Multimodal applications of
functional near-infrared
spectroscopy

Tiina N&asi

A,, Aalto University BIOS%.II-E?%?A"II'-IONS



Aalto University publication series
DOCTORAL DISSERTATIONS 45/2013

Multimodal applications of functional
near-infrared spectroscopy

Tiina Nasi

A doctoral dissertation completed for the degree of Doctor of
Science (Technology) to be defended, with the permission of the
Aalto University School of Science, at a public examination held at
the Auditorium F239a of the school on 12 April 2013 at 12.

Aalto University
School of Science
Dept. of Biomedical Engineering and Computational Science



Supervising professor
Academy Prof. Risto lImoniemi

Thesis advisor
Academy Prof. Risto lImoniemi

Preliminary examiners
Docent Tanja Tarvainen, University of Eastern Finland, Finland
Prof. Sergio Fantini, Tufts University, USA

Opponent
Prof. Arno Villringer, Max Planck Institute for Human Cognitive and
Brain Sciences, Germany

Aalto University publication series
DOCTORAL DISSERTATIONS 45/2013

© Tiina Nasi

ISBN 978-952-60-5069-0 (printed)

ISBN 978-952-60-5070-6 (pdf)

ISSN-L 1799-4934

ISSN 1799-4934 (printed)

ISSN 1799-4942 (pdf)
http://urn.fi/URN:ISBN:978-952-60-5070-6

. . %O\CEEO%
Unigrafia Oy 7 %
Helsinki 2013 /////

N4

i 441
Finland Printed matter

697



A,, Aalto University Abstract

Aalto University, P.O. Box 11000, FI-00076 Aalto www.aalto.fi

Author

Tiina Nasi

Name of the doctoral dissertation

Multimodal applications of functional near-infrared spectroscopy

Publisher School of Science

Unit Department of Biomedical Engineering and Computational Science

Series Aalto University publication series DOCTORAL DISSERTATIONS 45/2013

Field of research Biomedical engineering and biophysics

Manuscript submitted 11 December 2012 Date of the defence 12 April 2013
Permission to publish granted (date) 24 January 2013 Language English

[ ] Monograph X Article dissertation (summary + original articles)

Abstract

With the population of the world getting older, the number of patients suffering from brain
disorders is increasing. To tackle this challenge, safe, affordable, and easy-to-use methods for
screening, diagnosing, and treating these disorders are needed. Functional near-infrared
spectroscopy (fNIRS), an optical method for monitoring blood circulatory changes related to
brain activity, fulfills these requirements. However, it is still not in wide clinical use—partly
because the measured physiological phenomena are complex and therefore sometimes difficult
to interpret.

This Thesis demonstrates that fNIRS can be combined with other modalities to investigate
phenomena that cannot be studied with separate recordings. Such multimodal measurements
aid in characterizing and understanding physiological artifacts in fNIRS signals, and they can
be used in various clinical applications. This Thesis focuses on the applications of monitoring
sleep and characterizing effects of transcranial magnetic stimulation (TMS), a technique for
diagnosing and treating various neurological and psychiatric disorders.

The results in sleep monitoring show that circulatory changes recorded with fNIRS
complement previous knowledge of the electrophysiological characteristics of sleep.
Furthermore, some observations may be related to harmful effects of sleep disorders on the
vasculature. In awake subjects, the developed multimodal method can serve in investigating
neurovascular coupling. Altogether, the work contributes to methodology and analysis
techniques for monitoring circulation during sleep and establishes a solid base for applying
them in clinical settings.

The results in recording effects of TMS suggest that TMS-evoked fNIRS responses should
be interpreted with caution; fNIRS signals contain physiological artifacts during TMS.
Furthermore, fNIRS signals are affected by changes in scalp circulation during mental and
physical stress, but this problem can be alleviated by separating the changes in scalp and brain
circulation with diffuse optical tomography. The reported observations increase the
understanding about the origin of fNIRS signals, contribute to techniques for removing
artifacts, and thus advance the usability of fNIRS in monitoring effects of TMS or sleep.

Keywords near-infrared spectroscopy, diffuse optical tomography, transcranial magnetic
stimulation, sleep, hemodynamic monitoring, physiological artifact
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Tiivistelma

Aivosairauksista kirsivien ihmisten méara kasvaa maailman viaeston ikdantyessa. Samalla
my0s ndiden sairauksien seulontaan, diagnosointiin ja hoitoon kaytettavien turvallisten,
edullisten ja helppokéyttoisten menetelmien tarve lisddntyy. Toiminnallinen 1&hi-
infrapunaspektroskopia (fNIRS) tayttdd ndma vaatimukset. Se on menetelm4, jolla mitataan
optisesti aivotoiminnan seurauksena aivojen verenkierrossa tapahtuvia muutoksia. Hyvista
ominaisuuksistaan huolimatta fNIRS ei ole kuitenkaan laajassa kliinisessé kdytossa. Tama
johtuu osittain siité, ettd menetelmén mittaamat fysiologiset ilmiét ovat monimutkaisia ja siten
toisinaan hankalia tulkita.

Téamaé vaitoskirja osoittaa, ettd yhdistamalld fNIRS muihin menetelmiin voidaan tutkia
ilmio6it4, joihin yksittédisilla menetelmilla ei paasta kasiksi. Téllaiset mittaukset auttavat
luonnehtimaan ja ymmértaméan fNIRS-signaaleita. Liséksi niilld on monia kliinisia
sovelluskohteita, joista tdmaé vaitoskirja keskittyy unen seurantaan ja aivojen
magneettistimulaation (TMS) vaikutusten mittaamiseen. TMS:44 voidaan kdyttda monien
neurologisten ja psykiatristen sairauksien diagnosointiin ja hoitoon.

Unen seurantaan liittyvat tulokset osoittavat, ettd fNIRS:114 mitatut verenkierron muutokset
tdydentivit aiempaa elektrofysiologisten mittausten perusteella saatua tietimysté
aivotoiminnan piirteistd unen aikana. Lisdksi osa havainnoista saattaa olla yhteydessa
unisairauksien aiheuttamiin haitallisiin muutoksiin verisuonistossa. Hereilla olevilla
koehenkil6illd samoja tekniikoita voidaan soveltaa hermoston ja verisuonten vilisen
kytkennén tutkimiseen. Kaiken kaikkiaan tyossa kehitetyt menetelmat verenkierron
monitorointiin unen aikana luovat vankan pohjan niiden kaytolle kliinisessad ympéristossa.

Tulokset TMS:n vaikutusten mittaamisesta viittaavat siihen, ettd TMS:n aikaisten fNIRS-
signaalien tulkinnassa tulee noudattaa erityista varovaisuutta; fNIRS-signaalit sisaltavéit
fysiologisia hdiriotd TMS:n aikana. Liséksi muutokset pddnahan verenkierrossa héiritsevat
aivoperiisten fNIRS-signaalien mittaamista fyysisen ja henkisen kuormituksen aikana, mutta
hairi6itd voidaan lieventaéi erottelemalla pinnasta ja aivoista lahtoisin olevat signaalit diffuusin
optisen tomografian avulla. Viitoskirjassa esitetyt havainnot tdydentavit aiempaa tietdmysta
fNIRS-signaalien alkuperésté, auttavat hairioiden poistossa ja ndin ollen edistavat fNIRS:n
kéytettavyyttd TMS:n vaikutusten ja unen mittaamisessa.

Avainsanat lihi-infrapunaspektroskopia, diffuusi optinen kuvantaminen, aivojen
magneettistimulaatio, uni, verenkierron seuranta, fysiologinen héirioé
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1. Introduction

1.1 Background

The proportion of people suffering from brain dysfunction or diseases is
increasing, as people tend to live longer than in the past. At the mo-
ment, roughly one fifth of the population of Finland is affected by a dis-
order of the brain [171], and the related costs for the society are great.
Mood disorders alone have been estimated to cost over one billion euros
in Finland in 2010, and sleep disorders cast on top of that another 300
million euro bill [76]. To tackle the challenge of an increasing number of
brain disorders, safe, affordable, and easy-to-use methods for diagnosing,
treating, and screening are needed [204]. New technology and methods
may not only help medical doctors diagnose brain disorders and monitor
treatment, they may also improve patients’ quality of life through earlier
diagnosis and a potential shift from treating disease towards prevention.
Furthermore, new methods for measuring brain activity can increase our
knowledge on brain function in order to develop better ways to treat these
disorders.

One relatively new method for measuring brain function which fulfills
the technical requirements of being portable, relatively cheap, and safe is
functional near-infrared spectroscopy (fNIRS) [101]. It records changes in
blood oxygenation and volume (hemodynamics) related to brain activity
by measuring attenuation of light in the head. It is noninvasive, quiet,
and so safe that it can even be applied to study the developing brain of
infants [35, 120]. In addition, it can be used in a natural environment,
tolerates small movements, and is suitable for monitoring purposes. One
of its great advantages is its suitability for multimodal measurements.

These aforementioned properties make fNIRS a compelling alternative
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to other brain imaging modalities. However, fNIRS is still not widely
applied in the clinic or research because methodological and technological
limitations in combination with complexity of the underlying physiology
make the signals often difficult to interpret [56, 90, 142, 203].

The objective of the work in this Thesis was to combine fNIRS with other
modalities to investigate phenomena that cannot be studied with separate
modalities, and to facilitate the interpretation of fNIRS signals. The goal
was to develop combined methods that would be beneficial in diagnos-
ing patients and monitoring their treatment. More specifically, the focus
was in methods that could be eventually applied for monitoring sleep and
effects of transcranial magnetic stimulation (TMS), a technique for diag-
nosing and treating various neurological and psychiatric disorders, e.g.,
depression [200, 201].

1.2 Aims

This Thesis consists of Publications I-V with the following aims:

1. To combine electroencephalography (EEG) and other recordings of
polysomnography (PSG) with fNIRS.

Publication I: To demonstrate the feasibility of simultaneous EEG
and fNIRS in awake subjects for studying neurovascular cou-
pling.

Publications II and III: To characterize cerebral and systemic hemo-

dynamics during natural sleep with simultaneous PSG/fNIRS.

2. To understand physiological artifacts in fNIRS to facilitate the de-
velopment of methods for evaluating effects of TMS with fNIRS.

Publication IV: To demonstrate that TMS-induced brain activity does
not fully explain TMS-evoked changes in fNIRS signals and to
discuss the origin of the physiological artifacts.

Publication V: To characterize the effect of scalp circulation on dif-
fuse optical tomography (DOT) reconstructions from fNIRS sig-

nals during physically and mentally demanding tasks.



2. Optical measurement of cerebral
hemodynamics

2.1 Chapter overview

This chapter introduces the basics of fNIRS and DOT. It also presents
fNIRS instrumentation in general and explains issues related to data in-
terpretation. Lastly, it describes the fNIRS instrumentation and analysis

methods used in this work.

2.2 Functional near-infrared spectroscopy (fNIRS)

Near-infrared spectroscopy (NIRS) is a method that records concentra-
tions of chromophores, i.e., light-absorbing substances, with near-infrared
(NIR) light. When NIRS is applied for studying hemodynamics related to
brain activity, it is often called fNIRS. The fNIRS measurement is based
on five physiological and physical principles: (1) cerebral blood flow (CBF)
increases in active brain areas, (2) hemoglobin molecules of red blood cells
absorb NIR light, (3) optical properties of hemoglobin depend on its oxy-
genation level, (4) tissue is relatively transparent to NIR light, and (5)
NIR light is scattered strongly in all directions in tissue. These five prin-
ciples are discussed in more detail in the following paragraphs.

Reacting to the increased energy consumption of an active brain area,
CBF increases locally to supply nutrients and oxygen to the tissue (Princi-
ple 1) [155, 158]. The CBF rises more than the oxygen demand, resulting
in an elevated blood oxygenation level in the active area [65]. Further-
more, the blood volume increases [33, 122]. These hemodynamic changes
coupled to the neuronal activity are the basis of some functional neu-
roimaging methods, such as fNIRS and functional magnetic resonance
imaging (fMRI) [155].
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Figure 2.1. (a) Absorption coefficients of the major chromophores of tissue. The propor-
tion of water in the tissue is assumed to be 75% and the hemoglobin con-
centrations 40 uM. (Data from Refs. [38] and [86]) (b) The banana-shaped
sensitivity volume of fNIRS measurement. The source and detector fibers
are depicted with white arrows (separation: 3.6 cm). The darker the yel-
low/red color, the higher the probability that the detected light has traversed
the area. (Simulated data from Publication V)

Hemoglobin, the oxygen-carrying molecule of the blood, absorbs NIR
light (Principle 2). Thus, the more blood the probed volume contains, the
less light passes through it. Furthermore, the absorption of light depends
on the oxygenation level of the blood (Principle 3, Fig. 2.1a); deoxyhe-
moglobin (HbR) absorbs more red light than oxyhemoglobin (HbO-) [38],
meaning that oxygen-deficient blood appears less red than oxygen-rich
blood. To summarize Principles 1-3, neuronal activity generates changes
in blood oxygenation and volume which in turn alter the absorption of
light in the brain.

The NIR range of the spectrum (650-950 nm) is especially good for de-
tecting blood-oxygen-level-dependent light absorption changes because it
provides the so-called optical window of tissue (Principle 4). The opti-
cal window is limited by the high absorption coefficients of hemoglobin
and melanin at shorter wavelengths and of water at longer wavelengths
(Fig. 2.1a) [45]. In the optical window, the absorption is low which enables
the light to penetrate deeper into tissue than outside the optical window.
Therefore, NIR light transmitted to the tissue through an optical fiber
placed on the scalp surface can reach the brain tissue, whereas light of
other wavelengths gets mostly absorbed already in the surface layers.

The NIR light is scattered diffusively in all directions in the head (Prin-
ciple 5), making it possible to measure light attenuation on the scalp sur-
face a few centimeters apart from the source fiber. The sensitivity volume
of the light is shaped like a banana (Fig. 2.1b); the longer the distance
between the source fiber and the detection point, the deeper the banana-

shape reaches in the tissue [44, 62, 139].
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2.3 Modified Beer-Lambert law

The relation between the light attenuation in the illuminated tissue and
the concentration of HbO, and HbR ([HbO>] and [HbR]) can be modeled
with the modified Beer—Lambert law when the concentrations of the chro-
mophores are relatively small [38, 55]:

A(f) =In <%) A G i:HbOZ%HbReZ— alt)-d-B, @D
where A is the attenuation, I the light intensity entering the tissue, I the
detected light intensity, A* time-invariant attenuation caused by other
chromophores besides HbO, and HbR, G a time-invariant term represent-
ing unknown scattering losses, ¢; and ¢; the specific absorption coefficient
and the concentration of chromophore i, respectively, d the geometrical
distance between the illumination and detection point, and B the dif-
ferential path-length factor (DPF). DPF represents the factor by which
the distance traveled by light increases as a consequence of scattering,
as compared to the geometrical distance between the illumination and
detection point. Its value is usually between 5 and 6 in the adult head
depending slightly on the wavelength [51, 195]. It can be measured with
certain fNIRS instrumentation [6, 45]. The values for the specific absorp-
tion coefficients can be found in the literature [38].

The modified Beer—Lambert law serves for estimating changes in [HbO-]
and [HbR] (A[HbO-] and A[HbR]), when the light attenuation is recorded
with multiple wavelengths. Absolute concentrations of the chromophores
cannot be obtained without additional information because of the un-
known scattering losses in the tissue, represented by G in Eq. 2.1 [55].
Usually, A[HbO>] and A[HbR] are reported for each fNIRS channel, i.e.,
a source—detector pair. Sometimes also the change in total hemoglobin
concentration (A[HbT]), i.e., the sum of A[HbOs] and A[HDbRY], is of inter-
est because it is proportional to the blood volume change in the sampled
tissue when the hematocrit is constant [19].

The modified Beer-Lambert law assumes the concentration of other
chromophores besides HbO, and HbR as well as the scattering proper-
ties of the probed volume to be constant during the measurement. These
assumptions are reasonable because the concentrations of the strongest
absorbers, water and lipids, are unlikely to change as rapidly as [HbOs]

and [HbR] [55]. Furthermore, macroscopic and microscopic boundaries of
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tissue structures that cause light scattering do not change considerably
within the timescale of the measurement [55].

A more questionable assumption of the modified Beer—Lambert law is
that the sampled medium is homogeneous. In reality, the head is a het-
erogeneous structure consisting of several compartments, which include
the scalp, skull, cerebrospinal fluid, gray matter, and white matter, along
with microscopic structures within all these compartments. The heteroge-
nous structure of the head causes the light to traverse other tissue types
besides brain tissue when it is guided into the head. Thus, the par-
tial path length of the light in the brain is smaller than the total path
length in the head, causing changes occurring in the brain circulation to
produce smaller estimated A[HbOy] and A[HbR] than what they are in
reality [17, 18, 176]. This phenomenon is called the partial volume ef-
fect. Another related phenomenon is the differential sensitivity effect,
which arises from the wavelength-dependency of the spatial sensitivity
of the measurement and causes cross-talk between estimated A[HbO-]
and A[HDbR] [17, 18, 176, 192]. The differential sensitivity effect can
be minimized by selecting the measurement wavelengths appropriately
[17, 176, 193, 207]. A third issue arises from the assumption that changes
occur homogeneously in the probed volume: as the light traverses also the
scalp, changes in the scalp circulation contribute to A[HbO-] and A[HbR],
which therefore do not solely represent changes in the cerebral hemody-

namics. This issue is explained in more detail in Section 2.6.

2.4 Diffuse optical tomography (DOT)

Besides obtaining A[HbO-] and A[HbR] in separate channels as in fNIRS,
optical signals from multiple overlapping channels enable reconstructing
images of optical properties of the tissue. This is called DOT [4, 16, 72].
In DOT, light propagation in the tissue is modeled with the radiative
transfer equation or its diffusion approximation [4, 5, 16, 134]. Recon-
structing optical properties of the probed tissue with these models is an
ill-posed inverse problem: the reconstructions are highly sensitive to
errors in the measurement data on the surface of the tissue and to a
discrepancy between the data and the model. Moreover, the problem is
non-unique, i.e., there are many possible distributions of optical proper-

ties that can give rise to the same measurement data [4, 7, 72].
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In practice, the forward problem of DOT can be linearized:
Ay = JAz, (2.2)

where Ay is the change in measurement data, Az the change in optical
properties, and J the sensitivity matrix for the measurement, which can
be obtained from the diffusion approximation or radiative transfer equa-
tion with analytical or numerical methods, e.g., the finite element method
[5, 183] or Monte Carlo simulation [83].

The ill-posed inverse problem can be solved by using regularization [4,

5, 72]. Consequently, the solution can be obtained as:
Az = argmin(HAnyAxHQ+ozHLAm||2) , 2.3)
Az

where the second part is a generalized Tikhonov regularization term with
« being the regularization parameter and L the regularization matrix
[102]. If L is the Laplace or gradient operator, o controls the smoothness
of the resulting reconstruction.

As compared to fNIRS, DOT provides more accurate spatial information
of A[HbO:] and A[HbR] and reduces the partial volume and differential
sensitivity effects, which complicate analysis of fNIRS signals [71]. In
addition, it provides some depth resolution that facilitates the localization

of brain activity [71].

2.5 f{NIRS instrumentation

The fNIRS devices can be divided into three broad categories: continuous-
wave, time-domain, and frequency-domain instruments [45]. Of these
three categories, the continuous-wave instruments operate with the sim-
plest principle; they measure attenuation of a constant light intensity in
tissue. Due to the low cost, ease of implementation, efficient light de-
tection, fast sampling, best instrumental signal-to-noise ratio (SNR), and
small size, this design is the most common among commercial fNIRS de-
vices (for reviews, see Refs. [56, 203]). However, instruments in this cate-
gory cannot record absolute concentrations of chromophores nor the path
length of the light in the tissue, which is useful in calculating concentra-
tions of the chromophores with the modified Beer—Lambert law (Eq. 2.1)
and in reconstructing the optical properties of the tissue in DOT [72]. A
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subtype of instruments in this category perform spatially-resolved spec-
troscopy, i.e., multidistance measurements, to determine absolute ratios
of the concentrations of the chromophores from which the tissue oxygen
saturation can be calculated [177, 203].

The time-domain technique is based on sending picosecond-long light
pulses to the probed volume and measuring the time-of-flight distribution
of the light passed through the volume. This technique requires the most
complex instrumentation and is thus the most costly among the three
categories. Its benefit is that it can separate signal components that have
most probably penetrated deep into the tissue based on time-gating the
detected light [72]. In addition, time-domain recordings allow for estimat-
ing the path length of light in the probed volume based on the measure-
ment [6, 45], as well as obtaining absolute concentrations of chromophores
[203].

The optical path length can also be estimated with the frequency-domain
technique. These instruments modulate light intensity at a radio fre-
quency and measure the amplitude, phase, and average intensity of the
signal detected after light propagation through the probed volume. In-
struments in this category are cheaper than the time-domain systems,
but they do not allow separating deep and shallow components by time-
gating the signals. In contrast, they are well-suited for measurements
with several source-to-detector separations, which can be used for sep-
arating superficial and cerebral components from each other (discussed
more in detail in Section 2.6). The additional information recorded, as
compared to the data available in a continuous-wave recording, allows for
estimating absolute concentrations of the chromophores [59].

The fNIRS instrument used in this Thesis belongs to the frequency-
domain category. Its operating principle is described in Section 2.7.1.
Commercially available fNIRS instruments are reviewed in Refs. [56, 60,

203] and prototype instruments in Ref. [203].

2.6 Data analysis and interpretation

2.6.1 Recognizing scalp and systemic contribution

The fNIRS measurement is made through the scalp. Therefore, changes

in scalp blood circulation, e.g., due to task-related stress [49, 50, 150], con-
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Figure 2.2. The light travels both in the brain and superficial tissues. (a) The desired
signal arises when the change in absorption occurs in response to hemody-

namic changes related brain activity. (b) However, scalp circulation can also
change, e.g., in response to task-related stress and alter the light absorption.

tribute to the signals (Fig. 2.2) [17, 20, 56, 67, 68, 107, 129, 178-180, 190].
Moreover, the baseline of the fNIRS signal oscillates spontaneously along
with the systemic circulation, including components related to pulsation
of the blood vessels, respiration, vasomotion, and autonomic regulation of
the circulation [8, 17, 57, 138, 178, 189].

To distinguish other physiological components from the hemodynamic
responses related to brain activity, the time evolution of the fNIRS sig-
nals can be studied; the hemodynamic responses show a characteristic
waveform in event-related studies (Fig. 2.3). The hemodynamic response
results from local vasodilation that increases the local CBF and raises
the blood oxygenation level and volume [95]. Consequently, the increased
blood volume and oxygenation manifest themselves as increased [HbOs]
and [HbT1], as well as a decreased [HbR] with a smaller magnitude. The
signals peak around 5 s after the stimulation onset [94, 155], and return
back to the baseline with a time lag of about 5-10 s after the end of stim-
ulation. In contrast to these hemodynamic changes, scalp and systemic
components can cause other characteristics; a change in the arterial blood
vessel diameter, for example, will result in A[HbOs] and A[HbR] with the
same polarity.

Besides studying the resemblance of the fNIRS signals to known char-
acteristics of the hemodynamic responses, there is another commonly uti-
lized method for recognizing physiological components not related to brain
activity: multidistance recordings. In the simplest case, two channels
with different source-to-detector separations probing approximately the
same volume can be used for inferring the source of the recorded signals.

Dissimilar changes in the concentrations of the chromophores at channels
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Figure 2.3. Hemodynamic response measured with fNIRS over the occipital cortex to a
6-s-long visual stimulus (gray shading). (Data from Publication I)

with a short (<1 cm) versus a long (>2.5 cm) source-to-detector separation
imply distinct changes in the scalp and brain circulation. Alike changes
in these channels, on the other hand, arise from either changes in scalp
circulation or from parallel changes in both the brain and scalp circula-
tion. The reasoning behind inferring the origin of the signal based on
multidistance recordings follows from that the channels probe to some
extent different layers of the tissue; a channel with a short separation
probes the tissue shallowly whereas a channel with a longer separation
records light which has penetrated deeper layers of the tissue as well
[62, 70, 128, 139, 160]. Channels with a separation of 1 cm or less should
almost exclusively contain superficial signals in adults [44, 128], while
channels with separations larger than 2.5 cm allow for detection of cor-
tical hemodynamic changes [44, 62, 72, 128, 139]. Signals recorded with
a long source-to-detector separation, however, contain also a contribution
from the superficial layers, which depends on the scalp and skull thick-
ness [139].

In addition to the multidistance recordings, also cardiovascular parame-
ters, e.g., heart rate and blood pressure, are helpful in setups with possible
surface or systemic contribution. The cardiovascular parameters indicate
changes in the systemic circulation, which may appear as scalp or sys-
temic contribution in the fNIRS signals [46, 68, 150].

2.6.2 Removing unwanted components

To estimate and remove physiological components not related to brain
activity from the fNIRS signals, several signal processing methods have
been proposed in the literature. In most studies, the estimation is based
on multidistance recordings, although at least one simple method can also

be applied for single-channel data by assuming a specific shape for the
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hemodynamic response to brain activity [205].

Superficial signal regression is a method where the superficial compo-
nent is estimated from the signals with a short source-to-detector separa-
tion, fitted to and regressed from signals with a long separation [74, 159,
160, 208]. Instead of regressing the whole time series at once, in another
method the signals with a long separation are filtered adaptively with the
signals with a short separation [210, 211]. Furthermore, instead of using
the data with a short separation directly as an estimate of the superficial
contribution, the component can be estimated with principal component
analysis (PCA) or independent component analysis [68, 125, 197, 212]. In
many cases, the strongest principal component represents the superficial
component [68, 197]. Moreover, the problem of superficial components
can be approached from a different point of view: instead of estimat-
ing the physiology not related to brain activity, hemodynamic responses
can be modeled with the general linear model by fitting preset hemody-
namic response functions to the signals [111]. Adding heart rate and blood
pressure as explanatory variables in the model gives a higher sensitivity
to brain-activity-related hemodynamics [179]. Lastly, cardiovascular pa-
rameters can be included in a physiological model to predict fNIRS signal
changes due to components not related to brain activity [46].

All the above-mentioned signal processing methods have the disadvan-
tage that they assume the superficial and cerebral components to be un-
correlated or statistically independent. This is not the case in task experi-
ments where brain activity and changes in systemic and scalp circulation
occur simultaneously [20, 67, 107, 129, 179, 180, 212], causing the meth-
ods to suppress brain activity signals along with superficial components.

To avoid the issue of correlated cerebral and superficial components,
some research groups have shifted from utilizing sparse fNIRS probes and
analyzing data channel-by-channel to high-density recordings and DOT
reconstructions [77, 108, 208]. The idea is that covering a larger area
and probing the tissue with a dense probe allows for the detection of local
activations more easily than with a small and sparse probe. Furthermore,
DOT provides some depth discrimination [71], enabling the exclusion of

surface layers from the data analysis to a certain degree [82, 108].
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2.7 fNIRS methods in this Thesis

2.7.1 Instrumentation

The research constituting this Thesis was carried out with a frequency-
domain instrument developed at Aalto University School of Science [133,
135]. As light sources, it uses laser diodes at two time-multiplexed wave-
lengths (685/756/785 and 824/830 nm). The intensity-modulated light
(100 MHz) is guided into maximally 16 time-multiplexed source fibers,
whose terminals are attached to the surface of the tissue. The average op-
tical power penetrating tissue is 4—15 mW depending on the wavelength
and fiber length. As the instrument time-multiplexes the source chan-
nels and wavelengths, the sampling frequency decreases as the number
of active sources and wavelengths increases.

The modulation amplitude and phase shift are detected with up to 16
photomultiplier tubes coupled to the tissue via optical fiber bundles. The
gain of the photomultiplier tubes is adjustable, allowing the instrument
to measure a wide optical power range and enabling the use of several
source-to-detector separations in the same recording. The possible source-
to-detector separations of the instrument range from about 1 to 5 cm; the
detected light intensity is low in over 5-cm channels of the instrument
because most of the light has been absorbed, causing these channels to be
usually too noisy for detecting physiological signals in adults.

The instrument has two types of fiber terminals: straight terminals and
prism terminals. The straight terminals are better suited when measur-
ing over hair because hair can be moved away from under the fiber holders
with pressurized air. Hair between the fiber terminal and scalp surfaces
causes coupling errors to the data [165]. On the other hand, when access
close to the scalp is needed, e.g., by other instrumentation, prism termi-
nals are better suited; they reflect the light in 90-degrees angle in the
terminal making the fibers run parallel to the head surface and leaving
more space above the fNIRS probe (thickness <1 cm) [197]. Furthermore,
the effect of movement-related artifacts is smaller with the prism termi-
nals. The activation measurements of Publication I were performed with
straight terminals to reduce the contribution of coupling errors. To reduce
movement artifacts, prism terminals were selected for the sleep measure-
ments of Publications II-IIT and the task-activation measurements on the

forehead of Publication V. They were also used to facilitate the simul-
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taneous TMS of Publication IV, which requires access close to the head
surface.

Besides fiber terminals, also the measurement probe can be customized.
A simple probe with only one source has a higher temporal resolution
and a better SNR than a probe with more sources, which, in contrast,
provides a better spatial resolution and enough data for DOT reconstruc-
tions. Simple configurations with one to four sources were utilized in the
measurements of Publications I, II, III, and IV, whereas the recordings
of Publication V were performed with a high-density multidistance probe

with 15 sources and 15 detectors to allow DOT.

2.7.2 Signal processing

The raw data of the instrument used in this Thesis includes the attenua-
tion of the modulation amplitude and the phase shift. Before further anal-
ysis, these signals are resampled. This serves for two purposes: to obtain
an even sampling rate, as the sampling rate of the data collection is not ex-
actly a constant, and to interpolate the data of separate wavelengths and
sources to have the same time vector, as the sources and wavelengths are
time-multiplexed. The attenuation of the modulation amplitude is usually
detrended to minimize instrumental drift and low-pass filtered to reduce
high-frequency noise arising in the instrument. The phase signals are cal-
ibrated to allow estimating the optical path length [135, 182]. The signals
are converted to A[HbO5] and A[HbR] with the modified Beer—Lambert
law (Eq. 2.1) either utilizing the estimated path length (Publications I-
III) or a literature value for DPF (Publications IV and V) [51, 195]. After
this, A[HbO>] and A[HbR] are filtered, if wanted, to reduce physiologi-
cal noise, such as cardiac oscillations [57]. In event-related studies, the
signals are divided into epochs time-locked to stimuli or events, baseline-

corrected, and averaged.

2.7.3 Contribution of scalp and systemic circulation

In the event-related studies of this Thesis, interstimulus intervals were
randomized to avoid spontaneous physiological fluctuations synchroniz-
ing to the stimuli. Moreover, in Publication IV, the head of the subjects
was lowered so that the recording was performed in a half-sitting position,
as a supine position reduces the amplitude of these fluctuations [178]. To

reduce the contribution of superficial components in the fNIRS signals,
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the measurement probe was pressed tightly against the scalp in all stud-
ies of this Thesis [180]. Furthermore, heart rate was monitored to indicate
changes in the systemic circulation. To show signals with different contri-
butions from scalp and brain layers, all publications of this Thesis present
signals from channels with short and long source-to-detector separations
or DOT reconstructions.

Superficial signal regression was tested for the data of Publications IV
and V and the general linear model for the data of Publications I and
IV. Simple PCA filtering was applied to the data of Publication II. How-
ever, the suitability of these methods for the studies was unclear, as the
brain activity seemed to correlate with other physiological components,
and thus the publications present mainly results from the unprocessed

data.
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3. Combining fNIRS with other
modalities

3.1 Chapter overview

This chapter describes the modalities that were combined with fNIRS in
this work. Each section provides a general overview of the correspond-
ing modality and reviews literature on simultaneous measurements with
fNIRS. Each section also compares these concurrent measurements to
similar multimodal setups with positron emission tomography (PET) and
fMRI (except for cardiovascular parameters). Moreover, the sections ex-
plain how the methods of interest were used in the studies of this Thesis.
Table 3.1 at the end of this chapter summarizes the advantages and dis-

advantages of fNIRS in multimodal setups as compared to fMRI and PET.

3.2 Electroencephalography (EEG)

Publication I presents a study on combining fNIRS with EEG. EEG is the
noninvasive recording of electrical brain activity with electrodes attached
on the scalp surface [11]. It is sensitive to electric fields generated mainly
by synchronized postsynaptic activity in groups of neurons. It can record
spontaneous brain activity, which is of interest, e.g., in connectivity stud-
ies, as well as evoked potentials, which arise in response to a stimulus.
When combined with fNIRS, EEG has many applications. Simultane-
ous EEG/fNIRS can give insight into physiological mechanisms that are
difficult to study with only one modality [54]. On the other hand, si-
multaneously recorded EEG data can be used to explain fNIRS results
[84, 89, 106, 209] and to verify that subjects are following the task require-
ments during the measurement [93]. Moreover, fNIRS data can serve as

a prior in the inverse problem of EEG, which is ill-posed [1].
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The combined measurement can be also applied for studying neurovas-
cular coupling. As the two methods measure different aspects of brain
activity, namely the electrical and the vascular (for review, see Ref. [155]),
the combined measurement can serve in investigating how these two as-
pects are related [91, 109, 110, 137, 157, 181, 209] (for review, see Ref.
[167]). This was also the aim of Publication I. This field of research is im-
portant because in functional hemodynamic imaging it is often assumed
that hemodynamic responses are linearly and time-invariantly dependent
on the underlying neuronal activity [31]. However, this might not always
be the case; the location of the strongest change in blood oxygenation and
CBF might not match the location of the strongest neuronal activity [32],
or the magnitude of the hemodynamic response may not follow a strict
linear relationship with the underlying neuronal activity [110].

The combination EEG/fNIRS is a compelling alternative to the simul-
taneous measurement of EEG and PET or fMRI (Table 3.1). PET ex-
poses the subjects to radiation and has a low temporal resolution, whereas
fNIRS is safe and has a higher temporal resolution. Simultaneous EEG/-
fMRI is technically complicated, requires special hardware and software,
and has a lower SNR than when the two modalities are used separately
[27-30]. In contrast, EEG/fNIRS can be recorded basically without any
modifications to the instruments and without reductions in the SNR. In
addition, it tolerates movement better than EEG/fMRI [196] and is silent.
As compared to fMRI and PET, fNIRS has, however, a more modest spa-
tial resolution and can only measure changes occurring in the superficial
parts of the brain. A minor technical challenge in combining EEG and
fNIRS is the integration of electrodes and optodes. For measuring the
data of Publication I, the fNIRS optodes were attached to an existing EEG
cap. Some other studies have implemented integrated opto-electrodes for

measuring fNIRS and EEG exactly in the same locations [37, 109, 199].

3.3 Polysomnography (PSG)

Publications IT and III present simultaneous fNIRS and PSG. PSG is mul-
tiparametric monitoring of sleep and includes the recording of sponta-
neous neuronal brain activity with EEG, eye movements with electroocu-
lography (EOG), muscle activity with electromyography (EMG), and heart
rate with electrocardiography (ECG) [145]. Furthermore, arterial oxygen

saturation (SpOsy), respiration, and movements are monitored often as

16



Combining fNIRS with other modalities

well.

Based on the PSG, neurophysiologists score sleep into stages N1-N3
and rapid-eye-movement sleep (REM) [96]. Stages N1-N2 represent light
sleep, where the awareness of the surrounding environment disappears.
N3 is the deepest stage, and it is often referred to as slow-wave sleep [170].
REM is mostly associated with dreaming, albeit dreaming also occurs in
non-REM stages [123]. Non-REM and REM periods alternate four to six
times during a typical night [104]. In addition to this characteristic cyclic
variation of brain activity, there is also variation within each sleep stage.
The phasic alteration of background activity and transient events (2—60 s)
in the EEG within non-REM stages is called cyclic alternating pattern
(CAP) (for reviews, see Refs. [144, 184] and for scoring rules Ref. [185]).
It is thought to be related to sleep instability and preservation [144], as
well as consolidation of learning [3, 61], and even creativity [47].

Research based on PSG is well established [170]. In contrast, cere-
bral hemodynamics has been less intensively assessed during sleep. Most
studies on hemodynamics of sleep have utilized PET in combination with
PSG, although PET exhibits some limitations (Table 3.1): It cannot be
applied for monitoring but rather just for recording after a specific sleep
stage has been reached [124]. Furthermore, it cannot capture the evolu-
tion of hemodynamics during fast events (in the order of seconds) because
its temporal resolution is in the order of a minute [43]. The application of
fMRI, on the other hand, is restricted by the noisy environment, technical
difficulty of combining PSG with fMRI [52], and traditional fMRI signal
analysis methods (general linear model) that are not optimally suited for
sleep studies [43, 52]. Nevertheless, as the field of connectivity research is
getting more established, connectivity analysis has been applied in fMRI
sleep studies [88, 119, 161, 175]. In contrast to PET and fMRI, fNIRS is
well suited for monitoring sleep with concurrent PSG and has thus been
utilized in some adult sleep studies [48, 92, 97, 118, 151, 168, 174, 191].
Its major drawbacks compared to PET and fMRI are the low spatial reso-
lution and the restricted sensitivity to only cortical activity. On the other
hand, it can tolerate small movements [196], its temporal resolution is su-
perior and it can be used for overnight monitoring. These characteristics
make fNIRS especially suitable for tracking relatively fast hemodynamic
changes in overnight recordings, e.g., transient events of CAP cycles (Pub-
lication III), transitions between sleep stages (Publication II), and slow

hemodynamic oscillations (Publications IT and III).
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Previous fNIRS studies have associated the wakefulness—sleep transi-
tion with decreasing [HbO;] in the prefrontal cortex [92, 118, 168, 174]
and the opposite transition with increasing [HbO-] [92, 118, 174], possi-
bly reflecting the reduced complexity of brain activity during sleep. The
changes in [HbR] have not been as consistent; it has been reported both to
increase [92, 118, 168] and to decrease [118, 174] when falling asleep. In
addition to the transition from asleep to awake, [HbO-] has also been re-
ported to increase in the prefrontal cortex in the transition to REM [118],
probably in response to dreaming. Other studies focusing on dreaming
have shown that REM activates the visual cortex [97] and lucid dream-
ing of a motor task the sensorimotor cortex [48]. Besides research on
healthy subjects, patients with sleep disorders have also been studied
with fNIRS, indicating that sleep-disordered breathing, as well as periodic
leg movements in sleep, alter cerebral hemodynamics [80, 127, 141, 152—
154, 194, 198]. Furthermore, sleeping infants have been studied with
PSG/{NIRS [115, 116, 156].

The results of fNIRS research are generally in line with PET studies
that have reported global and a local prefrontal decrease in the CBF, cor-
responding to a lowered [HbOs], in non-REM as compared to wakefulness
[41, 43]. In REM, the global CBF is comparable to wakefulness, although
the prefrontal CBF has been observed to decrease as compared to wake-
fulness [43].

In most of the fNIRS studies, subjects have been measured during day-
time napping; only two studies published before Publication II have inves-
tigated full-night recordings [92, 168]. As a consequence, slow-wave sleep
has been mostly neglected, albeit one study reports decreasing [HbO-]
with the sleep getting deeper [92]. The aim of Publication II was to
study slow-wave sleep, focusing on differences between slow-wave and
light sleep. Moreover, Publication II characterizes transitions between
sleep stages.

The temporal resolution of PET hinders the direct study of CAP-related
activity. By contrast, fNIRS can record hemodynamics of CAP whose
prevalence is elevated in various sleep disorders [144]. Publication III re-
ports the first systematic study on hemodynamics during CAP in healthy
subjects; previous fMRI and PET studies characterize CBF changes dur-
ing specific CAP events [40, 42, 43] and one fNIRS study during periodic
leg movements [153].

Low- and very-low-frequency oscillations (0.04-0.15 and 0.003—-0.04 Hz,
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respectively) constitute a considerable proportion of physiological varia-
tion in fNIRS signals [57, 93, 138, 188] (for review, see Ref. [162]). These
oscillations have been attributed to many underlying factors, such as neu-
ronal activity [63, 87, 91, 103, 202], vasomotion [57], and autonomic con-
trol of the systemic circulation [68, 103, 178], and they are clearly visible
in sleeping subjects as well. Publications II and III are among the first
fNIRS studies to investigate these oscillations in sleeping adults. The os-
cillations have also been studied in sleeping infants [156] and recently
in sleeping adults in a study investigating the phase difference between
A[HbO,] and A[HbR] [151].

3.4 Transcranial magnetic stimulation (TMS)

Publication IV reports a study combining fNIRS with TMS, which is a
method for activating the brain in a direct and controlled manner [9]. It
is based on a rapidly changing localized magnetic field that produces an
electric field in the tissue which in turn excites and inhibits neuronal ac-
tivity [98]. If a specific brain area is stimulated, the effect of TMS can
sometimes be observed, e.g., as a finger movement or as a short-term in-
ability to produce speech [9, 146]. On the other hand, longer-lasting treat-
ment effects have been seen in patients who have received TMS therapy.
The therapy constitutes of intensive stimulation sessions repeated many
times per week to treat depression, to rehabilitate brain areas affected by
stroke, etc. (for reviews, see, e.g., Refs. [143, 163, 164, 201]).

TMS does not always produce a noticeable change in the subject’s behav-
ior. This does not mean that the stimulation does not activate neurons—
the effect just cannot be observed directly in the behavior. To assess the
TMS-evoked brain activity in a more direct manner and to facilitate the
study of TMS-evoked activity in these kinds of situations, it has been com-
bined with several functional neuroimaging methods.

The neuronal activity evoked by TMS can be recorded with TMS-com-
patible EEG devices [99]. TMS/EEG studies have demonstrated that
even a low-intensity stimulation (below motor threshold) evokes record-
able brain activity [112, 113]. Studies have also illustrated how the TMS-
evoked local activation spreads in the brain to connected areas [99] and
how this spreading is suppressed in sleep [126]. However, not all brain
areas can be easily studied with TMS/EEG, as the stimulation of cranial

muscles causes strong artifacts in EEG, masking brain activity [114, 121].
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TMS has also been combined with hemodynamic modalities (PET, fMRI,
and fNIRS) to record the hemodynamic counterpart of the TMS-evoked
brain activity [21, 64, 140, 148] (for reviews, see Refs. [15, 147]). These
studies have mainly investigated the effect of several repeated TMS pulses
(repetitive TMS) on the hemodynamics of the brain. However, the re-
sults have been variable depending on the method and TMS parameters.
PET studies with sub- and suprathreshold repetitive TMS have mostly
reported an increase in the local CBF, corresponding to a [HbO] increase
and [HbR] decrease, on the stimulated motor cortex [64, 66, 169, 172] and
occipital cortex [148], although decreases have also been observed on the
stimulated motor [149] and prefrontal cortices [173]. On the contralat-
eral motor cortex, CBF has been reported to decrease following sub- and
suprathreshold stimulation [64, 66].

Most fMRI studies are in line with PET studies: the blood-oxygen-level-
dependent signal (BOLD), which is inversely correlated with [HbR], has
been reported to increase on the stimulated motor cortex following supra-
threshold stimulation [10, 13, 14, 22, 2426, 105] and decrease on the con-
tralateral cortex [13, 14, 105]. Unlike PET studies, fMRI studies report no
changes in the stimulated motor cortex when subthreshold intensities are
applied [10, 13, 14]. This may be because susceptibility artifacts reduce
the contrast in tissue areas directly below the TMS coil [23].

In contrast to the majority of PET and fMRI studies, fNIRS studies re-
port mostly decreased [HbO:] on stimulated motor [75, 78, 117] and pre-
frontal cortices [2, 117, 187] as well as on the contralateral motor [85, 100,
117, 130] and prefrontal cortices [79, 117, 130] with sub- and suprathresh-
old intensities. Nonetheless, one study has reported increased [HbO-] on
the stimulated motor cortex following suprathreshold TMS [140]. The re-
sults regarding [HbR] have mainly been statistically insignificant or not
reported. Single TMS pulses have been reported to both increase [HbOq]
[136] and to decrease [HbO-,] and [HbT] in the stimulated area [131, 186].
Publication IV explains the discrepancy between the results from fNIRS
and other methods as physiological artifacts in fNIRS signals in response
to TMS.

Besides measuring TMS-evoked brain activity, the effect of TMS can
also be evaluated as increased or reduced performance to a specific task.
These aftereffects of repeated TMS also affect the hemodynamics of the
brain, as shown in some fNIRS studies [36, 58, 206]. However, suitable

tasks for studying the aftereffects often include mental or physical effort,
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which may add scalp contribution to the fNIRS signals. Scalp circula-
tion was studied in Publication V in order to develop a viable method for

recording the aftereffects of TMS therapy.

3.5 Cardiovascular parameters

Cardiovascular parameters were monitored in all studies of this Thesis
to evaluate various aspects of the systemic circulation. These parameters
are important since they serve as indicators for possible scalp or systemic
contribution in fNIRS signals. Despite their importance and ease of mea-
surement, they are not regularly reported in fNIRS studies. Nevertheless,
in studies specifically investigating the scalp and systemic contribution in
fNIRS, heart-rate [67, 107, 179], blood-pressure [107, 129, 179], and scalp
blood-flow changes have been recorded [107, 179, 180].

In this Thesis, heart rate was obtained mainly from the photoplethys-
mogram (PPG) recorded with a pulse oximeter, which also measures SpO-
(Publications II and III). PPG reflects the state of the circulation and the
amplitude of the PPG waveform (PPGamp) provides a measure of the vol-
ume of blood pulsating in the blood vessels of a finger tip. PPGamp de-
pends on the local vascular compliance [166] and decreases with vasocon-
striction as a consequence of a stress reaction. Moreover, it is affected by
the systemic vascular tone. PPGamp is presented in Publications II, III,
and IV.

Pulse transit time (PTT) is a cardiovascular parameter, which can be
assessed from a simultaneous PPG and ECG recording (Publication IV).
It represents the time taken by a pressure wave resulting from a heart-
beat to travel from the heart to the finger tip. It characterizes arterial
stiffness along the path that the pressure wave travels, and its inverse
is correlated with blood pressure [132]. Furthermore, it depends on the

systemic vascular tone.
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Combining fNIRS with other modalities

Table 3.1. Comparison of hemodynamic modalities in multimodal setups.

| {NIRS fMRI PET
Parameters A[HbO:], BOLD CBF or glucose
A[HbR], A[HbT] metabolism
Setup natural shielded room shielded room
environment
Monitoring yes no no
Temporal best (<1 s) intermediate worst (>1 min)
resolution (~1s)
Spatial worst (~1 em) best (~1 mm) intermediate
resolution (~5 mm)
Sensitive to no yes yes
subcortical areas
Sensitivity to moderate high high
movement
Safety issues
in general - projectile effects; radioactive
noise tracers
with EEG - electrode and -
wire heating
with TMS - projectile -
stimulator unit
Technical issues
with EEG - strong artifacts -
in EEG
with TMS fNIRS probe has  nonferromagnetic detector
to be thin TMS coil; shielding
customized fMRI
coil;
susceptibility
and other
artifacts in fMRI
Limitations
with EEG scalp and technical (low time scales
systemic SNR of EEG) different
contribution
with TMS physiological technical (low temporal
artifacts SNR of fMRI) resolution
during sleep scalp and noise and measurement
systemic movement can be performed
contribution restrictions; every ~30 min
technical
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4. Summary of publications

4.1 Chapter overview

This chapter summarizes the main results of the publications constituting

this Thesis. Details on the data analysis can be found in the publications.

4.2 Publication I: Combining EEG and fNIRS in awake subjects

Publication I describes a study on awake subjects combining EEG and
fNIRS. The aim was to prove the feasibility of the simultaneous recordings
with the instruments available at Aalto University. Furthermore, Publi-
cation I demonstrates that a combined EEG/fNIRS setup can be applied
for studying the relationship between hemodynamic and neuronal brain
activity on which hemodynamic imaging with fNIRS, fMRI, and PET is
based on.

In the study, pattern-reversing checkerboard stimuli of different dura-
tions (3, 6, and 12 s) produced hemodynamic responses recordable with
fNIRS, with the area-under-curve of the responses increasing along with
the stimulus duration (Fig. 4.1). The simultaneously recorded EEG-based
visually-evoked potentials, representing a measure of neuronal activity,
correlated linearly with area-under-curve of the hemodynamic responses
(Fig. 4.1b), indicating a linear relationship between neuronal activity and
hemodynamic responses on the occipital cortex with the applied stimuli.

The direct brain-activity-derived measure (visually-evoked potentials)
had a higher correlation with the fNIRS responses than the stimulus du-
ration (Fig. 4.1b), suggesting that the observed fNIRS responses reflected
brain activity rather than other effects, such as changes in scalp circula-

tion. Moreover, no large changes in the heart rate were observed during
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Figure 4.1. (a) A[HbO-] (black line) and A[HbR] (gray line) responses in the occipi-
tal cortex to 3-s-, 6-s-, and 12-s-long flickering checkerboard stimuli (begin-
ning at 0 s) and simultaneous area-under-curve of visually-evoked poten-
tials recorded with EEG (XVEP,,,,.; gray shaded area). Error bars and thin
black lines indicate the standard error of the mean. (b) Area-under-curve
of A[HbO:] and A[HbR] (XHbO, and ¥HbR) as a function of XVEP;,,,. inte-
grated over the stimulus duration (XVEP) and as a function of the stimulus
duration. Pearson’s correlation coefficients (r) and their statistical signifi-
cance (p) are marked above each scatter plot. (Modified from Publication I)

the recordings, suggesting that the protocol did not likely affect the sys-
temic circulation. In addition, the amplitudes of the responses were larger
in channels with a long source-to-detector separation (4 cm) than in the
shorter ones (2 cm) and more often statistically significant. Furthermore,

the shape of the responses corresponded to the expected one [94].

4.3 Publications Il & llI: Monitoring sleep with PSG/fNIRS

Publications II and III describe a study combining PSG and fNIRS in
healthy sleeping subjects, providing an approach for investigating hemo-
dynamics of sleep-stage transitions, hemodynamic markers of unstable
sleep, and characteristics of low-frequency oscillations in sleep.
Publication IT reports the first systematic fNIRS study on transitions be-
tween sleep stages incorporating slow-wave sleep. The publication demon-

strates that hemodynamic changes in these transitions are asymmetric:
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Figure 4.2. A[HbO:] and A[HDbR] on the forehead and cardiovascular parameters in
transitions between sleep stages (LS: light sleep, SWS: slow-wave sleep, W:
wakefulness). The dotted vertical line depicts the transition and shading
the 95% confidence interval. N is the total number of transitions averaged.
Asterisks mark significant changes in signal levels from —300...—-200 to
200...300 s (paired t-tests). (Modified from Publication II)

transitions associated with an increase in brain electrophysiological ac-
tivity (from slow-wave sleep to light sleep and from light sleep to REM)
were related to more dramatic hemodynamic changes than the opposite
transitions in the study (Fig. 4.2). Thus, transitions involving a reduc-
tion in cortical electrical activity, indicating a transition to a deeper sleep
stage or drifting away from REM, appear as gradual processes over time,
whereas the increase in electrical cortical activity, marking a transition
to a lighter sleep stage or to REM, may be triggered more abruptly by a
particular physiological event or condition.

Publication III focuses on CAP, which is a microstructure of non-REM
and related to sleep instability. It describes the first fNIRS study on
hemodynamics of unstable sleep in healthy subjects. The results pre-
sented in the publication demonstrate that, in addition to hemodynamic
changes related to transitions between sleep stages, also the microstruc-
ture of sleep is reflected in the scalp, cerebral, and systemic hemodynam-
ics (Fig. 4.3). The hemodynamic changes during CAP reported in this
publication resemble the ones observed during arousal caused by sleep-

disordered breathing in another study [198], thus underlining the impor-
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Figure 4.3. Hemodynamic signals in subtypes A1+B, A2+B, and A3+B of CAP. Shading
depicts the 95% confidence interval of the mean and vertical lines the be-
ginning of phase A (0 s), the average beginning of phase B (~10 s), and the
average end of phase B (~30 s). NN is the number of cycles averaged and aster-
isks indicate statistically significant signals (one-way analysis of variance).
The gray ellipse marks a hypoxic period. (Modified from Publication III)

tance of autonomic regulation in situations with a potential for arousal
(sleep instability). Furthermore, the results indicate a transient hypoxia
during CAP (Fig. 4.3), which may cause harmful effects in the vasculature
[12]. The hypoxia may explain the link between the increased risk for car-
diovascular diseases in patients with sleep disorders and their elevated
CAP rates [73, 144].

Publications IT and III present the first fNIRS studies reporting low- and
very-low-frequency hemodynamic oscillations in sleeping healthy adults.
Publication IT demonstrates that these oscillations are weaker in slow-
wave sleep than in light sleep, REM, and wakefulness (Fig. 4.4a). The
suppressed amplitude of these oscillations during non-REM as compared
to wakefulness and REM has been confirmed later on by another fNIRS
study [151]. Publication III shows that CAP sequences, which are repet-
itive by nature, are related to hemodynamic oscillations at low and very-
low frequencies (Fig. 4.4b). The publication discusses that the suppressed
amplitude of the oscillations in slow-wave sleep may partly be attributed
to the rarity of the subtype A3 of CAP in this sleep stage (3% vs. 20%
of total time in light sleep): this subtype causes the strongest hemody-
namic changes (Fig. 4.3) and thus strongest CAP-related hemodynamic
oscillations (Fig. 4.4b).

Publications II and III report mostly simultaneous changes in fNIRS
signals and cardiovascular parameters (heart rate, PPGamp). Therefore,
it is not fully clear if the recorded fNIRS signals represent scalp, sys-
temic, or cerebral hemodynamics—probably a combination of all of these.

Nevertheless, by observing signals from separate channels, it is possible
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Figure 4.4. Oscillatory power of combined low- and very-low-frequency oscillations in
hemodynamic signals (a) in separate sleep stages (SWS: slow-wave sleep,
LS: light sleep, W: wakefulness) and (b) during CAP vs. non-CAP periods
separately in slow-wave and light sleep. The data in (a) are presented as
power/Hz and in (b) as total power in the frequency range which causes the
y-axis to differ between (a) and (b). Asterisks and horizontal bars indicate
significant differences (¢-tests). (Modified from Publications II and III)

to deduct changes related to brain activity from the data of Publication
III: the polarity of A[HbR] responses changes from the 1-cm to the 4-cm
channel, indicating decreased blood oxygenation in the brain during CAP

cycles (Fig. 4.3).

4.4 Publication IV: TMS-evoked artifacts in fNIRS

Publication IV describes a study that combines fNIRS with TMS. The aim
of the study was to investigate the feasibility of recording hemodynamic
responses reflecting TMS-evoked brain activity with fNIRS. The fNIRS
recording was technically possible on the stimulation site, as the fNIRS
probe was thin enough for the magnetic pulses not to be attenuated ex-
tensively by the increased distance between the coil and brain. Despite
the technical simplicity of TMS/fNIRS, the results obtained with the tech-

nique need to be interpreted with caution. Publication IV demonstrates
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Figure 4.5. (a) A[HbT] responses following 0.5-, 1-, and 2-Hz repetitive TMS recorded
on the stimulated and contralateral hemispheres and shoulders with 1.3-cm
and 3.8-cm channels. (b) Changes in cardiovascular parameters following
TMS. Shading depicts the standard error of the mean and vertical lines time
instances of the magnetic pulses. Asterisks indicate responses with statisti-

cally significant average amplitudes at the end of the magnetic pulse train as
compared to the baseline (paired ¢-tests). (Modified from Publication IV)

that TMS-evoked fNIRS signals contain physiological artifacts not related
to TMS-evoked brain activity.

The publication compares A[HbT] responses on the stimulated and con-
tralateral motor cortex with responses measured on the shoulders fol-
lowing shoulder stimulation. The comparison reveals a close correspon-
dence between the responses on the stimulated hemisphere and shoulder
(Fig. 4.5a). Furthermore, simultaneous changes in cardiovascular param-
eters were observed in the study (Fig. 4.5b). As the responses on the shoul-
ders cannot stem from hemodynamic responses to brain activity, the pub-
lication discusses the possible origin of the responses as being direct vaso-
constriction produced by TMS, indirect vasoconstriction through stimula-
tion of nerves controlling the diameter of the blood vessels, or a systemic
circulatory response to the discomfort of the stimulation (Fig. 4.6). All of
the mechanisms explaining the A[HbT] responses on the shoulders will
also affect responses measured on the motor cortex following brain stim-
ulation, inducing components to the fNIRS signals not related directly to
the TMS-evoked brain activity.

Publication IV presents evidence that TMS-evoked fNIRS responses con-
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Figure 4.6. Effect of magnetic stimulation on the tissue and its relation to measured
parameters. Black solid lines present relations in both brain and shoulder
stimulation and gray lines only in brain stimulation. Dotted lines are not
meaningful in terms of interpreting the data. (From Publication IV)

tain physiological artifacts and thus TMS/fNIRS results should be inter-
preted with caution. If TMS causes direct vasoconstriction in the brain,
also other hemodynamic imaging modalities, including fMRI, are affected
by it and are not able to record hemodynamic responses related to TMS-
evoked brain activity on the stimulation site. On the other hand, if the
artifact arises in the surface tissue, it should be possible to isolate brain-
activity-related hemodynamic responses with signal processing methods
or with DOT.

4.5 Publication V: Effect of scalp circulation on DOT

Publication V describes a study on scalp effects in event-related DOT.
The publication demonstrates that changes in scalp circulation can be
assessed by evaluating separately the extra- and intracranial projections
of the DOT reconstructions together with the heart rate.

In the study, physically and mentally demanding tasks (hand-motor and
verbal-fluency tasks, respectively) caused changes in the scalp circula-
tion in response to task-performance-related stress and produced changes
in the extracranial projections of the reconstructions (Fig. 4.7a). The
changes depended on the heart rate that reflects the strength of the stress
reaction (Fig. 4.7b). To understand better the effect of scalp circulation on
the reconstructions, changes in scalp and brain circulation were simu-

lated. The simulations indicated crosstalk between intra- and extracra-
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Figure 4.7. (a) Extra- and intracranial projections of reconstructed A[HbT] during
weekday-recitation, verbal-fluency and hand-motor tasks. (b) A[HbT] pro-
jections in task repetitions with small, intermediate, and large changes in
heart rate. (¢) A[HbT] projections of reconstructed simulated brain activity,
change in scalp circulation, and a combination of these two. (d) Intracra-
nial A[HbT] projection during the verbal fluency task overlapped over the
magnetic resonance image of one subject. The approximate location of the
inferior frontal gyrus is depicted with a circle in (a) and (d). ((a)—(c) modified
from Publication V)

nial layers of the reconstructions (Fig. 4.7c), suggesting that strong al-
terations in the scalp circulation can distort the brain activation images.
Accordingly, the crosstalk artifact was visible in the intracranial projec-
tions during the hand-motor task, and it depended on the heart rate
(Fig. 4.7a,b).

In contrast to the hand-motor task, the verbal-fluency task showed an
activation in the brain compartment that was not dependent on the si-
multaneously occurring change in the heart rate (Fig. 4.7a,b). Further-
more, it did not resemble the crosstalk artifact. As the activation peak
was located in the left inferior frontal gyrus (Fig. 4.7a,d), matching the
expected location of brain activity [39, 81], it appears that the simultane-
ous reconstruction of hemodynamic changes in the intra- and extracranial
layers, combined with the heart-rate measurement, allowed for identify-
ing the brain-activation-dependent hemodynamic response to the verbal-
fluency task. The publication discusses, however, that sophisticated in-
strumentation and reconstruction methods are needed to fully eliminate

the crosstalk artifacts, especially when task-related stress is involved.

30



5. Discussion and conclusions

The research constituting this Thesis combines fNIRS with EEG, PSG,
TMS, and cardiovascular recordings. It demonstrates that fNIRS is well-
suited for multimodal setups which can provide valuable information un-
obtainable with separate methods: EEG/fNIRS can be applied to study
neurovascular coupling, PSG/fNIRS reveals important features about the
hemodynamics of sleep, TMS/fNIRS can characterize effects of TMS on
the vasculature, and finally the cardiovascular recordings inform us about
task-related stress responses, which in combination with DOT can be used
for studying the contribution of scalp circulation in fNIRS recordings.

Increasing evidence indicates that fNIRS signals contain also other com-
ponents than hemodynamic responses related to brain activity [17, 56, 67,
68, 107, 129, 179, 180, 190]. The results presented in this Thesis sup-
port this point of view; task-related physical and mental stress produced
changes in the scalp circulation of the forehead as indicated by DOT.
Furthermore, TMS caused artifacts in fNIRS signals due to stimulation-
related startle and/or due to stimulation-evoked vasoconstriction. In light
of these observations, it is important to acknowledge that fNIRS signals
do not only represent hemodynamic responses to brain activity but arise
partly through other physiological mechanisms as well.

To evaluate the presence of systemic and scalp contribution, the work
presented in this Thesis suggests that cardiovascular parameters should
be recorded in conjunction with fNIRS, as they indicate changes in the
systemic circulation, which in turn may be reflected in the fNIRS signals.
Even though these parameters can be easily measured, they are relatively
rarely reported in fNIRS literature. The presented DOT reconstructions
show a correspondence between a substantial change in heart rate and a
change in the scalp circulation, suggesting that heart rate serves as an

indicator for changes in the scalp circulation on the forehead. In addition,
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the presented work introduces two other parameters (PPGamp and PTT)
which have not been reported before the publications of this Thesis in the
fNIRS literature. Both of these parameters seem useful in characterizing
possible changes in scalp and systemic circulation, as PPGamp reflects
vasoconstriction related to a stress reaction and PTT is correlated with
blood pressure.

To allow for better spatial sensitivity, fNIRS research has started shift-
ing from reporting fNIRS responses in single channels to high-density
DOT studies, as some groups have shown DOT to provide in some se-
tups sensitivity comparable to fMRI in the superficial parts of the brain
[53, 77, 108, 208]. The shift from fNIRS to DOT is also supported by the
results of this Thesis, especially in the case of studying the effects of TMS;
DOT provides better separability between intra- and extracranial hemo-
dynamics than fNIRS and is thus more accurate for measuring local brain
activity. It could also be useful when studying neurovascular coupling, as
DOT can aid in solving the electric fields generating the recorded EEG sig-
nals [1]. Sleep studies would also gain from the sensitivity of DOT, but on
the other hand this would make the setup more complicated. Especially in
sleep applications, a simple setup is often desired to avoid disturbing the
sleep. Moreover, in clinical settings simple recordings may be preferred
for easier interpretation, even if the the origin of the observations is not
fully clear. Take EEG as an example; it has been used in detecting sleep
stages for decades, although the functional meaning of most of the sleep-
related events in EEG are still under debate [34, 69]. Taken together, in
some studies fNIRS is better suited and in others DOT; the best method
depends on the focus of the study.

The multimodal setups presented in this Thesis can be developed fur-
ther. The EEG/fNIRS was recorded with a TMS-compatible EEG cap al-
lowing a concurrent use of TMS, EEG, and fNIRS. If the TMS-evoked
physiological artifacts observed in Publication IV can be removed with
DOT or some signal processing method, a combination TMS/EEG/fNIRS
would be optimal for studying the neurovascular coupling, as TMS evokes
brain activity in a more controlled manner than a conventional sensory
stimulus. The combination might also reveal more about the effect of TMS
on the vasculature. In addition to the TMS applications, sleep measure-
ments can also be supplemented with the multitude of parameters mea-
sured in sleep laboratories today, e.g., snoring, leg movements, breathing,

and position. These parameters in combination with PSG/fNIRS would
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serve especially well in studying patients with sleep disorders, as their
altered hemodynamics may be linked to the elevated risk for cardiovascu-
lar diseases [12, 73]. Furthermore, the currently available wireless {NIRS
technology is optimally suited for recording hemodynamics of sleep, as it
makes the recordings easier to implement and more comfortable for the
patients [60].

In conclusion, the research presented in this Thesis contributes to the
methodology and analysis techniques for monitoring hemodynamics of
sleep. Owing to the accessibility to cerebral hemodynamic parameters
at bedside, ease of simultaneous recording with PSG, and meaningful re-
sults, fNIRS has attracted interest among neurophysiologists in Finland.
At the moment, the method can be applied in the clinic, albeit methods
are needed for separating scalp and cerebral components from each other.
This challenge of scalp components is even greater in monitoring the ef-
fects of TMS. The work constituting this Thesis contributes to the growing
field of research on scalp effects in fNIRS signals and shows evidence of
physiological artifacts in fNIRS during TMS, as well as changes in scalp
circulation during mental and physical stress. This evidence increases
the understanding of the origin of the fNIRS signals and advances the
usability of fNIRS in monitoring sleep and the effects of TMS.
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