995, Horesh 2006).
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Different animal studies have experimentally demonstrated these
effects. A summary given by Horesh is presented in Table 3-1 (Horesh
2006).
Table 3-1 Summary of some experimental results on brain impedance changes during ischemia
(Horesh 2006)
Author

Sample

Frequency
(Hz)

Montage

Van
Harreveld
1956

Rabbit brain
Circulatory
arrest
In-vivo in-situ

103

2 electrodes

Holder
1992

Rabbit
In-vivo in-situ

5.1 104

4 electrodes

Holder
1992

Rabbit
In-vivo in-situ

5. 104

4 electrodes

Wu
2003

Rabbit
In-Vivo

0.1 − 106

4 electrodes

Lingwood
2003

Live neonatal
porcine brain
In-vivo

Seoane
2004

Live neonatal
porcine brain
In-vivo

2.104 − 7.5105

Seoane
2005

Live neonatal
porcine brain
In-vivo

5.104 , 2.105

4 electrodes

Seoane
2005

Live neonatal
porcine brain
In-vivo

Seoane
2005

Live fetal
sheep brain
In-vivo

4 − 106

2.104 − 7.5105

3.104 , 2.105

2 above the
eyes and two
occipital
4
electrodes over
dura on P3-,
P4, C3 and C4
4
electrodes over
dura on P3-,
P4, C3 and C4

Impedance Change
Resistance increase of 100%,
200% and 500% after 5 min,
25 min and 4 hours. Slow
reduction to 50% over 20
hours
Reactance increase of 300%
in 5 minutes and 500% in 25
minutes, which then
remained elevated (Van
Harreveld et al. 1956)
Cortical resistance: 50-200%
increase
Scalp resistance: 50-20%
increase
Cortical resistance: 15-60%
increase
Scalp resistance: 1.5-12%
increase (Holder 1992)
Less than 10 Hz, 75%
increase
1 kHz – 1 MHz, 15%
increase (Wu et al. 2003)
8.5% increase, mild ischemia
followed by return to the
baseline
23.5% increase for severe
ischemia (Lingwood et al.
2003)
71% increase, severe hypoxia
at 50 kHz
reduced to 18% after 2 hours
(Seoane et al. 2004)
Up to 25-121% increase at 50
kHz
Smaller change at 200 kHz

4
electrodes over
dura on P3-, P4,
C3 and C4

Maximal resistance
increase, 34% at 20 kHz
Maximal reactance
change, 58.5% at 300
kHz
reduced to 18.5% after 2
hours

4
electrodes
intracranial
electrodes

35% increase, 30 kHz
30% increase, 200 kHz

Despite the differences in electrode configuration and measurement
frequency, the animal studies presented in Table 3-1 all report elevated
brain impedance after the onset of ischemia.
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However, the measurements from the scalp show a smaller impedance
increase than the cortical measurements, which is in part due to the skull
and CSF, which shunt away the injected current (Abascal et al. 2008).
Hemorrhagic Stroke
In the event of hemorrhagic stroke, a blood vessel will rupture and
leak into the cranial cavity. This phenomenon can affect the brain electrical
properties in two ways. The first effect is due local expansion of blood,
having different conductivity from the rest of the anatomical structures in
the head, which will will affect the local electrical properties and the
impedance measurements from the scalp. However, the effect of blood
expansion on electrical properties of the tissue will be different depending
on the hemorrhage site. In the case of IPH, blood will be more conductive
than the parenchyma tissue, which will result in decreased local impedance
amplitude (Gabriel et al. 1996). However, in the case of SAH, where the
blood expansion occurs in the arachnoid space filled with CSF, increased
impedance might be observed because CSF is more conductive than
blood. The second mechanism that can affect scalp impedance is local
ischemia due to increased ICP, which will push adjacent tissue to the
hematoma.
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C HAPTER 4

F INITE E LEMENT
M ETHOD S IMULATIONS

4.1 Numerical Head Model
A numerical head model including 23 anatomical structures and tissues
was used for Finite Element Method (FEM) simulation, as shown in
Figure 4-1.

Figure 4-1 Numerical head model showing 1) CSF ventricles, 2) white matter, 3) gray matter, 4)
brain blood vessels, 5) cerebellum, 6) adipose, 7) mastoid bones, 8)spinal cord, 9) arteries, 10)
CSF, 11) vertebral column, 12) skull, 13) bone facial, 14) nerves, 15) air sinus, 16) humor, 17)
retina, 18) orbital fat, 19) nose, 20) ears, 21) subcutaneous tissue, 22) head muscle, 23) skin.
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The head model is based on the high-resolution 1 × 1 × 1 m3 MRI of a
37-year-old, healthy Caucasian male weighing 75 kg and measuring 175 cm
in height (Makris et al. 2008). In all simulations, this head model is
considered the normal model.

4.2 Solving Maxwell’s Equations
The High-Frequency Structural Simulator (HFSS; ANSYS Inc.,
Canonsburg, PA, USA) using the Finite Element Method (FEM) was used
to solve Maxwell’s equations in the realistic numerical head model as
follows:
⃗ =𝜌
(4-1)
∇∙𝐷
⃗ =0
(4-2)
∇∙𝐵
⃗
𝜕𝐵
(4-3)
𝛻 × 𝐸⃗ = −
𝜕𝑡
⃗
𝜕𝐷
(4-4)
⃗ =
𝛻×𝐻
+𝐽
𝜕𝑡
⃗ (C m-2) is the electric displacement field, 𝐵
⃗ (T) is the magnetic
where 𝐷
⃗ is the magnetic field strength (A m-1),
field, 𝐸⃗ (V m-1) is the electric field, 𝐻
and 𝐽 is the current density (A m-2). ∇ ∙ and ∇ × are the divergence and the
⃗ -𝐻
⃗ and 𝐸⃗ - 𝐷
⃗ relationships are
curl operators. In the material, the 𝐵
expressed as follows:
⃗ = 𝜇0 𝜇𝑚 𝐻
⃗
𝐵

(4-5)

⃗ = 𝜀0 𝜀𝑟 𝐸⃗
𝐷

(4-6)

where 𝜇0 = 4𝜋 × 10−7 (H m-1) and 𝜀0 = 8.85 × 10−12 (F m-1) are the
free space permeability and permittivity, respectively, and 𝜇𝑚 (unitless) and
𝜀𝑟 (unitless) are the material permeability and permittivity.

4.3 Bioimpedance Simulation Parameters
4.3.1 Simulation Geometry
The simulated geometry includes the numerical head model, excitation
source, connection coax cables and radiation box; see Figure 4-2.
The head model size was 170 mm in width, 217 mm in depth and 238
mm in height with a spatial resolution of 1 mm3. The head model was then
divided into 595051 tetrahedrons and excited with a current source
connected via coax cable to pair of electrodes 10 mm in diameter
positioned on the nasion and the inion, as shown in Figure 4-2. This
whole geometry is then enclosed by a box of 5 × 5 × 5 m3, and the
Maxwell equations were solved in each tetrahedron.
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Figure 4- 2 Numerical head model, coax cables and tetrahedrons

4.3.2 Simulation Dielectric parameters
The tabulated tissue dielectric properties are assigned to the head
tissues according to the stimulation frequency. The dielectric values at 25
kHz matching the excitation frequency of the source (in this case, 25 kHz,
selected by the user) are listed in Table 4-1. In each simulation, iterative
loops were set to reach the convergence criteria. Simulations were
performed on a PC with 144 GB of memory and two Intel® Xenon
W5590 3.33 GHz quad core processors.
Table 4-1. List of segmented anatomical structures of the head and their dielectric
properties (Gabriel (1996))
Tissue

Conductivity (S/m)

Relative Permittivity

Cerebrospinal Fluid (CSF)

2

109

Blood

0.70022

5230.5

Bone, Cancellous

0.083054

876.25

Bone, Cortical (Skull)

0.020541

330

Cartilage

0.17641

3066.1

Cerebellum

0.14191

10028

Retina

0.51254

6812.9

Fat

0.024076

355.46

Muscle

0.34629

13669

Spinal Chord

0.057392

17912

Gray matter

0.12191

9733.9

White matter

0.073823

6089.2

Human vacuum

0

1

Nerve

0.057392

17912

Subcutaneous tissue (muscle, cartilage, fat)

0.182

7719.86

4.4 Brain Injury Modeling
We modeled hemorrhagic lesions of various sizes and shape that can
be categorized into two main groups:
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Figure 4-3 Haemorrhagic lesions of different sizes and at different locations a) spherical
hematoma r=20 mm in frontal left lobe b) oval hematoma 10.4 cc in frontal left lobe c)
spherical hematoma r=25 mm in the left tempo-parietal lobe

 Generic lesions
 Realistic lesions.
The lesions were then placed in the healthy numerical head model to
create damaged models.

4.4.1 Generic Lesions
The first group, the generic lesions, includes two spherical volumes of
blood with the dielectric properties of blood and radius 20 and 25 mm
placed in the frontal and parietal lobes, respectively. The second generic
lesion was in the shape of a squeezed oval with the volume 10.4 cc. These
lesions mimic the effect of an intracerebral hematoma; see Figure 4-3.

4.4.2 Realistic Lesions
Realistic lesions were also built using patients’ medical imaging CT or
MRI records, as shown in Figure 4-4.

Figure 4-4 a) CT scan of a patient with epidural hematoma on the right hemisphere b) 3D
reconstructed model of the hematoma c) 3D reconstructed hematoma model transferred
into the numerical head model
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This approach is useful for modeling subarachnoid hemorrhage and
epidural and subdural hemorrhage in which the lesion is superficial and
spreading.

4.5 Electrical Potential
The electric potential, V, at each point on the surface of the numerical
head model was a line integral of the electric field, 𝐸⃗ , calculated over the
closed path “l” in the head model, connecting each point on the surface to
a reference point:
𝑉 = ∮ 𝐸⃗ ∙ 𝑑𝑙
𝑙
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C HAPTER 5

R ESULTS

5.1 Stroke Detection
FEM simulations plus experimental BIS measurements were used to
determine stroke lesions in the cranial cavity affect the electrical properties
of the head as recorded noninvasively from the scalp. The FEM simulation
and experimental studies used both impedance measurements of the head
and the scalp potential distribution. Experimental measurements were
recorded at different stages of stroke, acute i.e., stroke that is less than 24 hours
old, subacute, i.e., lesions less than a week old and chronic stroke, i.e., over a
month old.

5.1.1

Scalp Potential

FEM simulations, described in manuscript D, were used to assess the
influence of one type of brain injury (ICH) on the quasi-symmetric scalp
potential distribution. Realistic numerical simulations showed that quasisymmetric equipotential lines will be formed on the healthy head model
surface after stimulating the head with an Inion-Nasion sinusoidal current.
Numerical simulations then showed that unilateral hematoma affects the
quasi-symmetric scalp potential distribution, causing a larger left-right
potential difference (asymmetry) than in the healthy head model (manuscript
D). The proof-of-concept simulations described in manuscript D were then
extrapolated to experimental bioimpedance measurements from patients
suffering acute/subacute ICH to demonstrate the feasibility of applying
the simulation findings to real clinical settings using a custom-made
bioimpedance spectrometer.
Furthermore, the simulation studies of manuscript D were repeated at
three different frequencies, 1 kHz, 100 kHz and 1 MHz, for two ICH
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Figure 5-1 Two ICH models with hematoma of 10.4 cc in the left parietal lobes. The first
ICH model has a superficial hematoma under P7. The second ICH model has a deeper
haematoma than the first one, 40 mm below the first hematoma.

models including hematomas of the same volume, i.e., 10.4 cc, but at
different depths in the left parietal lobe, as shown in Figure 5-1. The leftright potential difference in the parietal lobe, i.e., |P7-P8|, of the two
damaged models showed very little difference relative to the healthy model
at 1 kHz. The left-right potential difference for the deep lesion was still
very similar to the healthy head model at 100 kHz, while the less deeply
located lesion showed a larger difference than the healthy head model.
Finally, at 1 MHz, both lesions showed larger voltage differences than the
normal model, with the deep lesion still showing a less pronounced
difference than the superficial one, as shown in Figure 5-2.

Figure 5-2 Left-right voltage differences in the parietal lobes |P7-P8|. The left-right voltage
difference is larger for the superficial lesion and for higher frequencies.

5.1.2

Impedance Measurements from the Head

Numerical simulations and experimental potential measurements
recorded with the custom-made bioimpedance spectrometer and reported
in manuscript D showed proof of concept that ICH affects the quasisymmetric potential distribution on the scalp. However, to compensate for
skin electrode contact impedance error, the BIS measurements of healthy,
ICH and ischemic patients obtained using a commercial instrument (SFB7)
were also compared in the 3.096-1000 kHz range for central and lateral
BIS measurements in each hemisphere, as shown in Figure 5-3. Such
comparison was performed in the chronic and acute phases (papers A-C).
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Figure 5-3 Current and voltage electrode locations in tetrapolar bioimpedance
measurements. (a) Right hemisphere measurements, where current is injected through Fp2
and O2, and voltage difference is measured at two locations, F8-T6 (lateral) and F4-P4
(central). (b) Electrode positions on the left hemisphere, where current is injected through
Fp2 and O2, and voltage difference is measured at the F8-T6 (lateral) and F4-P4 (central)
areas of the right hemisphere.

Chronic Stroke
The resistance spectra of the controls reported in paper A showed that
the central measurements have larger resistance amplitudes than lateral
measurements in the entire frequency range. However, such spectral
behavior was not observed in the patients’ resistance spectra for the whole
or partial frequency band, as shown in Figure 5-4.
Based on the resistance spectral observations reported in paper A and
using the Cole function, two features at low and high frequencies of the
resistance spectra were defined. One feature was based on the ratio of
Cole parameter R0, i.e., resistance amplitude at low frequencies, for the central
and lateral measurements. The second feature was based on the ratio of
R∞, i.e., resistance amplitude at high frequencies. A third feature, measuring the
ratio of the phase angle at the characteristic frequency for the central and
lateral measurements, was also defined. A classification tree was then used
to separate healthy hemispheres from hemispheres with chronic stroke
lesions. Each feature sat on one node of the classification tree, and a
threshold was used to divide the data into two groups. The thresholds for
the resistance ratios R∞ and R0 were set around one (e.g., healthy >1) based
on the spectral observations in paper A. In the last node, full classification
was achieved, as shown in Figure 5-5. The leave-one-out method showed

Figure 5-4 (a) Example of healthy subject resistance spectra in both hemispheres, with central
measurements having larger amplitude. (b) Resistance spectra of patients in the damaged
hemisphere, where Ma stands for central and Mb stands for lateral measurements.
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Figure 5-5 Classification tree with three nodes. At each node, a threshold based on the feature
distribution is applied. Results are presented on the leaves of the tree, and after three steps, full
separation of healthy and damage brain tissue is achieved.

zero classification error (Paper B).
Among the three features used in the classification tree, the resistance
ratio at high frequencies, i.e., R∞, showed the highest separation rate,
separating 79% of healthy data in the first node of the tree. The spectral
resistance observations in Figure 5-4 also showed that it is easier to
separate healthy controls and stroke patients at high frequencies. These

experimental results are consistent with the numerical simulation
results reported in Figure 5-2, suggesting that at higher frequencies,
it is easier to detect injury in the brain parenchymal.
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Figure 5-6 Similarity analysis using side-to-side resistance ratio (RCR/ZCL(ω) &RLR/LL(ω)) and
central-over-lateral resistance ratios (RCR/CL(ω) & RLR/LL(ω))

Acute Stroke
In paper C, BIS measurements from ten patients suffering acute stroke
(7 ischemic and 3 ICH) and three healthy controls were compared. The
comparison, as summarized in Figure 5-6, was based on the left-right
resistance spectra similarity analysis of the controls and stroke patients.
Comparing the side-to-side ratios of the central and lateral resistance
spectra and central-over-lateral resistance ratio (e.g., similar to the ratio reported
in papers A and B), nine out of ten patients fell outside the range of healthy
controls for at least one ratio, as shown in Table 5-1.
Table 5-1. Comparison of all ratios for three healthy male controls and ten patients (3 ICH
7 ischemic stroke (IS)). Patients falling outside healthy ranges are marked with (x).
Patient ID
Sex
Damaged Hemisphere
Stroke Type
Ratio
Side2Side Central
Side2Side Lateral
Central/Lateral Left
Central/Lateral Right

A
M
R
IS

B
F
L
IS

×
×

×
×
×

C
F
L
IS

D
F
R
IS

E
F
R
IS

×

×

×

×
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×

×

F
M
L
ICH

G
M
R
ICH

H
F
L
IS

I
M
L
IS
×

×
×
×

×

×

J
M
R
ICH
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The results of paper C showed that the central-over-lateral resistance
ratio of the patients in the acute phase, in contrast to the chronic phase, as
reported in papers A and B, was larger than one (except for patient E, left side).
However, for seven out of ten patients, this ratio was outside the healthy
range, as shown in Figure 5-7.
Acute Stroke Results Validation
The results published in Paper C and presented in the previous section
were based on the comparison of patients to a baseline obtained from only
three male subjects. Ten new healthy controls, five males and five females,
25-65 years old (Mean 44 ± SD16), were enrolled, and the analysis from
paper C was repeated with a larger control group, increased from 3 male
subjects to 13 subjects (five females and eight males). The new results
showed that the side-2-side ratio comparisons remained unchanged, while
the central-over-lateral ratio comparison, in addition to patient J, also
could not also detect patients G and H, as shown in Table 5-2.
Table 5-2. Comparison of ratios of thirteen controls (5 females and 8 males) and ten
patients suffering acute stroke (three ICH and seven ischemic stroke (IS)). Patients’ ratios
outside the healthy range are marked with (x).
Patient ID
Sex
Damaged Hemisphere
Stroke Type
Ratio
Side2Side Central
Side2Side Lateral
Central/Lateral Left
Central/Lateral Right

A
M
R
IS

B
F
L
IS

×
×

×
×

C
F
L
IS

D
F
R
IS

E
F
R
IS

×

×

×

F
M
L
ICH

G
M
R
ICH

H
F
L
IS

I
M
L
IS

J
M
R
ICH

×
×

×

×

×
×

Both the potential measurements and the BIS measurements reported
in in manuscript D and papers A-C showed that stroke in the cranial cavity in
all three stages, acute, subacute and chronic, affects the BIS measurements
of the head. These results answered RQ 1 and RQ 2.

b"

a"

Figure 5-7 Central-over-lateral ratio for BIS measurements of controls and patients in the
acute phase (a) Left hemisphere b) Right hemisphere
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Figure 5-8. Schematic of stroke pathogenesis analysis using scalp BIS measurements

5.2

Stroke Pathogenesis & EBI

The resistance measurements recorded from four areas on the heads of
nine patients approximately 24 hours and 72 hours after stroke onset were
compared to similar measurements collected from seven healthy controls.
The absolute resistance change of the second measurements relative to
the first ones, as described in manuscript E and shown in Figure 5-8, was
found to be significantly (p<0.05, Welch two-sample t-test) larger for the
stroke patients than the healthy controls, as shown in Figure 5-9. These
results specifically answered RQ 3 and are similar to the results reported in
papers A-C and manuscript D, which, independently of age and sex
differences, confirmed that stroke affects the electrical properties of the
head and answered RQ 1-2.

Figure 5-9 Absolute head resistance change 72 hours after stroke onset relative to the head
resistance 24 hours after stroke onset is significantly larger in nine patients compared to
similar recordings from seven healthy controls.
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C HAPTER 6

D ISCUSSION
C ONCLUSIONS
& F UTURE W ORK

6.1 Discussion
Stroke is one of the leading causes of death worldwide, placing a huge
burden on society (Ghatnekar et al. 2004, Feigin et al. 2014). Unfortunately,
the current state of stroke diagnosis is limited to fixed neuroimaging
facilities, and heightened risk might be experienced due to increased travel
time to these facilities. Moreover, there is no effective stroke-monitoring
tool in the Neuro-ICU that can predict stroke relapses, and hence
unnecessary neuroimaging and consequent exposure to extra radiation
doses are inevitable (Hopper et al. 2001, Brenner and Hall 2007). In this
regard, the potential application of EBI technology for developing a
portable non-invasive stroke-monitoring device that can detect stroke
damage at the earliest stage to assist in continuous monitoring at the
Neuro-ICU or in the pre-hospital triage of patients has been assessed using
clinically relevant EBI measurements from human subjects as well as FEM
computational studies on a realistic numerical head model (Atefi et al.
2012, Atefi et al. 2013, Seoane et al. 2015).
In this thesis work, using FEM simulations and experimental BIS
measurements obtained with two different instruments, a custom-made
instrument (Bonmassar et al. 2010) and a commercial SFB7 spectrometer,
it has been shown that stroke lesions in the cranial cavity affect
bioimpedance measurements recorded non-invasively from the scalp. The
- 45 -
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results reported in this thesis work are consistent with previous numerical
and animal experimental studies suggesting that bioimpedance technology
is useful for brain injury assessment and, in particular, stroke detection
(Holder 1992, Lingwood et al. 2002, Bonmassar and Iwaki 2004,
Bonmassar et al. 2010, Ma et al. 2014, Malone et al. 2014, Cohen et al.
2015). However, this thesis work advances the field by reporting clinical
bioimpedance measurements from human subjects. The experimental
studies of this thesis work, in addition to using data from the chronic
phase (papers A and B), i.e., lesions over a month old (Atefi et al. 2012, Atefi et al.
2013), also report bioimpedance measurements from patients in the acute
and subacute phases (paper C and manuscripts E and D) to demonstrate the
potential usefulness of bioimpedance for the pre-hospital triage of patients
suffering acute brain injury (Seoane et al. 2015).
Previous case-control studies, including ones published by the author,
suffer from noticeable differences in the age and sex of the cases and
controls (Atefi et al. 2012, Atefi et al. 2013, Seoane et al. 2015), and hence it
is not clear whether the reported differences in the bioimpedance
measurements of cases and controls are indeed due to stroke or to the
differences in the age and sex of the two groups. The author managed to
study the influence of brain injury on the EBI measurements of the head,
independently of age and sex influences, by comparing two resistance
measurements from the same subject within a short time window of a few
days (manuscript E). Considering the active stroke pathogenesis in the
acute-subacute phase (Warach et al. 1995, Darby et al. 1999, Jin et al. 2010),
the significant difference reported between the bioimpedance
measurements of the same patient versus the test-retest measurements of
the controls was concluded to be due to stroke. These results showed that
stroke in the cranial cavity affects non-invasive bioimpedance
measurements of the head. These results not only confirmed the feasibility
of using bioimpedance technology for acute stroke detection but also
showed the potential utility of bioimpedance technology for the bedside
monitoring of patients in the Neuro-ICU. These results are also consistent
with previous animal studies showing changes in head resistance in the
hyper-acute phase (Van Harreveld and Ochs 1956, Seoane et al. 2004).
The numerical simulations of this study, unlike other numerical studies
based on simple models and unrealistic assumptions (Ma et al. 2014,
Malone et al. 2014), are based on a realistic head model. One such
assumption reported in previous studies is the exclusion of CSF (Malone
et al. 2014). Using FEM simulations on the realistic head model, current
distributions in the different anatomical structures of the head were
assessed. This assessment made it possible to highlight the contributions
of the white matter, gray matter and CSF in the distributions of current
through the brain parenchymal. The large contribution of the CSF was
consistent with previous studies (Seoane et al. 2007) and suggested that
changes in the CSF will affect the total distribution of current in the head,
e.g., through the shunting effect between the skull and CSF (Abascal et al. 2008).
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Hence, excluding the CSF from the model, as some simulation-based
studies do (Malone et al. 2014), causes such numerical studies to deviate
from real case scenarios. Some of the limitations of this study are
described below.

6.1.1

Limitations

Lack of Ischemic Simulations
From the stroke perspective, one limitation of the simulations is the
exclusion of ischemic stroke. This limitation was mandated by the lack of
accurate dielectric constants for infarcted tissue that the simulation solver
required. Most of the work related to the ischemic tissue concerned the
heart (Semenov et al. 2000, Semenov et al. 2002), and the dielectric
constants reported for the infarcted brain tissue were over 100 kHz
(Semenov et al. 2008) or lacked necessary details (Horesh 2006, Ma et al.
2014).
Simulation Software
A limitation inherent to FEM simulations is the use of the HFSS solver
at lower frequencies, i.e., 25 kHz. HFSS is optimized for high-frequency
simulations. Although the convergence criteria were met in all the
simulations, it is necessary to validate the simulation results using solvers
optimized for low frequencies, such as Maxwells, developed by Ansys®.
Sample Size and Distribution
Considering the life-threatening condition of patients with stroke, it is
very difficult to obtain clinical recordings at the onset of stroke. Therefore,
the experimental results reported in this thesis work are based on a small
and heterogeneous cohort of patients who do not provide a fair
representation of the whole population and lack the necessary statistical
power to be generalized to the whole population. The control group in
papers A-C included only male subjects, whereas the patients were mostly
female. Moreover, paper C includes only three ICH patients. Hence, it is
necessary to validate the experimental results in a larger cohort of patients
and controls, including both sexes and similar age ranges. In this regard,
the analysis method of paper C was repeated using a larger control group
including both male and female subjects, where the stroke detection rate
was decreased. Additionally, to address the issue of the few ICH patients
presented in paper C, in manuscript D, six ICH patients were enrolled and, in
combination with numerical simulations, it was shown that ICH affects the
electrical properties of the head.
Analysis Method
Simple features based on the left-right asymmetry in the bioimpedance
measurements of the controls and patients form the core of most of the
analysis reported in paper C and manuscript D. Such analysis provides a
straightforward and simple method for the small data sets presented in this
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thesis work. However, from a clinical detection perspective, this analysis is
very simple and might lack the power to be used for clinical stroke
detection. For instance, one limitation of such left-right asymmetry
analysis is a lack of sensitivity to centrally located lesions.
Another limitation is that most of the analysis methods reported in this
thesis work are based on the resistance amplitude. It is also very important
to evaluate the utility of reactance for characterizing brain injury.
Unfortunately, the reactance of the BIS measurements is very sensitive to
parasitic capacitances in parallel with measurement load (Scharfetter et al.
1998). Therefore, considering the small number of cases and controls and
the reliability of resistance spectra, it was decided to focus on the
resistance and postpone reactance analysis until a larger database is
available. A novel method of compensating for the effect of parasitic
capacitance leakage was also proposed by (Atefi et al. 2012) and might be
helpful once features from reactance spectra are in use.
Receiver Operating Characteristic (ROC) Analysis
It is essential to compare the performance of bioimpedance
technology for stroke detection to the current standard of the care, CT and
MRI, using ROC analysis and in terms of sensitivity and specificity.
Unfortunately, the small sample size and limited features used in this thesis
do not allow any ROC analysis. However, by roughly estimating the
sensitivity and specificity of the classification tree in the chronic phase,
100% sensitivity and specificity was achieved. The results in the acute
phase, using only 3 controls, showed 100% specificity and 90% sensitivity,
but upon increasing the control group size, the sensitivity decreased to
70%, while the specificity remained 100%. In both studies, thresholds were
selected in favor of 100% specificity, as there exist other non-strokerelated abnormalities such as arachnoid cysts or calcifications that can
affect the electrical properties of the head similarly to stroke and result in a
false positive (Shaik et al., Wester 1999). Hence, once a larger database is
available, it is necessary to correlate the neuroimaging results with the
bioimpedance classification outcomes to provide a fair ROC analysis of
bioimpedance technology for stroke detection.
Stroke Type Differentiation
To use bioimpedance technology as a diagnostic tool in an ambulatory
setting, it is essential to be able to differentiate ICH from ischemic stroke,
as otherwise the consequences are fatal (Bruce et al. 2011). The results
reported in paper C and the validation of those results using a larger control
group showed that most ICH patients were not detected. However, it
should be noted that the patient population in paper C is also
heterogeneous. In consultation with the neurologist in our group, it was
noted that four patients had very deep lesions, and 2 out of 3 ICH patients
were in that group. Using numerical simulations, it was also shown that
deep lesions show less pronounced changes than superficial ones. Hence,
deep lesions (in this case the majority of ICH patients) are more likely to
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fall in the control group ranges. Upon expanding the control group size, its
ranges will also increase, and more patients with deep lesions may fall
within the control ranges.
It should also be noted that stroke type differentiation was not within
the proposed framework of this thesis work. However, as it is essential to
differentiate stroke types so that bioimpedance can be used in an
ambulatory system, stroke type differentiation is part of the future work of
this research. Initial observations, reported in section 6.3.1 as part of the
proposed future work of this thesis, suggested that the mean scalp
resistance amplitude of healthy controls and of hemorrhagic and ischemic
patients are different. These initial observations are also consistent with
the theoretical and animal experimental results suggesting that ischemia
will cause elevated scalp resistance (Van Harreveld and Ochs 1956, Holder
1992, Wu et al. 2003, Seoane et al. 2004, Seoane 2005, Horesh 2006), while
ICH will cause decreased resistance due to the high conductivity of blood
(Gabriel et al. 1996). However, it should be noted that although the small
dataset in this thesis supports these theoretical and animal observations,
the influence of age, sex and different head sizes can still be confounding
factors in these results, which require validation in a larger dataset. It
should also be noted that depending on the stroke site and measurement
configuration, different and contradictory patterns can be expected for the
same category of stroke. For instance, in the event of hemorrhagic stroke,
blood will expand in the cranial cavity, and the head resistance
measurements will be affected, but from a theoretical perspective, the end
result would not necessarily imply decreased resistance amplitude. In the
event of IPH, blood will be more conductive than the parenchymal tissue,
and decreased resistance is a reasonable outcome for IPH, but if the same
hematoma occurs in the subarachnoid space, considering that blood is less
conductive than CSF (Gabriel et al. 1996), increased resistance is more
reasonable. On the other hand, ICH can cause increased ICP and
ischemic stroke (Frizzell 2005), while can also lead to increased head
resistance (Van Harreveld and Ochs 1956, Hansen and Olsen 1980,
Holder 1992). Similarly, hemorrhage can also occur during ischemia
(Motto et al. 1999) and create secondary impedance changes.
Left-right potential difference analysis also showed significant
differences between healthy controls and ischemic and ICH patients. The
results based on voltage measurements, like the scalp resistance
measurements, need validation in a larger database.
Age and Sex Confounders
Non-pathological confounders such as, age, sex and non-pathologyrelated blood flow changes such as subject position during EBI
measurements can also affect BIS measurements, causing different
electrical properties between controls and patients who are not related to
pathology. Hence, it is essential that the influence of such confounders as
well as the repeatability bioimpedance measurements must be studied. In
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manuscript E, using the relative change in the bioimpedance measurements
of the same subject in a short time window, we managed to compensate
for the influence of such confounders and show that pathology does
indeed affect BIS measurements. Part of the future work of this thesis will
also focus on this issue. The initial results reported in section 6.3.2 suggest
that there exists a significant difference in the head resistance of males and
females; however, as there is also an age imbalance between male and
female subjects, it is not clear if the observed difference is due to the age
differences or to anatomical differences between male and female (e.g.,
different head size or skull bone thickness). Comparison of the resistance
measurements of patients in supine and sitting positions showed no
significant difference (P>0.05). Similarly, the Valsalva maneuver did not
seem to affect the resistance of EBI measurements. However, these results
need to be repeated using a different instrument, as the instrument used,
SFB7, might not have the sensitivity to detect such changes in blood flow
caused by the Valsalva maneuver or a sitting position.
Stroke lateralization localization
Unfortunately, the simple inter-hemispheric analysis reported in this
thesis was not successful in the localization or lateralization of the stroke.
Such lateralization challenges were also reported in hemispheric EIT
analysis (Ma et al. 2014). In addition to the analysis method, the large size
of the infarction or hematoma shown in 3D reconstructed models of the
patients’ lesions reported in manuscript D can also account for the
difficulties in the lateralization and localization of stroke.

6.2

Conclusions

The results reported in this thesis, published in papers A-C and drafted
in manuscripts D and E used human head BIS measurements and showed
that stroke affects the scalp electrical properties, i.e., head resistance and
potential distribution. These results, for the first time, include head BIS from
human subjects in the acute and subacute phase of the injury. The realistic
simulations drafted in manuscript D also supported experimental
observations showing that brain injury, i.e., ICH, affects the quasisymmetric scalp potential distribution that forms the basis of
bioimpedance technology. These results specifically addressed RQ 1 and
RQ 2 of this thesis work and confirmed that EBI has the potential to
detect brain stroke inside the cranial cavity.
The effects of stroke pathogenesis on the scalp-recorded resistance
spectrum showed that the absolute change in head resistance on the third
day after stroke onset relative to the first day is significantly (P<0.05) larger
than the test-retest measurements of healthy controls. These results
showed that EBI is sensitive to stroke pathogenesis, answering RQ 3. The
stroke pathogenesis analysis in manuscript E, independent of age and sex
differences, also confirmed that stroke affects the resistance of EBI
measurements, answering RQ1-2.
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The initial observations regarding the proposed future work on stroke
type differentiation showed that there exists a difference in the amplitude
of the resistance spectrum and potential measurements of healthy subjects,
ICH patients and ischemic patients. However, the small sample size limits
any concrete conclusions based on these results. These results partially
answered the future research question RQ 4.
The initial observations of non-pathological confounders such as age,
sex and head size showed that they might affect the resistance of EBI
measurements. These results briefly answered future research question RQ
5, highlighting that it is important to consider such influential factors in
the analysis method and healthy control enrolment. If an older healthy
population is needed, neuroimaging should also be included as part of the
study to rule out any pre-existing pathological abnormalities, as there are
higher chances of such abnormalities at older ages.
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6.2.1

Answering the research questions

RQ1.
Does stroke modify the electric properties of brain tissue in
a way that is detectable via EBI?
Yes, based on the results published in papers A-C and drafted in
manuscripts D-E, it is concluded that EBI is affected by stroke lesion in
the cranial cavity, allowing bioimpedance-based stroke detection
RQ2.
Would it be possible to detect stroke with EBI as early as in
the acute and sub-acute phase?
Yes, based on the results published in paper C and drafted in manuscripts
D-E, it is concluded that EBI can be used to detect acute stroke.
RQ3.
Is EBI sensitive enough to monitor the changes caused by
stroke pathogenesis?
Yes, based on the results drafted in manuscript E, it is concluded that
stroke pathogenesis in the acute-subacute phase affects EBI
measurements from the head.

6.2.2

Final Word

The results published in this thesis work propose bioimpedance
technology as a potentially useful technique for acute/subacute brain
injury detection as well as for the bedside monitoring of patients. The
current results do not suggest EBI as a substitute for the existing
neuroimaging diagnostic modalities such as CT and MRI, but more as an
extra tool that might have the potential ability to assist in decision-making
in scenarios where access to CT or MRI is compromised. These results
encourage continuing the research on EBI for brain monitoring to develop
a non-invasive and portable method for stroke detection that can assist in
the pre-hospital triage of patients suffering acute stroke and in Transient
Ischemic Attack monitoring as well as the assessment of TBI in car
accidents, sporting events or far-forward military environments.

6.3

Future Work

The future work of this thesis will consist of a larger EBI
measurement database, new stimulation sources, stroke type differentiation
and the study of non-pathological confounders.
A larger EBI measurements database is required both to validate the
results reported in this thesis and also to expand the number of features
used. For this purpose, further EBI measurements are planned at MGH.
In terms of different stimulation sources, other than Gaussian white
noise and sinusoidal currents, dual-energy pulses using the stochastic
Gabor function (SGF) developed at MGH (Bonmassar et al. 2013,
Bonmassar et al. 2014) will be implemented using the custom-made
instrument at MGH. Such pulse generation is expected to provide more
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information regarding lesions in the deep anatomical structures of the
head.

6.3.1

Stroke Type Differentiation

The results published in papers A-C and reported in manuscripts D and E
showed that bioimpedance technology has the ability to detect stroke
(Ischemic and Hemorrhagic). However, to use bioimpedance technology for
the pre-hospital triage of patients, it is essential not only to distinguish
healthy brains from stroke sufferers but also to distinguish ischemic stroke
from ICH. In this regard, the head resistance of ischemic and hemorrhagic
patients was compared to healthy controls. Similarly, the potential
measurements in the sub-acute phase of ischemic and hemorrhagic
patients were also compared to healthy subjects’ measurements.
Head Resistance Comparison
BIS measurements were collected from four areas on the heads of ten
healthy controls, age (44 Mean ± 16 SD), 3 patients suffering from ICH
(age 73 Mean ± 7 SD), and 7 patients suffering from ischemic stroke (age
73 Mean ± 16 SD). BIS measurements from these patients were recorded
in the acute phase, i.e., less than 24-hour-old lesions. Patient details are
summarized in Table 6-1.
Table 6-1. Details of the patients in Karolinska Hospital admitted for BIS measurements
Patient

Sex

Age

Lesion

Location

A
B
C
D
E
F
G
H
I
J

M
W
W
W
W
M
M
W
M
M

82
44
70
81
93
82
66
84
56
71

ischemic
ischemic
ischemic
ischemic
ischemic
hemorrhagic
hemorrhagic
ischemic
ischemic
hemorrhagic

Right MCA
Left PCA
Left PCA
Right PCA
Right MCA
Lobar Left
Deep Right
Left PCA
Deep Left
Lobar Right

NIH Day 1
19
1
6
4
8
1
12
5
1
2

From each head, four resistance spectrum measurements were
obtained using the SFB7 spectrometer in the range 3.096-1000 kHz using
the four-electrode technique. The current injection and voltage sensing
locations were marked according to the 10-20 international electrode
placement system and as described in section 5.1.2. The four resistance
spectra obtained from each head were averaged and considered as head
resistance. Comparison of the head resistance of the controls and the
ischemic and hemorrhagic patients revealed that the average head
resistance of the ischemic population (Mean 55.42 ± SD 15.67 Ω) has a
larger amplitude than the controls (Mean 48.79 ± SD 7.83 Ω), while the
average head resistance (Mean 42.85 ± SD 5.4 Ω) of hemorrhagic
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Figure 6-1 (a) Mean head resistance for controls and for ischemic and hemorrhagic patients
within 24 hours after stroke onset. (b) Box plot for the head resistance of each group. The
edges of the box are the 25th and 75th percentiles; the whiskers extend to the most extreme
data points not considered outliers.

patients is smaller in amplitude compared to the controls, as shown in
Figure 6-1. On average, the head resistance of the ischemic population
(a) Averaged head resistance for 10 healthy subjects, seven patients with ischemic stroke
showed
a 13.79%
larger amplitude
relative
toforthe
mean
the controls,
and 3 patients
with haemorrhagic
stroke (b) anova
figure
each
group of
(p=0.2866)
while the same comparison for hemorrhagic patients and controls showed
an average 12.11% decrease in the head resistance amplitude of
hemorrhagic patients relative to the mean of the controls.
Case-by-case comparison of the head resistance of the ischemic
patients compared to the Mean ± 1 SD of the controls showed that 5
ischemic patients (A C D E H) had larger head resistance amplitudes
compared to the mean of the controls, and two patients (B and I) had
smaller resistance amplitudes. A similar analysis for hemorrhagic patients
revealed that except for patient F, the other two hemorrhagic patients had
smaller head resistance than the controls, as shown in Figure 6-2.

Figure 6-2 (a) Head resistance of each ischemic patient relative to the mean of controls ± 1
SD. (b) Head resistance of ICH patients relative to the mean of controls ± 1 SD.

Sub-Acute Phase
The same analysis reported in the previous section was repeated using
BIS measurements of patients in the subacute phase, i.e., lesions between 24
and 72 hours old. The average head resistance of the ischemic stroke
patients (Mean 56.79 ± SD 13.03 Ω), similarly to the acute phase, showed
a larger amplitude than the controls, while the average head resistance of
the hemorrhagic patients (Mean 49.6 ± SD 9.83 Ω) increased compared to
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Figure 6-3 (a) Mean of the head resistance spectra for controls, ischemic and hemorrhagic
patients three days after stroke onset. (b) Box plot for the mean head resistance of each
group in the range 3.096-1000 kHz. Center mark shows median, and the edges of the box
are the 25th and 75th percentiles; the whiskers extend to the most extreme data points not
considered outliers.

the acute phase and showed a similar amplitude to the average head
resistance
the edges ofofthethe
boxcontrols
are the 25th
(Mean
and 75th
48.79
percentiles;
± SD 7.83
the whiskers
Ω), as shown
extend tointheFigure
most
extreme data points not considered outliers
6-3.
Comparison of the average difference between head resistance
measurements of patients relative to the mean of the controls in the range
3.096-1000 kHz showed that the majority of ischemic stroke patients have
larger head resistance than the average head resistance of healthy controls.
In contrast, the majority of hemorrhagic patients showed decreased
resistance compared to the average head resistance of the controls. On the
third day after the stroke, the majority of ischemic and hemorrhagic
patients showed a similar pattern to the acute phase but with a smaller
amplitude than the first day, as shown in Figure 6-4.

Figure 6-4 Average head resistance change relative to the control baseline one and three days
after stroke onset: (a) ischemic patients, (b) hemorrhagic patients

Scalp Potential
The left-right potential difference in the frontal, central and parietal
regions on the scalp was measured in ten healthy subjects, six patients
suffering sub-acute ICH and four patients suffering sub-acute ischemic
stroke, Table 6-2 (Manuscript E).
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Table 6-2. Summary of the ischemic and ICH patients admitted to MGH and undergoing scalp
potential recordings. 3D models provide a schematic of lesion location and volume relative to the
brain pranchymal.
ID

Age/Gender

Time to
Measurments
(hours)

Lesion Volume
(cc)

I1

58/F

305

10

I2

47/F

568

192

I3

42/F

96

56

I4

88/F

45

27

H1

56/M

3

20

H2

71/F

2

6

H3

91/F

1

18

H4

80/F

1

20

H5

81/F

3

53

H6

23/F

4

8

3D-Imaging
Reconstruction

The average left-right potential difference at these three locations was
calculated in 3 minutes for patients and healthy subjects. The average interhemispheric voltage difference for the controls, hemorrhagic and ischemic
stroke patients showed different means. ANOVA analysis suggested that
the difference between two groups is statistically significant (p=0.0025,
F=8.69), as shown in Figure 6-5. These results partially answered RQ 4.
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.
Figure 6-5 (a) Average hemispheric potential difference for 10 healthy subjects, four ischemic
patients and six hemorrhagic patients. (b) Box plot for the hemispheric potential difference of
each group. Center mark shows median, and the edges of the box are the 25th and 75th
percentiles; the whiskers extend to the most extreme data points not considered outliers
(p=0.0025).

6.3.2

Non-Pathological Confounders & Repeatability

The influence of non-pathology-related factors such as age, sex, head
size, and patient position during bioimpedance measurements of the head,
as well as the repeatability of BIS measurements, are discussed in this
section. For this purpose, BIS measurements were obtained from four
areas on the head. Measurements were recorded with the SFB7 instrument
in the frequency range 3.096-1000 kHz. Current injection and voltage
sensing electrode locations for each of the four BIS recordings were
selected according to the configuration described in paper C. The four
resistance spectra on the head were averaged and considered as head
resistance.
Repeatability
Head resistance was calculated twice for seven healthy subjects (4
males and 3 females) using BIS measurements recorded on separate days.
The absolute change in the head resistance spectrum of the retest
measurements relative to the test measurements was 1.96% on average, as
shown in Figure 6-6a. The average head resistance in the range 3.0961000 kHz showed no significant difference between the test (Mean 48.26±
SD 9.33 Ω) and retest measurements (Mean 47.33± SD 6.45 Ω) at the 5%
significance level (p=0.8), as shown in Figure 6-6b.
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Figure 6-7 (a) Averaged head resistance spectra obtained from 5 males and 5 females. (b)
Box plot6-for
mean
head
resistance
spectra
of 5test-retest
males andmeasurements.
5 females in the
3.096-1000
Figure
6 (a)
Mean
head
resistance
for the
(b)range
Box plot
for the
kHz.
Center
mark
shows
the
median
of
that
groups
averaged
head
resistance,
and
the edges
test-retest measurements with no statistically significant difference (p=0.8). Center
mark
of the median,
boxes are
thethe
25th
andof75th
to thethe
most
extremeextend
data
shows
and
edges
the percentiles;
box are the the
25thwhiskers
and 75thextend
percentiles;
whiskers
points
that
are
not
considered
outliers.
The
difference
between
the
means
of
the
two
groups
to the most extreme data points not considered outliers.
is statistically significant (P=0.0022).

Gender & Age
Head resistance comparison of 5 healthy males, age (Mean 34 ± 1SD
9), and 5 healthy females, age (Mean 53 ± 1SD 11), showed that there is a
noticeable difference in the averaged head resistance spectra of males and
females in the range 3.096-1000 kHz. The difference between the average
head resistance of the males (Mean 42.51± SD 3.84 Ω) and females (Mean
56.05± SD 5.01 Ω) was found to be statistically significant at the 5% level,

Figure 6-8 Average head resistance in the range 3.096-1000 kHz versus head circumference
size for (a) four male healthy subjects (b) four healthy female subjects

(p=0.0022), as shown in Figure 6-7.
Head Size & Age
The average head resistance in the range 3.096-1000 kHz was plotted
against the head circumference size for four female and four female
subjects. The averaged head resistance was found to decrease with
increasing head circumference for both male and female subjects. In the
female population, it was also observed that the head resistance of two
subjects with the same head size was smaller in the older subject, as shown
in Figure 6-8.
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Figure 6-9 Scalp resistance change in supine position versus sitting position averaged in the
range 3-1000 kHz. (a) Box plot for lateral measurements of six healthy controls, p=0.79 (b)
Box plot for central measurements of the controls, p=0.57. The center mark shows the
median, and the edges of the box are the 25th and 75th percentiles; the whiskers extend to the
most extreme data points not considered outliers. (c) Relative resistance change of supine
measurements versus sitting position.

Non-pathological Blood Volume Change
Changing body position can cause changes in the blood flow to the
brain and affects head BIS measurements without any pathology being
involved. This issue can be important, as BIS measurements of the patients
are usually recorded in the supine position, as the patients are in bed,
whereas the recordings from healthy controls may not necessarily be
acquired in the supine position. Hence, it is interesting to see whether
patient position can affect BIS measurements. Another test that can
inform about the influence of the blood volume change on BIS
measurements is the Valsalva manoeuver, performed by forceful
exhalation against a closed airway by closing the mouse and nose.
Measurement Position
Resistance spectra were acquired from the central and lateral areas of
the right side of 2 male and four female subjects in both the supine and
sitting positions. The current injection and voltage sensing electrode
locations were according to the 10-20 landmarks described in paper C. The
average resistance in the range 3-1000 kHz was not found to be significant
for either the central or lateral measurements at the 5% level (pCentral=0.57),
(pLateral=0.79). The absolute change in the resistance amplitude in the
supine position relative to the sitting position was less than 5% for most
subjects, see Figure 6-9.
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Figure 6-10 Average resistance in the range 3-1000 kHz for lateral right BIS measurements
obtained from the scalps of six healthy controls during and after Valsalva maneuver. (a)
Relative resistance change after the breath. (b) Box plot for the six averaged resistances during
and after Valsalva maneuver, p=0.92. Centre mark shows the median, and the edges of the
box are the 25th and 75th percentiles; the whiskers extend to the most extreme data points
not considered outliers.

Valsalva Maneuver
The average resistance in the lateral right side BIS measurements in the
range 3.096-1000 kHz was calculated for 6 healthy subjects, 2 males and 4
females, during and after the Valsalva maneuver. Current injection and
voltage sensing electrode locations were selected according to the 10-20
landmarks described in paper C. During the Valsalva maneuver, the breath
was held, and afterward the breath was released. No significant difference
at the 5% level was observed in the average resistance before and after the
Valsalva maneuver (p=0.92). The resistance change during the Valsalva
maneuver relative to the measurements after the maneuver was less than
5%, as shown in Figure 6-10. These results partially answer RQ 5.

Short answers to future research questions:
RQ4. Is it possible to differentiate major types of stroke, i.e., ischemic
and hemorrhagic, using EBI?
The preliminary results suggest that the potential and resistance
measurements of ICH and ischemic patients have different amplitudes
compared to healthy head recordings, enabling the separation of these
three categories. These initial observations indicate that stroke type
differentiation is plausible, but a larger database is required to validate
these preliminary results and to analyze the influence of head size, age and
sex differences.
RQ5. What is the role of non-pathological confounders such as age,
sex, patient position and head size on bioimpedance
measurements?
The preliminary results suggest that non-pathological confounders
such as age and sex can affect the resistance measurements of the head.
However, patient position during EBI measurements did not seem to
influence the resistance of the EBI measurements. Similarly, the Valsalva
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maneuver did not seem to affect the resistance of the impedance
measurements.
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