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ABSTRACT

Technological advances in functional neuroimaging contributed to understanding of
the neurovascular coupling in humans over the years, however, the temporal and spatial
relationship between large-scale neural oscillations and hemodynamic changes is still not
completely understood during the different states and different disease states of the
human cortex. It is also still unclear that what type of large-scale neural oscillations that
mostly drive to the hemodynamic signal. There has been a need for novel tools and
methods in neuroimaging to study neurovascular coupling.

This thesis focused on the development of simultaneous Functional Near-Infrared
Spectroscopy and Electroencephalography system (simultaneous fNIRS+EEG) that can
be used for the investigation of neurovascular coupling over the whole head. The
simultaneous fNIRS+EEG system is then applied to the resting state studies in healthy
adult subjects. The results of these resting state experiments are presented. Our finding
shows that the EEG signals at various frequencies tend to drive hemoglobin concentration
changes with a typical time delay during the resting states. As side studies, the
simultaneous fNIRS+EEG is applied to the cognitive task and artifact experiments to
evaluate the suitability of the developed system. The results of these task and artifacts
experiments are also presented. Our goal was to characterize the basic phenomena
through practical, noninvasive methods in order to facilitate the study of diseases known

to affect neurovascular coupling, such as traumatic brain injury.
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1 CHAPTER
1.1 Introduction

In the brain, neural activity drives local blood flow and oxygenation in a process
called neurovascular coupling. Both neural and vascular properties must be
simultaneously measured in order to investigate neurovascular coupling. Near-infrared
spectroscopy (NIRS), measures the changes in the local concentrations of hemoglobin.
Neural activity patterns can be observed by electroencephalography (EEG).
Neurovascular coupling is a major topic of interest due to its relationship with
pathological conditions that include hypertension, stroke, subarachnoid hemorrhage, and
traumatic brain injury. Its investigation calls for an ability to track both the neural and
vascular aspects of brain function.

The use of functional NIRS (fNIRS) as an independent modality for investigating the
adult brain hemodynamics (1-3) as well as infant development (4) is already well
investigated. In most fNIRS studies the use of two distinct wavelengths allows the
extraction of the concentration changes of oxy- and deoxy-hemoglobin (HbO and HbR)
in the outer layers of the human cortex (5-7). Following neural activation local blood
flow and volume typically increase on a time scale of seconds, causing a rise in HbO and
a decrease in HbR of smaller magnitude. These concentration changes measured by
fNIRS closely agree with the blood oxygen level dependent (BOLD) response from fMRI
(8-11).

EEG is thought to result primarily from the synchronization of post-synaptic potentials

and therefore represent the input to a neuronal population rather than its output of action
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potentials (12). Although the underlying process has a time scale on the order of
milliseconds, the parts of scalp EEG that are informative about cortical activity generally
remain below the gamma frequency range. This is mainly due to interference from
muscle electrical activity (13-16). Scalp EEG rhythms (17) have long been used by
clinical neurophysiologists in the differential diagnosis of neurological patients (18, 19).
However, it is well known that EEG interpretation contains a substantial intuitive
component and the accuracy of EEG interpretation is demonstrably low (20). These may
well be due to our incomplete knowledge of its underlying mechanisms. An important
limitation of EEG lies in the difficulty of resolving and spatially localizing its sources
(21). In order to help overcome such limitations and clarify the relationship of EEG to
normal and pathological brain function, researchers are increasingly using multi-modal
measurements which combine EEG with other methods.

EEG combined with functional magnetic resonance imaging (fMRI) is able to
correlate neural activity with a sequence of highly space-resolved images ultimately
based on hemodynamics (22-28). Technical progress has also made it possible to
combine EEG with fNIRS, another non-invasive method. This method, we refer to as
simultaneous fNIRS+EEG, yields similar measurements with lower space but higher time
resolution, in a far more practical and cost-effective arrangement (29-35).

Resting state (RS) EEG contains spontaneously occurring patterns with characteristic
frequencies and regions on the scalp. These patterns are presumably associated with
transient neuronal assemblies that perform various functions linked to information
processing (36, 37). Among the most studied frequency bands is the alpha rhythm in the

range 8-14 Hz. Easily identifiable in the occipital and parietal areas of awake, eyes-
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closed subjects, it was the first EEG pattern to be observed (38). In addition combinations
of delta, theta, alpha, beta, and gamma bands have been reported sometimes coexisting
and competing in the same area (17, 39, 40) and correlated with RS networks (27, 41,
42). In fact the distribution of the citations of research on EEG frequency bands replicates
the power spectrum of the EEG (43).

In this thesis, we have three main aims. The first aim is to develop the non-invasive
simultaneous fNIRS+EEG system which can simultaneously track brain’s neural and
hemodynamic activity over the whole head. Currently, we developed the system which
allows us to examine the relationship between the large-scale neural oscillations and the
brain hemodynamics in the human cortex. Technical solutions, tools and analysis
methods have been developed during the process of combining two different modalities.
The second aim is to evaluate the feasibility and the suitability of simultaneous
fNIRS+EEG system. With this purpose, the simultaneous fNIRS+EEG system has been
tested using cognitive and artifacts tasks. The final aim is to apply simultaneous
fNIRS+EEG to investigate neurovascular coupling over the whole head during the resting
states. This study will lay the groundwork for an array of planned future projects that
seek to establish efficient and inexpensive measures for the purpose of monitoring and
diagnosis of abnormalities such as hypertension, stroke, subarachnoid hemorrhage, and
traumatic brain injury.

In this thesis, we have five chapters covering three specific aims. The first chapter
introduces the fundamental of fNIRS, EEG, Multimodal imaging and Neurovascular
coupling. The second focused on the developmental stages of simultaneous fNIRS+EEG

system that has been built in our laboratory. In the chapter three, simultaneous
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fNIRS+EEG system has been tested with the cognitive task and the results are presented.
In the end of chapter three, the artifact characterization experiments have been described.
The chapter four describes the application of simultaneous fNIRS+EEG system during
the resting states and the results are presented. The final chapter describes the brief
general conclusion and future work including the development of portable, wireless

fNIRS+EEG system and clinical application of fNIRS+EEG system.

1.2 Near-Infrared Spectroscopy

1.2.1 Introduction

NIRS is an optical measurement modality to non-invasively investigate the blood
oxygenation and hemodynamics in humans and animals. This modality is particularly
useful in functional neuroimaging measurements because of the relationship between
neural and hemodynamic activity in the brain. fNIRS yields local measures of HbO and
HbR concentration and is therefore an indicator of metabolic/hemodynamic changes
associated with neural activity. NIRS can be performed by placing optodes (sources and
detector) over the head. Light sources shine near-infrared light into tissue, and light
detectors collect reflected light. The detected light can be used to calculate the blood
oxygenation changes associated with the neural activity (5).

In 1977, F.F. Jobsis published the first NIRS study for optical detection in humans.
His study reported that NIRS is a feasible non-invasive method for monitoring the
concentration of hemodynamic changes in the brain (44). BOLD-based functional fMRI

were introduced by several groups in 1992. One year later, Hemoglobin concentration



changes during brain activation were first measured with NIRS in 1993. The four
research groups published results and showed the brain activation measurement in

response to stimulation with NIRS in the same year (45-48).

1.2.2 Fundamentals of NIRS

NIRS uses light in the near-infrared (NIR) spectral range (~650-950 nm, ‘optical
window’) which can penetrate several centimeters into biological tissue (49). When light
is illuminated into tissue, the photons do not simply reflect or transmit through tissue.
NIR photons mainly can be absorbed or scattered by the tissue structures and molecules,
such as lipids, water or chromophores. The scattering probability of photons is much
greater than the absorption probability of photons inside tissue. Since the human head is
highly scattering, the near infrared photons change directions and scatter many times.
Experimental and model studies showed that a very small fraction of the photons reaches
the head surface (approximately one out of every 10° photons) (50). Light attenuation is
used to calculate the concentration changes of hemoglobin by using the Beer Lambert
Law. Light attenuation depends mainly on the absorption and scattering properties of the
tissue structures and molecules, such as lipids, water or chromophores.

Chromophores inside tissue, in particular HbO, HbR and cytochrome aa 3 (Cyt aa3),
have specific absorption characteristics in the NIR range, and NIRS measures changes in
these chromophores within the brain. As stated above, each chromophore has a different
extinction coefficient that defines how strongly a chromophore absorbs light at a
particular wavelength. The relationship between a specific extinction coefficient (€) is
related to the specific absorption coefficient by this formula; a=In(10)€. The main

5



difference between two coefficients is a scaling factor. Figure 1.1 represents the specific
extinction coefficients at a different wavelength for HbO, HbR and water. Chromophores
are the main absorber structures in the tissue. Hemoglobins and C. oxidase are the main
type of chromophores, which their concentration changes with time and oxygenation
status during the measurement. Cytochrome c oxidase varies with oxygenation status, but
it does not significantly affect the measurement because the signal of cytochrome c

oxidase is much weaker than that of hemoglobin (ten times smaller).
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Figure 1.1 Specific extinction spectra of HbR(blue), HbO(red) and water(black)
(from UCL Optics Group)

When an oxygen molecule binds to the ferrous iron atom of the heme group of
hemoglobin, it is called HbO. If the hemoglobin molecule is bound to nothing, then one is
called HbR. NIR photons are strongly absorbed by hemoglobin below 650nm. At the

optical window, HbO and HbR have the different absorption spectra which enable us to



calculate changes in HbO and HbR concentration when near-infrared light is applied. 800
nm is an isobestic point, where HbO and HbR have the same absorption coefficient.
Approximately 60% of our total body weight is water which can absorb light
significantly in some spectral regions. NIR photons are absorbed weakly by water
molecules above 950 nm. Light passes through the skin twice during illumination and
reflection. The skin is another light absorber which has three layers: the epidermis,
dermis and hypodermis. The epidermis has vesicles containing melanin, which is a very
strong absorber in the 300nm-400nm. At the near infrared light, the specific extinction
coefficient is constant. It doesn’t have a significant effect on the measurement since the
attenuation doesn’t vary with time. Finally, hair is an important absorber due to the
presence of melanin that gives it color. Besides absorption properties of hair, hair is very
good scatterer. Dark hair needs to be displaced aside in order to improve signal to noise

ratio (51).

1.2.2.1 Banana Shaped Sampling Region

The photons change directions and scatter many times when they travel through tissue,
and they follow the curved path which is called “banana shaped” from light source to
detector over the head (Figure 1.2). Each measurement channel is created by a source a
detector placed over the head. The distance between sources and detectors should be at
least 2 cm. NIRS signals are assumed to originate from the centered area between the
sources detectors (52).

The separation between sources and detectors is important since it defines the depth of

penetration in the cortex. If the distance is larger between sources and detectors, the arc



of the banana-shape will be larger which will get information from deeper in the cortex
(Figure 1.2). While determining the distance source and detectors, the spatial resolution
of the measurement and sufficient signal quality must be considered. Generally, a
distance of 30-35 mm is considered optimal, and the sensing depth into the adult human

head is on the order of 15-25 mm.

> CST gy
Gray Mate,

White matter

Figure 1.2 Schematic demonstration of photons banana shape(114) S:Source D:Detectors

1.2.2.2 Modified Beer-Lambert Law
The Beer-Lambert Law states that the concentration of chromophores in tissue can be
related to the light attenuation. The law considers that that the relationship between light
attenuation and concentration of chromophores is a linear. The Beer-Lambert law is

defined as (53):

A= Iog[ILJ =eCd, (1-a)

0
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Where (A) is the light attenuation, is the logarithmic ratio of two intensity; lo is the
intensity of the incident light, I is the intensity of the transmitted light, C(M) is the
concentration of a absorber, € is the molar extinction coefficient(mMcm™) and d(cm) is
the distance that light travels(the inter-optode distance). If there are more than one
absorber in the medium, the beer lambert law can be written as
A=[gC, +5,C,+...+¢,C ]d. (1-b)
The aim is to find C1,.., Cn in the above equation. A is the experimentally measured

(at x wavelengths for x chromophores of interest), d is the distance between source and
detector. € from the literature has been shown previously for HbO and HbR.

Scatter is considered to be zero in the Beer-Lambert Law. Human tissue is
inhomogeneous and a highly scattering medium, such that the Beer-Lambert law cannot
be used for biological tissue. When a highly scattering medium is considered, the
differential path length factor and the scattering losses (G) must be considered. The

modified Beer-Lambert Law (54) can be written as

A= Iog[ILJ: £C.d.DPF +G. (1-c)

0

If we consider time (t) and wavelength (1) can be shown as

I(t, A)
I, (t, A)

A(t, 1) = Iog( ] =3 £(2).C, (t).d.DPF(2) +G(2)- (1-d)

DPF defines the increase in optical path length due to scattering in the tissue. The light
travels in a longer path due to the scattering. During the calculation, it is assumed that G
is not time-dependent; the change in scattering can be neglected when compared with

changes in absorption. As result, when considering the change of attenuation AA between
9



the initial time point t, and a time point t; the factor G(A) is canceled out where

Ac, =c,(t,)—c,(t,). The concentration changes of hemoglobin can be shown as

AA(AL, 1) = Iog(%) =" £(4).AC, (1).d.DPF(2). (1-e)

During the recording, DPF cannot be measured directly since the tissue properties
cannot be determined absolutely with CW NIRS. As a result, an absolute calculation of
chromophore concentration cannot be obtained; only changes in concentration of
chromophores can be measured with NIRS with several assumptions.

The hemodynamic response is slow in response to neural stimulation. Hemodynamic
response will begin at 2-3 seconds after the onset of neural stimulation. Figure 1.3
showed the typical hemodynamic response measured by NIRS. Following neural
activation local blood flow and volume typically go up on a time scale of seconds,
causing a rise in HbO and a decrease in HbR of smaller magnitude (55). Task type, task
duration and subject group are closely associated to the hemodynamic response.

<107

HbO

8 10 12 14 16

o=
[N ]
.
(=]

Time in [s]

Figure 1.3 A typical NIRS activation in response to a stimulus (Onset 2 s).
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1.2.3 NIRS Instrumentation

The last decade has been an exceptionally good one for improving NIRS devices and
instrumentations. New companies were involved in development of NIRS
instrumentations and NIRS software development (4). Currently, the continuous wave
version of NIRS is extensively used in the research and clinical settings due to its price
and simplicity (5). Basically, CW-NIRS measures the light intensity of diffusely reflected
light. NIRS systems use laser/LED sources to shine light on the tissue at a constant
intensity and uses detectors to measure the intensity of diffusely reflected light
continuously.

For CW-NIRS, each source should have at least two distinct wavelengths to allow
for discrimination of the HbO and HbR. Two wavelengths (760-850nm) will be emitted
simultaneously and distinguished by modulation, each at different frequencies. Source
illumination over the head can be in sequence or in parallel. NIRS sources can be laser
diodes or light emitting diodes (LED). Fiber optics is used to guide the transmitted
reflected light from the recording site over the whole head. Photodiodes converts a light
signal into an electrical signal. The sources and detectors should be located with several
cm distance over the tissue in order to make sure near infrared light will go deep enough
to reach the cortex, and the reflected light will be collected sufficiently. Continuous
wave NIRS can be used for optical tomography (3D image) by using a sufficient number
of probes (high density) with different source-detector separation and arrangements (56,
57). The production of three dimensional images will have information about the depth of

chromophore concentration changes.
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1.3 Electroencephalography

1.3.1 Introduction

Electroencephalography (EEG) results directly from the electrical activity of cortical
and subcortical neurons with a sub-millisecond temporal resolution. The first EEG
recording in humans was conducted by Hans Berger in 1924 (38). His study was the first
to show the presence of rhythmic activity oscillations (10Hz-Alpha) during a relaxed
state without any mental activity. The importance of his study is to show that the EEG
oscillations may be associated with mental activity. EEG is the oldest non-invasive
method for the diagnosis of neurological diseases. Meanwhile, EEG is the gold-standard
method in the diagnosis of epilepsy and seizures (58). Large-scale neural oscillatory
activity, which can be recorded with EEG, is classified by characteristic frequency bands
such as theta (4-7 Hz), alpha (8-12 Hz), beta (15-12 Hz) and gamma (30 Hz) oscillations
(19). These brain rhythms contain relevant information on the ongoing neuronal

processing in a specific brain area (21, 58).

1.3.2 Fundamentals of EEG

EEG oscillations recorded via scalp electrodes are thought to be produced by both
excitatory and inhibitory PSP’s in the cortical pyramidal neurons(19). The single neuron
depolarization doesn’t produce a detectable signal over the head. During the generation
of an EEG oscillation, it is assumed that tens of thousands of synchronized pyramidal
cortical neurons are involved. Their dendritic trunks are coherently orientated, or parallel

with each other (and perpendicular to the cortical surface) so as to allow sufficient

12



summation and propagation to the scalp (58) Importantly, although subcortical
contributions to scalp-recorded EEG have been reported in the literature (18,58), cortical
macrocolumns (or modules) are still thought to be the major contributing force behind
EEG signals (19).

As discussed, the mechanisms which underlie the EEG reading are not fully
understood as yet, but the interactions between the thalamic and cortical networks are
believed to play a key role in rhythmical EEG processes. Indeed, this rhythm, much like
that of any waveform is described and characterized by its frequency, amplitude and

locational attributes.

Amplifier EEG

&
v

» Afferent axon
» Active synapses

»  Pyramid Cell

Figure 1.4 Schematic view of human brain.

1.3.3 EEG Instrumentation

EEG is a non-invasive measurement imaging modality. Scalp EEG is performed with

the use of sensory electrodes (including a reference electrode and a ground electrode)

13



which are placed over a person’s scalp. Voltages differences between the electrodes and
the reference point is measured and amplified. Typically, electrodes are just small metal
cups which are highly conductive and made of non-reactive metals like gold or coated
silver (Ag/AgCl). Measuring electrical potential requires a current to flow between two
points and any interference of flow can produce serious affects to the reading which
decreases accuracy in the results. Therefore, it is important to obtain low impedance
between the sensing and reference electrodes; this is achieved by making fixation to the
scalp as strong as possible. This often means removal of dead skin cells by abrasion, and
the addition of a conductive gel to the base or inside of the electrodes. A desired rate of
impedance between electrodes is less than 5 k to allow a good signal-to-noise ratio (19).
The quality of the electrode contact to the scalp is often measured by its electrical
impedance but there are also situations where signal-to-noise ratios have exceeded 5 k by
impedance standards yet still have produced acceptable results. That is dependent on the
input interference produced by the EEG amplifier itself. Equally, one may establish
excellent scalp contact during the EEG but the electrical characteristics of the recording
room may still provide noisy interference.

Nineteen sensory electrodes are used in a clinical EEG, which are placed
intermittently across the scalp surface in a standard formation defined by the 10-20
international system of placement. The system provides for 19 main electrode sites by
10% and 20% divisions of nasion-to-inion sagittal and left-to-right pre-aurical coronal

distances (59).
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1.3.4 Brain Rhythms

The signals measured with EEG are called “brainwaves”. They are usually classified
into frequency bands. Common bands divide the frequency range between 8-13 Hz for
alpha (o) waves, 14-80 Hz for beta (B) waves, 4-7 Hz for theta (0) waves, and under 3.5
Hz for delta () waves (Figure 1.5). For adult subjects one would expect to see normative
EEG oscillations between range from 0 to 100 microVolts in intensity and from 0+ to 80

Hz in frequency(58).
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Figure 1.5 General brain waves obtained by EEG

Temporal resolution shown in milliseconds by the EEG, allows us to discover not only
increases and decreases in EEG activity as a result of demanding tasks but also to
distinguish between inhibitory functions and excitatory activity. Generally, low

frequencies such as delta and theta show as large synchronized amplitudes but EEG
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frequencies, being beta and gamma etc. shows smaller amplitude denoting a high amount
of desynchronization in the sub-layer neuronal activity. From here, a review of different

EEG oscilations and their roles are discussed.

1.3.4.1 Delta Rhythm

Low-frequency activity in normal humans is presented by the Delta oscillations (1-4
Hz). They are observed during deep sleep and during infancy. The power of delta waves
has been shown to increase tumors and brain lesion (19). This is also the case during
anesthesia (60) and periods of sleep (61, 62). The main activity within infants’ brains
during their first two years of life is delta. Its activity, along with theta activity, decreases
as subjects’ age, and the faster alpha and beta waves increase activity in a linear fashion
throughout lifespan (19). Together, this suggests that delta rhythms are mostly inhibitory

in nature.

1.3.4.2 Theta Rhythm

The slow activity is known as theta, which is between 4-8 Hz. This is also usually
seen during sleep in wakefulness. There have been two theta types observed in adults.
First type indicates widespread distribution across the scalp, associated to drowsiness or
impaired processing. Second type is known as a frontal midline theta activity (63). This
is essentially comprised of focused attention, extra mental effort and processing. Studies
have further linked this to the anterior cingulate cortex as a kind of generator for this
frontal midline theta (19, 63, 64). Another study gave consistent support for this during

an integration of both electrical (EEG) and metabolic (PET) measurements. Pizzagalli
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and his colleagues (65) showed that the anterior cingulate cortex had significant positive
correlations to both theta current density and glucose metabolism; along with being the

the largest region of such effect.

1.3.4.3 Alpha Rhythm

Alpha oscillations are observed to dominate the EEG during quiet and relaxed
wakefulness. Indeed, these alpha oscillations can be obtained for all three of these
systems: visual, auditory and sensory-motor. Findings showed that desychronization in
the alpha bands is closely related to cognitive and motor processing of the human brain
(66, 67). It’s been theorized that thalamo-cortical feedback loops and strengthened
thalamic interconnections are prerequisites for cortically produced alpha rhythms (68).
But the functional relevance of alpha rhythms is still under investigation. Using a number
of studies focused on the links between alpha rhythm and many types of cognitive tasks,
it is considered to be a ‘multifunctional’ rhythm. There is also a following for the idling
theory that amplitude of the alpha rhythm is actually relatable to the cortical activation;
i.e. an increase in alpha-power and its synchronization is linked to cortical and behavioral
deactivation or perhaps inhibition (69). Findings showed that alpha rhythm is not only
reflecting an “idle” state of human cortex. It also involves the several cognitive processes

such as perceptual learning and memory (70, 71).

1.3.4.4 Beta Rhythm
H. Berger observed the beta activity in normal adult in 1924. It is defined as
oscillations of 13 Hz-30Hz. Adults have amplitudes of 10-20 microvolt, and it presents as
a symmetrical fronto-central display usually during intense mental activities. Along with
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this view, a beta rhythm study has seen activity increase with attention and cortical
processing (72). Together, the findings generally show that beta increases as a reflection

of excitatory activities much like arousal and deeper focus (19, 72).

1.3.4.5 Gamma Rhythm
Under different stimulation of the visual cortex, normal neuronal activity ranges from
35-70 Hz). It has been linked to encoding and binding of stimulus activity and
importantly to attention (73), arousal object recognition (74) and learning and memory
(75). There is still debate as to where gamma activity originates from, however it seems
to be quite crucial (31, 76). Whether these oscillations come from intrinsic membrane

properties or from neocortical excitatory/inhibitory style circuits (77).

1.4 Multimodal Approaches

1.4.1 Why multimodal approaches?

The functional activity of the human brain can be observed with various imaging
techniques including fMRI, fNIRS and EEG. Each of these modalities has its advantages
and disadvantages. Compared to fMRI, fNIRS offers the advantages of a good temporal
resolution, small size, and portability, less motion artifacts sensitivity, relatively
inexpensive and natural recording conditions. fNIRS provides information about both
HbO and HbR concentration changes however, fMRI only measures the BOLD signal
which is associated with the concentration of HbR. There are also several disadvantages
of fNIRS imaging; the limited penetration depth, low signal-noise ratio, the sensitivity of
the superficial tissue effect the signal noise ratio is low (5). For fNIRS, the penetration

depth is about 2cm which only allows recording from the cortex. Extra-cerebral effect
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can be diminished or enhanced by using the sophisticated instruments or superficial
algorithms (78, 79). EEG has a higher temporal resolution (millisecond) compared to
fNIRS and fMRI. fNIRS enables us to measure the subject populations with all

experimental paradigms that are not suitable for fMRI. The strengths and the weaknesses

of fNIRS compared with other functional imaging modalities are shown in Table 1.1.

Table 1.1 Comparison table between fNIRS, FMRI and EEG

fNIRS fMRI EEG
Fundamentals | Signal origin Optical Magnetic Synchronized
of techniques property Property Neurons Activity
Absorbance
and Scattering
Measurement Surface of the | Whole brain Surface of the
Area cortex cortex
Measurement HbO-HbR HbR Changes | Postsynaptic
Property Changes potentials
Time 1 2-3 0.01
Resolution
Spatial 20 5 20
Resolution
Instrument Size Small Large, Fix Small(microEEG)
Portability Yes No Yes(microEEG)
Cost 100,000- Several million | 30,000-150,000
400,000 USD | USD USD
Other Settings | Invasiveness No No No
Body Tolerable No No
Movement
Clinical Medium Very High High
Application

Individual imaging techniques provide only limited information about neurovascular

coupling due to the complexity of the relationship between neural activity and localized
hemodynamic response. In order to make further progress, multimodality approaches are
needed, which combine the advantages of individual imaging techniques (e.g., high

temporal resolution of EEG) and mitigate their limitations (e.g., volume conduction).
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During the last two decades, multimodal imaging became increasingly important in
neuroscience due to the complexity of the investigated brain systems.

Despite the many technical and methodological difficulties (e.g., electromagnetic
interference), simultaneous fMRI+EEG recording and analysis has been used extensively
in many neuroscience laboratories in order to study neurovascular coupling, resting state
networks and epilepsy (80). The improvement of epileptic seizure location is the first
clinical interest that investigated by fMRI+EEG in 1993 (81). The use of fMRI-EEG is
limited with big research facilities due to the large size of EEG-fMRI instrumentation.

fNIRS technology is rapidly growing and developing. However, there is no
standardized processing and analysis tools in order to implement in combined
experiments. New tools methods and novel approaches are critically needed to facilitate
the development of simultaneous fNIRS+EEG. fNIRS has powerful features that make it
possible to perform examinations of the functional status of the cortex in clinical offices
and under relatively naturalistic environments. fNIRS-EEG are complementary imaging
modalities and therefore an important resource and strong candidates for studying
aspects of neurovascular coupling and its relationship with pathological brain physiology

as well as the mechanisms underlying the BOLD signal.

1.5 Neurovascular Coupling

1.5.1 Basics of Neurovascular Coupling and Clinical Significance

In the brain, neural activity is closely related to cerebral blood flow (CBF). When the
neural activity occurs within a localized brain region, blood will flow to the localized

brain region in order to meet the increased demand of glucose and oxygen. It is a well-
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regulated system that is called Neurovascular Coupling (82) (Figure 1.6). It is critical to
supply oxygen and nutrients to neurons for their function. The regulation of
hemodynamic activity involves the coordinated relationship of neurons, glia cells, and
vascular cells while the brain activation (Figure 1.7). The neural activity- hemodynamic
coupling is directly controlled via various biological signaling pathways. Metabolic
factors (CO2, K+, nitric acid, adenosine) and neurotransmitters are involved in
controlling the neurovascular coupling. The relationship between neurovascular
components forms the theoretical basis for hemodynamic based imaging of brain activity.
The neurovascular system and its relationship with the pathology of several neurological
diseases are currently under investigation (117). The relationship between neural activity
and hemodynamic activity can be altered in brain disorders, and the resulting homeostatic
unstability may contribute to brain disease. Impairment of neurovascular system has been
shown as a sign factor in several neurological diseases such as Alzheimer’s disease,
major depressive disorders, ischemic stroke (82, 83).

Many laboratories focused on mild traumatic brain injury (mTBI) and its relations
with neurovascular coupling and functional connectivity (84-87). The quantitative
whole-head monitoring investigation of neurovascular coupling is important for eliciting
measures related to mTBI because of implications of this disease for reduced cerebral
perfusion, decreased capillary diameter, and higher reactivity of blood vessel smooth
muscles. Investigation of neurovascular coupling might open the new windows for drug
development, diagnostic of neurological diseases as well as increase our understanding of
the mechanism of the neurovascular system. There is evidence that neurovascular

coupling is affected by aging, anesthesia, and diseases including depression, stroke,
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hypertension, Alzheimer's, epilepsy, subarachnoid hemorrhage, and traumatic brain

injury (88-91).
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Figure 1.6 The hemodynamic response during increased activation of neurons (112).
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Figure 1.7 Schematic of Neurovascular Coupling (113).
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1.5.2 Neurovascular coupling studies in human

The simultaneous recordings of fMRI/fNIRS+EEG provide high spatial and high
temporal investigation of neurovascular coupling. In the last decade, numerous papers
have been published on multi-modal approaches involving fMRI; there have been far
fewer explorations of multimodal studies of fNIRS-EEG. Most studies have been focused
on understanding neurovascular coupling during the resting state and the stimulus related
states.

Resting state studies mostly focused on the investigation of relationship between the
alpha power and hemodynamics. Dr. Mark S. Cohen and his colleagues (28) examined
the relationship between alpha power and the hemodynamic response using simultaneous
fMRI-EEG during the resting state. F.H. Lopes da Silva’s group (92) also examined the
relationship between the alpha power and the hemodynamic response. Both studies
showed that the strong correlation exist between neural activity and hemodynamic
response. Based on the fMRI/EEG studies (92,28), it has been proposed that the
amplitude of the alpha rhythm is associated to the level of cortical activation. An increase
in alpha power could be related to cortical deactivation or inhibition. An increase in the
power of the EEG signal over a specific frequency range generally indicates higher level
of synchronized neural firing in those frequencies.

Simultaneous fNIRS+EEG, yields similar measurements with lower space but higher
time resolution, in a far more practical and cost-effective arrangement (29-33, 35). M.
Moosmann (93) showed that the alpha power correlate with the fNIRS measure of HbR

in the occipital cortex by using the simultaneous fNIRS-EEG during the resting state
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with the limited number of subjects(n=3) .

Various types of stimulation experimental design were used for the investigation of
relationship between electrical activities and hemodynamic. Koch and his colleagues
(29) used the flicker-light with fNIRS+EEG and found that vascular response to stimulus
is higher when resting alpha frequency is lower. Rosa showed the changes in BOLD are
related with changes in the spectral power of neural activity by using fMRI+EEG with
the visual flickering checkboard experiment. More complex stimulation studies has been
done using combining electrophysiology and fMRI in human, Arne (94) showed
correlation between BOLD signal and theta-band activity in the hippocampal areas with
spatial navigation experiment. The linear coupling that occurs between fMRI and
neuronal amplitude that is observed in the human somatosensory cortex upon stimulation

by Arthur and his colleagues (95).
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2 CHAPTER

2.1 Development of Simultaneous fNIRS+EEG

2.1.1 Triplet Holder Design and Manufacture

The first task of building the simultaneous fNIRS+EEG is to produce a component for
holding the optodes and electrodes. We designed the thin plastic component which holds
a triplet of probes (fNIRS source-detector pair approximately 3 cm apart, flanking an
EEG electrode) for the purpose of associating the EEG channel closely with a
corresponding fNIRS channel. The thin plastic holder has been designed to achieve
maximize optical and electrical coupling over the subject’s scalp. The distance between
optodes and electrodes is restricted by the plastic holder. This holder also increased the
mechanical rigidity of optodes-electrodes coupling. The exact dimensions of the plastic
holder are shown in Figure 2.1A.

fNIRS optodes and EEG electrodes must be in good contact with the scalp in order to
ensure appropriate optical contact, signal integrity and low impedance (33). For this
reason, the holder must be flexible to suit the hardness and curvature of the scalp. The
material of the holder is chosen in a way to satisfy the comfort of the subject. It is
necessary to prevent any discomfort that might be experienced by the patient since some
experimental paradigms may last for hours. Several prototypes have been produced and
tested prior to the final design of holders. These prototypes are shown in Figure 2.1B and
Figure 2.1C. We decided to use the plastic material due to its flexibility and easy
customization. With this purpose, Polycarbonate Sheet, Acetate Sheet and

Polyoxymethylene have been tested for a triplet holder. Acetate sheet was selected for the
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final triplet holder due to its high flexibility, high strength and the light weight. Three
different techniques have been used for manufacturing the thin plastic holder prototypes;
manual cutting, 3D printing and Laser Cutter. Since the dimensions of the design are
relatively small, it is difficult to develop the holder manually. Several holders have been
produced with the manual cutting for testing purposes (scissor cutting). The different
shapes (square, round, round-flat) of triplet holder have been produced by 3D printer. 3D
printing generated a less elastic holder that caused the contact pressure problems.
Geometrical stability has been tested with square shape and round shape of the triplet
holder. The final design is determined to be square because it provides good geometrical

stability (Figure 2.1D).
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Figure 2.1 Development of triplet holder and basic measurement unit
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The final version of the thin plastic component (Figure 2.1D) was manufactured by a
laser cutter which provided the precise and accurate cutting with unlimited number of
holders. The basic measurement unit in multimodal imaging is called “module” that
consists of three components: a thin plastic holder, optodes and electrodes (Figure 2.1E).
The ideal source-detector distance is a critical achieving the greatest possible sensing
depth while maintaining a sufficient signal quality (signal-to-noise ratio). Generally, a
distance of 30-40 mm is considered optimal. In the first version of a triplet holder (Figure
2.1), 35 mm source-detector separation was used. However, we obtained the fastest

calibration and best signal quality with a 30 cm source-detector separation (Figure 2.1).

2.1.2 Triplet Holder-Measurement Cap Integration

The second task of my first aim is to modify the cap and to integrate the triplet holder.
Currently, there is no widely accepted standard cap for fNIRS-EEG multimodal imaging.
There are different caps and holders used by different groups (33). In our study, easy
standard cap has been modified using the triplet holders. EasyRcap are made of a
stretchable material that suit well with the scalp curvature. The 19 triplet holders were
mounted on an extended EEG cap (Figure 2.2). We placed electrodes and optodes over
the head consistent with the standard international 10-20 system (FP1, FP2, F4, C4, P4,
02, F8, T4, T6, Fz, Cz, Pz, F3, C3, P3, O1, F7, T3, and T5). The standard system ensures
that the triplet holders are placed on the location accurately. A ground electrode was
placed at Fcz and a reference electrode was placed at Fpz. This standardized system will
help to facilitate clinical translation in the future since this standardized location system
has been used in clinic for a long time.
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Figure 2.2 Triplet Holders-Cap integration

All extraneous components of Easy” standard cap are extracted. As a result, the light
and comfortable cap has been obtained for the multimodal imaging system. The cap is
secured by using the extra chin-strap that increased contact pressure over the scalp.
Synchronized signals (EEG, HbO, HbR) obtained from sensors in one triplet holder (T6)

as shown in Figure 2.3.
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Time (s)

Figure 2.3 Basic measurement unit of fNIRS+EEG and synchronized signals
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2.1.3 NIRS-micro EEG Integration and Synchronization

The third step is to integrate and synchronize physically two separate measurement

devices. In this study, the NIRScout extended dual-wavelength continuous wave (NIRX

Medical Technologies, New York) system was used for NIRS measurements (Table 2.1).

NIRScout system is one of the most developed NIRS system in the field of

neuroimaging. NIRScout is shown in Figure 2.4
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Figure 2.4 NIRScout device by NIRx Detectors, Trigger 'Input and Source

Table 2.1 NIRS technical properties

Ly

Sensitivity

Better 1pW NEP

Dynamic Range

>90dB

Sensor Type

Si Photodiode

Wavelengths

760nm, 850nm

Power 5mW/Wavelength
Sampling Rate 62.5
Emitter Type LED
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EEG signals were collected using microEEG, a miniature (80 grams), battery
operated, wireless data acquisition system (Bio-Signal Group Inc., Brooklyn, New York).
microEEG digitizes signals close to the electrode and transmits them via Bluetooth to a
nearby standard personal computer running Windows. MicroEEG instrument is show in

Figure 2.5.

[(7

m;croEEG

@.Q

Figure 2.5: MicroEEG by Biosignal. On the left: 32 Channels On the right: 24 Channels

Table 2.2: MicroEEG Technical Properties

A/D Conventer resolution (bits) 16

Voltage resolution 0.15
Maximum imput range 10 mV
Sampling rate 1000 Hz
Bandwith 0.15-500 Hz
Input impedance >100
Number of channels 32
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19 passive EEG ladybird electrodes (Ag/AgCl) and 19 dual-wavelength LED emitters
(sources, 760/850nm) and 19 detectors (fiber optic cables) are used for the whole head
arrangement. The connector box is designed by Bio-Signal Company in order to connect
microEEG amplier and EEG electrodes.

For NIRS-EEG synchronization, the presentation software (Neurobehavioral Systems
Inc.) was used to send trigger signals to both the NIRScout and microEEG
simultaneously using a LPT splitter cable. The triggers are sent out using a digital TTL
signal pulse. These trigger signals are transmitted simultaneously over a cable to the
Trigger Input of the NIRScout and microEEG instruments. NIRS and EEG data and event
markets are displayed, recorded and stored on the recording PC.

The passive EEG ladybird electrodes are able to plug directly into the box. microEEG
has been used in several clinical studies in emergency department and its accuracy is
comparable to that of a traditional EEG system that has already been used in hospital.

FDA tested and approved microEEG after extensive analysis and clinical studies (96, 97).

Synchronization Sync Trigger
PC

EEG fNIRS

19 Electrodes EEG Data fNIRS Data

A A

19 Optodes vV

Acquisition
PC

Y

Analysis
PC

Figure 2.6 Schematic diagram showing basic features of the simultaneous NIRS+EEG
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2.1.4 Preliminary Experiments with the simultaneous fNIRS+EEG

The occipital alpha rhythm experiments were performed with 2 human subjects to
verify the functionality and signal quality of the developed multimodal imaging system.
Recordings were performed while the subject was awake under eyes closed resting
conditions. The synchronized signals recorded from 19 modules over the whole head and

the synchronized recorded signals are presented in Figure 2.7. and Figure 2.8.
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Figure 2.7 Power spectrum of the time series recorded from NIRS

The signals have been preprocessed by bandpass and notch filtering and the Hb
concentration changes have been computed by the Modified Beer-Lambert (MBL) law.
Before filtering, optical data were manually inspected for movement artifacts. EEG

Power Spectral Density (PSD) from all electrodes was computed. The PSDs show the
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influence of the notch filter at 60 Hz, the bandpass filter (0.5-80 Hz). As expected, they
show varying levels of alpha activity. fNIRS Power Spectral Density from all sensors
were also computed. fNIRS signals were preprocessed by bandpass filtering (0.01-0.5
Hz). The fNIRS PSDs typically have a peak at 0.1 Hz (Mayer waves) which is especially
pronounced for HbO. The experiment successfully demonstrated that this system has the

multimodal recording capability.
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Figure 2.8 Power spectrum of the time series recorded from EEG
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3 CHAPTER

3.1 Artifact and Validation Studies

3.1.1 NIRS Artifacts in EEG

Running an experiment with the simultaneous fNIRS+EEG system also revealed
issues such as artifacts appearing during simultaneous recording. Simultaneous
multimodal recording are often corrupted by different artifacts. In this study, the second
aim is to focus on observing and analyzing the artifacts and its characteristic. Our
experiments showed that the observed artifacts in the developed simultaneous imaging
system can be classified into two categories: NIRS artifacts in EEG and Facial muscle
artifacts in NIRS-EEG. During the feasibility studies, the unknown artifacts appeared in
EEG time series (Figure 3.1). The appeared artifacts have certain frequency (6.25Hz)
itself can be recorded by some EEG channels and it is clearly seen in spectral analysis.
We noticed that the sampling frequency of the system and noise frequency were
matching with each other. We observed that the noise begins when NIRS source cable
touched the EEG electrode (starting at approximately t = 268 s). NIRS source causes this
6.25 Hz artifact due to the modulation of the light source power. Our result shows that the
artifact can be completely eliminated by careful physical arrangement of the sources and
EEG electrodes so that, although they can be nearby, they do not touch. HbO and HbR
signals are unaffected. The EEG times series, The EEG power spectrogram hemoglobin
concentrations changes (red and blue curves are the HbO and HbR changes, respectively)
are shown in Figure 3.1. The power spectrogram of the EEG was computed using a 1 s

Hamming window with 50% overlap.
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Figure 3.1 Overview of NIRS artifact in EEG (starting at approximately t = 268 s)

3.1.2 Facial Muscle Artifacts

During the feasibility experiments, we observed the high frequency electromyographic
activity in EEG and high magnitude hemodynamic activity at the specific channels; F7,
F8, T3, T4. Two experiments were designed to investigate the high magnitude activity
and electromyographic (EMG) activity on fNIRS and EEG during the simultaneous
recording. Our whole head sensor arrangement is positioned to cover the whole head
areas including temporal and inferior frontal brain areas. This arrangement also covers

the temporalis muscle that is responsible for closing the jaw as it chews (Figure 3.2).
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Temporalis muscle that covers F7, T3 on the left and F8, T4 on the right side of the head.
The temporalis muscle is main sites of myogenic artifacts appearing as burst of fast
activity in EEG. Facial EMG contamination of EEG signal is unresolved issues in
language studies and BCI research (98). The relation between hemodynamic activity and

high frequency activity is under investigation.

-~

Figure 3.2 Location of facial muscles and electrode locations

In the first experiment, we measured the neural activity and hemodynamic signals over
the whole head with the simultaneous fNIRS+EEG while activity of the temporalis
muscle was simultaneously assessed with EMG. The experiments included two blocks
with each block consisting of jaw clenching, smiling, knitting the brows, each lasting 30
seconds and separated by 30 seconds (Figure 3.3). EMG electrodes were placed over the
temporalis, masseter and mentalis muscle. We integrated our multimodal imaging system
with REFA 128 EMG system (TMS International B.V. The Netherlands) for monitoring

EMG. Temporalis muscle is a large muscle located just below the F7 EEG position which
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is about 2 cm in ventral direction on the zygomatic bones. Mentalis is a central muscle of
the lower lip that raises chin and pushes lower lip upward. EMG electode for mentalis are

affixed 0.5cm lateral to the midline. Masseter runs from the temporal bone to the lower

jaw.
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Figure 3.3 Experimental design of artifact experiment

In Figure 3.5, the spectrograms are shown (from top to bottom) of electrodes placed
on the subjects Temporalis 1, Temporalis 2, Masseter and Mentalis and recorded with
REFA EMG system. During the segment shown the subject was resting with eyes closed
and was instructed to clench jaw clenching, smiling and brow-knittings. The results
showed that the high frequency components of EEG due to face muscles are picked up by
a wide range of EEG electrodes (Figure 3.4). By contrast strong hemodynamic activity is

confined to sensors over temporalis (T3, F7).
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Figure 3.4 EEG spectrogram, EEG signal, and HbO/R concentrations at a different
location (F7,T3,T5)
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In addition hemodynamic activity is observable for only jaw clenching. Strongest
EMG under 200 Hz was generated by smiling. Jaw clenching generated the highest

frequency EMG activity (reaching well above 200 Hz) (Figure 3.5).

0 30 60 90 120 150 180 210 240 270
Time (s)

300 330 360

Figure 3.5 Monitoring the effects of artifacts with EEG-EMG-fNIRS.

The temporalis findings that we have made have been elaborated in the second
experiment. With this purpose, we measured the neural activity and hemodynamic signals
over the whole head with the multimodal imaging system during the only jaw clenching
experiment (Figure 3.6). The subject was resting with eyes closed and was instructed to

clench his jaw twice separated by about 30 s.
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Figure 3.6 Experimental design of jaw clenching artifact experiment

Our spectrogram result shows that the high frequency EMG activity due to the
temporalis muscle is picked up by EEG electrodes over a wide spatial scale (Figure 3.7).
However the corresponding hemodynamic activity is limited to only to those directly
over the muscle (F8, T4). The dips in the HbO/R signals that immediately coincide with
the rise in EMG are motion artifacts (slight lifting of probes by contracting muscle).
Following the EMG with a delay of about 10 s is a strong peak in HbO followed by a
negative peak in HbR.

These changes in the Hb concentrations are greater than the magnitude of typical
changes due to cortical activity. We can speculate that this magnitude change might be
associated with the intramuscular blood flow that decreases immediately after the
beginning of the contractions in the temporalis. In simultaneous fNIRS-EEG, temporalis
muscle should be considered as a potential EMG artifact which can mask cerebral

signals. Time series data for all channels from an experiment are shown in Figure 3.8.
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Figure 3.7 EEG spectrogram, EEG signal, and HbO/R concentrations at a different

location (T4,T6,F8,02)
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Figure 3.8 EEG spectrogram, EEG signal, and HbO/R concentrations over the whole
head.
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3.1.3 Validation with Verbal Fluency Task

The verbal fluency (VFT) study was performed on human subjects to test the
functionality of simultaneous fNIRS+EEG system. VFT is the one of the most effective
tasks for frontal lobe activation. It is a cognitive test that measure subject’s ability to
retrieve specific information within restricted search parameter. Word search and
production requires high cognitive demands. VFT involves several numbers of cognitive
components which include searching words, generating target words and recalling. These
processes require significant capacity utilization and directly associated to the changes in
mental workload. The verbal fluency has been specifically used to show the frontal and
temporal lobe activation and cognitive dysfunction (99). Attention and concentration
factors that positively affect the performance of the written verbal fluency.

In this experiment, we used the semantical version of the verbal fluency that is the
most commonly used task in the fNIRS language studies (100). The activation task was a
semantic version of the verbal fluency task (VFT) where responses were either
pronounced (VFT-P) or written (VFT-W). Currently, the relationship between neural
activity and hemodynamic response during the VFT are under investigation.

The activation task was a semantic version of VFT similar to that described by
Schecklmann M. et al., (101). For both VFT-P and VFT-W, a block design was used with
six 30s resting periods, three 30s control periods and three 30s activation periods (Figure
3.9). During the resting state condition, the subject was instructed to keep her eyes closed
and relax without focusing on anything particular while not falling asleep and to stay

motionless as much as possible. During the control periods, subjects had to name
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weekdays from Monday to Friday. In the first experiment, WFT-P, the subject was
instructed to name words from a certain category (animals, fruits and flowers)

In the second experiment, VFT-W, the subject was instructed to write down the words on
a white board. During the VFT-W, examiner called categories such as garments, sports
and professions. Subjects were responsible to vocalize or write down 8 words (about 3.75
s per word) during each 30 second period for tasks and controls. Four subjects’ data are

presented.

R—

\ RC_‘FFIT_\

30 s R :Rest C
30s| T :Task
30s| C :Control

Figure 3.9 Experimental Design of sematic VFT (Task: VFT-W and VFT-P)
Topographic view of synchronized EEG spectrogram and time series of HbO/R

concentration changes in the VFT-P have been shown in Figure 3.10A and the VFT-W

have been shown in Figure 3.11A. The 30 second task segments are visible as high

frequency EEG in some channels (e.g., FP2, F7). In this experiment, EMG was recorded
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with the microEEG. The effects of verbal fluency task on muscles are also being
monitored. The spectrograms are shown (from top to bottom) of electrodes placed on the
subjects Temporalis 1, Temporalis 2, Masseter, and Mentalis in Figure 3.10B (VFT-P)
and in Figure 3.11B (VFT-W). The result showed that pronounced words are visible,
especially in high frequency activity on mentalis in the VFT-W. Little or no high
frequency EEG activity is seen as compared to the VFT-P. EMG data recorded with the
microEEG in the VFT-W showed that little high frequency activity is observed as
compared to VFT-P. Based on result in Figure 3.10 and Figure 3.11, we can claim that
the VFT-W can be better to use for multimodal imaging as a cognitive task since the
noise issues are less than the pronounce The block averaged synchronized fNIRS+EEG
in the VFT pronounced and written were computed and shown in Figure 3.12, Figure
3.13 and Figure 3.14.

In Figure 3.12, the signals have been averaged over the 19 channels and smoothed by
using a moving window of size 10 s. The light gray thin curves in the background of each
plot show the time series of individual channels in order to show the inter-channel
variability. Top row is subject 1 and the bottom row is subject 2. The left column is VFT-
P and right column is VFT-W. In each figure the top panel shows the EEG power in the
alpha range (13-30 Hz). This range was chosen because it correlated best (by inspection)
with the experimental conditions. In the VFT-P tasks the EEG power is obscured by
EMG. But the right column shows that when EMG is low as in the VFT-W the beta band
power is a good indicator or Rest v Task. Bottom panel shows the concentration changes
of HbO (red), HbR (blue), and the CBF (black). HbO signal appears to correlate

reasonably well with the experimental conditions.
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Figure 3.10 Topographic view of synchronized EEG spectrogram and time series of
HbO/R concentration changes in the pronounced VFT. EMG recorded with
the microEEG
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Figure 3.11 Topographic view of synchronized EEG spectrogram and time series of
HbO/R concentration changes in the written VFT.
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Figure 3.12 indicates that fNIRS in combination with EEG is likely a better predictor of
cognitive workload as compared to either modality by itself.

In Figure 3.13, the signals are from 4 sensors F7, F8, T3, T4 have been averaged over
the channels and smoothed by using a moving window of size 10 s. The light gray thin
curves in the background of each plot show the time series of individual channels in order
to show the inter-channel variability. The left column is VFT-P and right column is VFT-
W. Top panel shows the EEG power in the alpha range (8-12 Hz). Bottom panel shows
the concentration changes of HbO (red), HbR (blue), and the CBF (black). These
locations were chosen because of their proximity to brain areas most likely to be
activated and because their signals varied most with changes from rest to task conditions.

Results show that EEG and NIRS combined are likely to be a better indicator of
cognitive task performance than one of these modalities by itself. In the VFT-P the EEG
alpha and NIRS signals are poorer indicators of rest-task differences relative to the VFT-
W. This is likely due to the masking effect of the EMG and hemodynamic activity from
temporalis muscle (e.g., Subject 4). When the EEG alpha signal is a poor discriminator,
the NIRS signal may continue to discriminate between rest-task as seen in Figure 3.13
(Subject 4 VFT-W). These preliminary results showed that there are certain advantages to
use multimodality imaging system to distinguish between the absence and presence of
cognitive load. Written informed consent was obtained from every subject and the study

had been approved by the institutional review board of the University of Houston.
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Figure 3.12 Block averaged synchronized EEG-fNIRS in the VFT —P and VFT-W for
two subjects for all channels
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Figure 3.13 Block averaged synchronized EEG-fNIRS in the VFT-P and VFT-W
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Figure 3.14 corresponds to the top right panel of the previous Figure 3.13 (Subject 1
VFT-W) but with fewer numbers of selected channels. On the left panel, the signals are
the average of F7, T3, F8 and T4. They have also been smoothed by using a moving
window of 10 s. Despite the low number of sensors the correlation with experimental
conditions apparently did not deteriorate. More remarkably, HbO and HbR are positively
correlated for this set of channels. On the right panel, the signals are the average of
channels other than F7, T3, F8, and T4. HbO and HbR are negatively correlated for this
set of channels. A possible explanation of the difference between the left and right panels
is that the areas F7, T3, F8, and T4 experience sufficient increase in CBF so that both

HbO and HbR increase despite the conversion of HbO to HbR.
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Figure 3.14 Block averaged synchronized EEG-fNIRS in the VFT-P and VFT-W from
the Figure 3.13 (Subject 1 VFT-W)
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4 CHAPTER

4.1 Resting Sate Studies with simultaneous fNIRS+EEG

4.1.1 Introduction

In this chapter, simultaneous fNIRS+EEG is applied to the resting state studies. The
brains of awake, resting human subjects display spontaneously occurring neural activity
patterns whose magnitude is typically many times greater than those triggered by
cognitive or perceptual performance. Such resting state (RS) activity is thought to reflect
the functional organization of the brain. In addition, both evoked and RS activation affect
local cerebral hemodynamic properties through processes collectively referred to as
neurovascular coupling. This is a major topic of interest due to its relationship with
pathological conditions that include hypertension, stroke, subarachnoid hemorrhage, and
traumatic brain injury. Its investigation calls for an ability to track both the neural and
vascular aspects of brain function. We used the developed simultaneous fNIRS+EEG
system to investigate neurovascular coupling over the whole head during resting states.
We used scalp EEG to measure the degree of synchronization of post-synaptic potentials
in the brain. Simultaneously we utilized fNIRS to continuously monitor hemoglobin
concentration changes in superficial cortical layers. The multi-modal signal from 12
healthy adult subjects allowed us to investigate the association of neural activity in a
range of frequencies over the whole-head to local changes in hemoglobin
concentrations. Our results verified the delayed alpha (8-16 Hz) modulation of
hemodynamics in posterior areas known from the literature. They also indicated equally

strong beta (16-31 Hz) modulation of hemodynamics. Signals from the side periphery
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were dominated by scalp muscle related activity. Our study aimed to characterize the
phenomena related to neurovascular coupling observable by practical, cost-effective, and

non-invasive multi-modal techniques.

4.1.2 Study and Experimental Design

Twelve healthy adult volunteers took part in this study (12 male; age mean 26 years
(range 24-28 vyears)). None had a history of psychological illness or substance
dependence. Subjects completed informed consent before the experiment and were
compensated for their participation. The research was approved by Institutional Review
Board at University of Houston. Each subject was seated in a comfortable chair in a
silent room with lights dimmed and instructed to relax with eyes closed without exerting

any mental effort or falling asleep. The resting state recording lasted 15 minutes.

4.1.3 Analysis

The EEG signals were preprocessed by bandpass filtering 0.5 - 70 Hz and optical
signals at 0.01 - 0.5 Hz. For each channel the power spectrogram of the EEG was
computed using a 1.2 s Hamming window with 50% overlap. The EEG power and optical
time series were then resampled at 2 Hz. From the NIRS raw signals the concentration of
HbO and HbR were computed using the Modified-Beer-Lambert-Law (54). We verified
that changing the spectrogram time window size and the global resample rate within a
wide range had no effect on our results. The parallel recording of neural activity and
hemodynamics allows the application of system identification techniques to generate a

model of the response mechanism. We built an elementary model by computing the
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hemodynamic impulse response to the neural activity. The synchronized EEG power and
Hb signals were used in a correlation analysis. We computed the delayed correlation of
the EEG frequency band power with the Hb signal as the covariance of the two signals
divided by the product of their standard deviations. The autocorrelation of the EEG
power as a function of frequency and time difference was sharply peaked at zero
differences and closely approximated a two dimensional Dirac delta function, as verified
by our subject-averaged data an example of which at 10 Hz is shown in Figure 4.1 (other
frequencies gave similar peaks, not shown). Approximating the autocorrelation as a delta
function, the impulse response at each frequency was the cross covariance function of the

EEG power and Hb concentration changes.
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Figure 4.1 The frequency and delay dependence of the autocorrelation of EEG power

The EEG power in the frequency band f at time t is denoted p(f, t). The hemoglobin
concentration change h(t) is given as the integral over all relevant frequencies of the
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convolution of EEG power with the frequency dependent impulse response R(f, ) where

T is the time delay:

h(e) = [df [;"dT'R(f,7) p(f,t —T'). (3-3)
Inserting the above equation into the definition of the cross covariance
c(f, 1) =(p(f,Or(Et+1)), (3-b)
where ( - ) denotes time average, yields
c(f,) = [af' [, dv' R(f,T) a(f',f,t =7 , (3-c)
where a(f’, f,T — ) is the two dimensional autocorrelation of the EEG power. An
example of the autocorrelation at f = 10 Hz calculated from our data and subject
averaged is given in Figure 3. This supports the assumption that the autocorrelation can
be approximated as a two dimensional delta function. Inserting a(f', f,7 —1') =
6(f' — f) 6( T — ') into the above equation yields R(f,t) = c(f, 7). i.e. that the cross
covariance equals the hemodynamic impulse response.
Statistical Analysis
We used the cross covariance of EEG power with the Hb concentration changes
obtained from the 15 minute experimental data as an estimator of the hemodynamic
impulse response. In order to use this estimator we needed to evaluate its baseline
variability. We achieved this by computing the cross covariance of EEG power with Hb
concentration changes where the EEG and fNIRS data were taken from two separate
experiments. Since the neural activity fluctuations in a RS experiment cannot
systematically associate with the Hb changes in another one, the resulting values only

indicate the noise baseline of the cross covariance estimator. For a set of N experiments
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there were N(N — 1) pairs of distinct experiments that helped create a large baseline
reference set. The distribution of cross covariance values was highly non-Gaussian
(kurtosis=3.76). We used this reference set and the Kolmogorov-Smirnov test in order to

determine the statistical significance of the impulse response.

4.1.4 Result

An example of the preprocessed data from one resting state experiment is shown in
Figure 4.2. The figure shows a 2 minute segment selected because it illustrates several of
the features frequently encountered. Noteworthy are the dominant posterior alpha rhythm
at approximately 10 Hz particularly strong in the ocular and parietal channels but visible
almost globally. The figure also illustrates the spontaneous fluctuations in the amplitude
of the alpha oscillation. Closely examining the spectrogram in F7 shows higher power in
narrow ranges at multiples of the NIRS sample rate 6.25 Hz. This is an example of an
artifact created by a NIRS source cable when it is close to an EEG lead and eliminated by
rearrangement of the cables. The EEG spectrogram occasionally reveals muscle artifacts
in the gamma range although none appears in this example. Another noteworthy feature
in Figure 4.2 is that the HbO concentration changes (red curve) appears to surge in the
frontal and temporal channels F7, F8, T3, and T4 toward the end of the time segment
shown, returning to baseline after about 20 s. The HbR concentration change (blue)
during the same period undergoes dip smaller in amplitude and delayed with respect to
the HbO. We verified in separate experiments (not shown) that this pattern is activated

when the subject clenches her jaw contracting the temporalis muscle located directly
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under those channels. The amplitude of these concentration changes is greater than any

changes driven by cortical activity and therefore easily recognizable.
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Figure 4.2 Example of whole head EEG spectrogram and HbO (red) / HbR (blue) time
series from a representative subject 3.

Figure 4.3 shows the wholehead delayed correlations between the EEG spectrogram
and the HbO (left) and HbR (right) changes from the experiment shown in Figure 4.2.
The channels susceptible to being affected by facial muscle oxygenation, F7, F8, T3, and
T4, show that the HbO typically increases 10 s after an increase in EEG power
particularly in the beta range. The remaining channels, with possible differences in the
frontopolar (FP) channels, have a pronounced negative correlation between the EEG
power in the alpha range and HbO changes with an approximate 8 s delay. There is a

similar but less strong relationship with the beta power. The correlation of HbR changes
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with EEG power shows a similar pattern but with an opposite sign, later onset, and longer

duration.
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Figure 4.3 One subject wholehead delayed correlations.

In order to show the range of inter-subject variability we present, in Figure 4.4, the
delayed correlations (for HbO only) for all 12 experiments in this study. Some of the
inter-subject variability was as follows. In the subject in the top row, second column, the
delayed negative correlation in the alpha band in posterior areas was accompanied by
another peak with the opposite sign at the nearby theta band with a similar delay. In the
subject in the middle row, first column, the strongest negative correlation occurred in the

beta band. In the subject number 5, the negative correlation appeared to be distributed

58



equally in the alpha and beta bands and had an earlier onset. Despite such inter-subject
variability, however, the most salient feature shared by most subjects was a negative
correlation between the EEG power, particularly in the alpha and beta frequency ranges,
and the HbO concentration changes with a delay at approximately 8 s. This appeared
most strongly in the parietal and occipital areas but was also approximately replicated by
the frontopolar region.

The strong positive correlation with gamma power observed in some subjects (e.g.,
middle row, last column) in channels T3, T4, F7, F8 was due to contamination from the
scalp muscles. In these cases there was also a pattern of zero-lag correlation distributed
across higher frequencies. This was attributable to a motion artifact introduced by the
flexing of temporalis muscle that simultaneously affects the EEG and NIRS probes. We
verified the muscle origin of these features in a further experiment described below.

We averaged all the correlations shown in Figure 4.5 in order to reveal common
patterns among them and minimize the variable part of the correlation. Figure 4.5
clearly shows that the 8 s delayed inverse correlation of HbO with EEG alpha and beta
power are the salient common feature of our results in most channels. This is replaced by
the positive correlation with a similar delay in the channels corresponding to the
temporalis muscle. The corresponding correlation of HbR presents a similar pattern with

the opposite sign and later onset.

59



Subject 10 Subject 11 Subject 12

Figure 4.4 Whole head time delayed correlation maps between EEG power and Hbo
changes for 12 subjects.
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Figure 4.5 Subjects averaged delayed correlation between EEG power and HbO (left)
and HbR (right) concentration changes

Figure 4.6 and Figure 4.7 describe the modulation of hemodynamics by individual
EEG frequency bands over three distinct regions. The mean correlation (thick curve) and
one standard deviation region (shaded) of the group of 12 subjects are shown. The rows
1-3 represent, respectively, the frontopolar region (average of channels FP1, FP2), the
side periphery (F7, F8, T3, T4), and the occipital and parietal regions (01, O2, P3, PZ,
P4). For each value of the delay we tested the null hypothesis that the group of values of
the correlation had the same distribution as the baseline reference set constructed as
described in Methods. The delays marked with a single asterix indicate p<0.005 and
those marked with a double asterix indicate p<0.001 level of significance computed
according to the the Kolmogorov-Smirnov test. The figure indicates that the strongest
coupling occurred in the alpha and beta band in the occipital and parietal regions and at
the side periphery. The latter was of muscular origin and was accompanied by a sharp

feature at zero-lag due to motion artifact.
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Figure 4.6 Regionally segregated and subject averaged delayed correlation between EEG
frequency band power and HbO concentration changes. Single asterix
indicates p<0.005 and double asterix indicates p<O 001
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Figure 4.7 Same calculation as in Figure 4.6 but for HbR. Single asterix indicates
p<0.005 and double asterix indicates p<0.001
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The corresponding delayed correlations for HbR shown in Figure 4.7 had similar

features but the peaks were negative, wider, and delayed by several seconds. This was

consistent with the time course of HbR relative to HbO observable in Figure 4.2. EEG

theta power appeared to significantly modulate HbR, a feature that was absent from

Figure 4.7. For 12 subjects, a quantitative investigation of delayed correlations is shown

in Table 4.1.

Table 4.1 Subject specific characteristics of the delayed correlation between EEG alpha
power and the hemoglobin concentration changes

SUBJECT HbO HbR
Peak Value Time Delay of Peak Value Time Delay of
the Peak Value the Peak Value
(seconds) (seconds)
1 0.044 6.5 -0.017 7.5
2 -0.041 55 0.053 6.5
3 -0.09 7.5 0.109 8.5
4 -0.058 6.5 0.123 8.5
5 -0.011 55 0.017 10.5
6 -0.069 4.5 0.05 8
7 0.03 4.5 0.021 5
8 -0.045 7 0.013 7
9 -0.023 6 0.017 10.5
10 -0.085 4.5 0.064 4.5
11 -0.049 8.5 0.037 9
12 -0.136 9.5 0.024 7

Our results (Figure 4.8) indicate that delayed correlation of EEG power with BOLD

found in fMRI studies is replicated by fNIRS+NIRS. The horizontal axis shows the time

delay in Figure 4.8
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Figure 4.8 Coupling of EEG Alpha power with hemodynamics by delayed correlation in
resting healthy subjects. Comparison between EEG+FNIRS and EEG+FMRI
results. (A) HBO. (B) HBR. (C) EEG-fMRI result from de Munck et al., (92)

4.1.5 Discussion and Conclusion

The alpha modulation of brain hemodynamics was known from numerous previous
studies (22, 28, 41, 93, 102, 103). Our study is the first, to our knowledge, to examine the
EEG full-spectrum power modulation of hemodynamics by fNIRS+EEG over the whole-
head. We found significant modulation of Hb concentration changes by beta power and
also significant modulation of HbR by theta activity in frontopolar regions. We also
confirmed that the hemodynamic response function generally contains a delay at
approximately 8 s.

de Munck et al., (92) and Goncalves et al., (22) found that a minority of their subjects
had delayed alpha hemodynamic responses whose sign was reversed relative to the group
average. Similarly, one of our 12 subjects showed a small positive correlation between
HbO and EEG alpha at about 8 s (Figure 4.4), which was the opposite of the group
average. One possible explanation for such variability is intersubject differences in

hemodynamics. Another possibility is that hemodynamic response is non-stationary and
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the data we have collected were confounded by unknown state changes in RS. For
example a subject briefly falling into light sleep during RS is not uncommon. Further
experiments with a larger data set are needed to distinguish between these hypotheses.
Our results indicate that RS transient increases in neuronal synchronization in the
alpha or beta frequencies (as indicated by a rise in EEG power in these bands) are
typically followed by a decline in the oxygenated hemoglobin concentration. HbO is
closely related to local cerebral blood flow (CBF), naturally leading to the conclusion that
higher power in these bands correlates with lower metabolic demand. This may appear
paradoxical given that higher EEG power arises from elevated synaptic activity and
synaptic activity is known to dominate metabolic demand (12). However note that the
transition to synchronization by a neuronal population may come about through diverse
paths including changes in input, synaptic gain, and axonal delay (104). One such
transition involves a decrease in the input to a population. Assuming that the
synchronization in question follows this path (supported by the fact that alpha appears
when the eyes are closed) then it would naturally be accompanied by a decrease in
metabolic demand. Hence although the generation of the rhythm requires energy the net
effect of increase in its power may well be a metabolic decrease and a decrease in local
CBF. Our finding of anticipatory hemodynamic signal in a small subset of subjects was
consistent with what is known from animal studies (105). The appearance of anticipatory
hemodynamics may be due to neural activity that is not picked up by scalp EEG. If this
proves to be the case then it may be utilized in detecting patterns missed by scalp EEG.
Does the pervasive ~8 s hemodynamic delay have a functional significance? It may

well be an inevitable consequence of the structural properties of vasculature such as
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microvessel elasticity or the characteristic activation time of vasoactive agents.
Simultaneous intracranial electrocorticography and fMRI has indicated that a tight
relationship exists between BOLD signal and broadband gamma in humans (106, 107)
and animals (76, 108). In our study the delayed negative correlation of EEG alpha and
beta power with HbO was topographically widely distributed but absent at the side
periphery where it was replaced the gamma modulation of Hb due to scalp muscle. In
order to investigate if the muscle oxygenation was masking an underlying pattern we
repeated the calculations in Figure 4.6 and Figure 4.7 using only the 3 subjects who by
inspection did not have gamma correlations. The results (not shown) contained no
significant modulation of hemodynamics by gamma in any region.

The main limitation of our investigation was that the spatial resolution of EEG was
low so that the local neuronal input to the hemodynamics is not well resolved. This may
account for the observed lack of significant associations with hemodynamics in delta and
gamma bands. Another reason for this may be that such associations with scalp EEG
were weak and the amount of data we collected did not enable them to achieve statistical
significance. The results in dramatically illustrated the fundamentally higher space
resolution of fNIRS: the high frequency EEG activity associated with jaw clenching was
observed distributed over a wide area whereas the corresponding NIRS signal was
confined to the location of the muscles. Future studies that include EEG source
reconstruction and quantitative modeling of the hemodynamic response constrained by
data (63) will be helpful in overcoming these limitations. Based on existing literature we
expected to find a significant modulation of hemodynamics by alpha rhythms in the

posterior cortex but we wished to extend the investigation to the whole-head and full
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spectrum of EEG. In this study we verified the well-known delayed alpha modulation of
hemodynamics in posterior areas. We found an equally strong beta power modulation of
hemodynamics. We also found a statistically significant theta modulation of HbR
concentration in frontopolar regions. Signals from the side periphery were dominated by
muscle electrical and oxygenation activity. Our results indicate that whole-head
fNIRS+EEG recordings are able to detect diverse patterns of neurovascular coupling over

a range of frequencies of neural activity.
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5 CHAPTER
5.1 General Discussion and Future Work

Simultaneous investigation of the neural activity and hemodynamic changes is
important to better understand neurovascular coupling in humans. fNIRS+EEG has
significant advantages compared to fMRI+EEG. fNIRS is an affordable technology that
provides signals that are closely related to the BOLD signal provided by fMRI. Our
results and other studies (35, 93) indicate that delayed correlation of EEG power with
BOLD found in fMRI studies is replicated by fNIRS+EEG

In this study, triplet holders distributed over the whole head at standard 10-20
locations are able to measure simultaneous fNIRS-EEG from human head. As expected
fNIRS is able to localize activity far more than EEG is able to. Artifacts occur in the form
of contamination of EEG signal by the power modulation of fNIRS sources and from the
electrical/hemodynamic events in facial muscles, particularly temporalis. Although
artifacts exist they do not significantly decrease the system's usefulness for tracking
cortical states.

There is a significant and consistent time-lagged correlation between the alpha power
of neural activity and the HbO/HbR concentrations particularly over the occipital and
parietal areas. This is consistent with findings of previous EEG-fMRI studies and holds
promise for practical, bed-side diagnosis and monitoring of Alzheimer’s disease, major
depressive disorders and ischemic stroke. Our results showed that the multimodal
imaging system is a powerful tool to study the relationship between neural activity and

hemodynamic response.
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Overall, this thesis describes a first step towards the investigation of neurovascular
coupling with simultaneous fNIRS+EEG over the whole head. The developed system
offers significant advantages and many are yet to be fully exploited. More advances are
required, particularly in terms of developing the new system with high density optodes
arrangement and new data integration methods. High-density arrangements will enable us
to produce 3D images (optical tomography) from the cortex.

Our experiments showed that the simultaneous fNIRS+EEG is a promising tool for the
investigation of neurovascular coupling. We still need to explore more the patterns of
correlation between EEG power at different frequencies and hemodynamic response.
Currently, there are no fundamental problems to simultaneous fNIRS+EEG becoming a
routine neuroimaging technique, for both research and clinical applications.

This thesis can serve as a foundation for future work, which may focus on clinical
measures and quantitative features extracted from the simultaneous EEG+NIRS signals
Firstly, it may help motivate development of a portable, wireless simultaneous
fNIRS+EEG system. This portable system can be applied in a clinical and resource
limited settings. Two potential application areas will be discussed. Next section will
discuss why fNIRS+EEG may prove to be of great utility in the study of traumatic brain

injury. In addition, the measurement of mental load will be discussed.

5.1.1 Portable fNIRS+EEG with TBI

A potential future application is to design and develop a practical, wearable, and
whole-head integrated simultaneous EEG and fNIRS brain imaging and data analysis
system for early discrimination of the long term effects of mild traumatic brain injury.
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In a report to Congress of the United States by the Center of Disease Control (CDC),
the mild traumatic brain injury (mTBI) accounts for at least 75% of all TBI, with
magnitude and impact of which are underestimated by current surveillance systems. The
report also pointed out that more than 1.5 million people experience mTBI each year in
the US, at a cost of nearly $17 billion each year. In the army, the risk is even higher with
about 28,000 service members with TBI each year (115,116). Those personnel who
sustain a second concussion before the adequate treatment of the previous mTBI can lead
to long-term neuronal injury. The Defense Centers of Excellence have looked into
innovations for such portable device with field deployable that may be able to detect
mTBI early after injury.

mTBI is one of the most common neurological disorders with a broad spectrum of
symptoms and morbidities. Because the symptoms may not be present or noticed at the
time of injury, they are often missed by the injured person, family and doctors. Currently,
there is no objective diagnostic or prognostic measure of mTBI that can be widely used
for outpatients at an affordable cost with easy setup. The impact to the patient and the
family can be devastating. The current protocol requires hospitalizing the patients, testing
using expensive and complicated medical devices like X-ray, computed tomography
(CT), MRI (magnetic resonance imaging) and single-photon emission computed

tomography (SPECT) or simply self-reports.

There are no clear EEG features that uniquely correlate with mTBI, and EEG
abnormalities are far more common than clinical symptoms in the initial months
following injury. Thus EEG in mTBI is beset by very low specificity. fMRI based

measures have been shown to provide markers of mTBI with relatively high sensitivity
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and specificity. However fMRI is impractical for most settings due to its size, expense,
and unsuitability for some subjects such as children. fNIRS, on the other hand, is a light-
weight, affordable technology that measures local hemoglobin concentration changes that
are closely related to the blood oxygen level dependent (BOLD) signal of fMRI. The
interpretation of EEG can be improved and EEG data compressed by using NIRS as
statistical priors. The quantitative whole-head monitoring investigation of neurovascular
coupling is critical for eliciting measures related to mTBI because of implications of this
disease for reduced cerebral perfusion, decreased capillary diameter, and higher reactivity

of blood vessel smooth muscles.

5.1.2 Simultaneous fNIRS-EEG in mental workload measurement

Simultaneous fNIRS+EEG can be used for investigating the mental workload. Human
information processing model in cognitive science is a reasonable foundation for
understanding mental workload. This model proposes that human cognition (which
concurrently involves processing of perceptual input and use of working memory) has a
limited capacity. This capacity is increased during learning when different entities can be
conceptually grouped under schemata, reducing the number of disparate items to be
processed and decreasing the load. This explains why increasing expertise is related to
automating skills and reduces mental workload (109).

The model also explains why secondary task performance can be used as a measure
of mental workload, since lower workload implies higher excess processing capacity.
Fatigue lowers the amount of resources available for processing and contributes to higher
mental workload. Evidence indicates that minimally invasive operations are more
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workload intensive than open operations. In addition, a trainee who achieves expert level
on the surgery simulator may show lower performance in OR and the amount of
performance decrement correlates with mental workload during training (110).

A vast body of literature demonstrates that human scalp EEG can help track mental
states such as arousal, sleep, alertness, and cognitive function (19). However the
application of EEG for measuring surgeon mental workload is rare. Guru et al., (111)
describes the correlation between a set of EEG measures and performance of individual
surgeons during simulated robotic surgery. To date, the EEG simultaneously recorded
from a surgical team and its relationship to a wide range of OR procedures have not been
investigated. This is likely due to the fact that EEG has been difficult to use outside of its
traditional roles in the neurology clinic. A platform based on fNIRS+EEG can use
miniature, wireless sensors that allow high quality, unobtrusive recording from surgical
teams in their natural settings, and indicators of mental workload and team dynamics
derived from the data. Such a study will need to focus on the feasibility of using
fNIRS+EEG for prediction and classification of multimodal data. Machine learning
techniques can be implemented for mental load detection. Our preliminary based on the
data presented in this thesis Section 3.1.3 showed that multimodal fNIRS+EEG

classification accuracy was higher the individual modalities alone.
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