We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



10

Near-Infrared Spectroscopic Assessment of
Haemodynamic Activation in the Cerebral
Cortex — A Review in Developmental
Psychology and Child Psychiatry

Hitoshi Kaneko?, Toru Yoshikawa?, Hiroyuki Ito3,

Kenji Nomura?, Takashi Okada? and Shuji Honjo!
ICenter for Developmental Clinical Psychology

and Psychiatry, Nagoya University

2Department of Psychiatry for Parents and Children,
Nagoya University Hospital

30saka-Hamamatsu Joint Center for Child Development,
Hamamatsu University School of Medicine

Japan

1. Introduction

This chapter aims to shed light on developmental cognitive neuroscience studies that use
near-infrared spectroscopy (NIRS) to examine the cortical response in developmental
psychology and child psychiatry. NIRS was first applied to the human brain in 1977 (Jobsis,
1977) for the noninvasive measurement of the haemodynamic activation in the cerebral
cortex. NIRS is advantageous over other neuroimaging methods in terms of its ease of
measurement and low cost. Therefore, extensive studies have investigated neural correlates
using the NIRS technique in healthy people and in neurological or psychiatric patients.
Furthermore, NIRS has been applied to multiple age groups from neonates to adults. It is
beyond the scope of this chapter to provide an exhaustive list of the neuroscience research
based on NIRS. Here, we focus mainly on the studies that examine cognitive function from
the viewpoint of developmental cognitive neuroscience.

We believe that studies on brain function in children from birth to adolescence who are
healthy or have psychiatric disorders provides knowledge about the trajectory of cognitive
and neural development. The advantages of NIRS over magnetoencephalography (MEG) or
functional magnetic imaging (fMRI) include easy measurement and less susceptibility to
signal distortion by motion artefacts (Gervain et al., 2011; Lloyd-Fox et al., 2010).
Furthermore, NIRS enables the measurement of human cerebral activity in less restricted
and less noisy conditions. This advantage is particularly important in studies that
investigate children from infancy to adolescence. NIRS enables researchers to easily present
auditory stimuli (Kaneko et al., 2011) and to conduct experiments in relatively natural social
settings (Ito et al., 2011). NIRS can be performed on infants even while they sit upright on
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the lap of a parent. Therefore, NIRS is especially suited for research on children from birth
to the toddler years (Lloyd-Fox et al., 2010).

2. Techniques for assessment of brain function

Compared to other clinical neurological methods such as electroencephalography (EEG),
positron emission tomography (PET), fMRI, and MEG, NIRS was recently developed. EEG is
a noninvasive method that directly measures the electrical activity of the brain via electrodes
placed on the scalp. EEG has a high temporal resolution but poor spatial resolution. PET is
an invasive method that uses radioactive tracers to measure the metabolism of the brain.
PET provides high specific spatial resolution but poor temporal resolution. fMRI is a
noninvasive method that measures the changes in blood oxygenation, and provides good
spatial resolution but limited temporal resolution. MEG is a noninvasive method that
measures the magnetic fields induced by electrical activity in the brain. MEG has good
spatial and temporal resolution; however, MEG also requires the participants to remain very
still during measurement.

NIRS is completely noninvasive, more patient-friendly, and can be performed very easily
compared to other neurological techniques. It is relatively inexpensive compared to fMRI,
making it possible to measure haemodynamic changes at a low cost. Furthermore, the NIRS
instrument is portable; measurements can be obtained in situ, for example, at the bedside. In
addition, the NIRS probe for assessing brain activity is very flexible, and does not require
the patient to be still or maintain the head in any particular position (Minagawa-Kawai et
al., 2008). These attributes are especially useful when the patients are children, as it enables
them to feel relaxed even in an experimental setting. fMRI and MEG studies are difficult to
perform in children, because these techniques require the patients to be still. Most fMRI
studies in infants have been performed while they are asleep or are sedated inside the
imaging tunnel (Lloyd-Fox et al., 2010; Minagawa-Kawai et al., 2008).

NIRS has a higher temporal resolution than fMRI. Haemodynamic changes at 10 Hz can be
measured with commercially available products, whereas a typical fMRI instrument
provides a temporal resolution of a few seconds. NIRS provides the concentration changes
in both oxy-haemoglobin and deoxy-haemoglobin, whereas fMRI measures only deoxy-
haemoglobin. NIRS is not as noisy as fMRI, and the NIRS signal is less affected by motion
artefacts compared to signals of fMRI or MEG. Additionally, NIRS permits continuous and
repeated measurement.

However, one limitation of NIRS is that it assesses brain function indirectly by measuring
the haemodynamic changes in haemoglobin via an optical fibre probe attached to the scalp.
The working principle of NIRS is that neural activation requires oxygen consumption;
therefore, the haemoglobin concentration in the blood vessels depends on the neural activity.
EEG, in contrast, assesses brain function directly by measuring the electrical potential of
neurons via electrodes attached to the scalp. Additionally, although NIRS assesses brain
activity via haemodynamic changes in the cerebral cortex, it is unable to examine deep brain
activation. Specifically, NIRS allows the assessment of haemoglobin concentrations up to only
2 or 3 cm below the skull; therefore, the activation in the deep brain regions cannot be
measured. Furthermore, NIRS has a low spatial resolution compared to fMRI or MEG; the
spatial resolution of NIRS is 20-30 mm, whereas that of fMRI is 1-2 mm.
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3. NIRS: Principles and methods in the assessment of the human cerebral
cortex

Biological tissue is relatively transparent to light in the near-infrared range. In NIRS, light at
wavelengths of 700-900 nm is illuminated onto the scalp. Oxy-haemoglobin and deoxy-
haemoglobin chromophores have different absorption spectra that are used to assess the
attenuated light levels via changes in the chromophore concentration; these concentration
changes can be used to determine the haemodynamic response.

Because oxygen consumption increases in the region of the brain with the greatest activity,
changes in the oxygen content of the blood can be used to measure the relative levels of
brain activity. The specific parameters of the response monitored with NIRS represent
changes in the levels of oxygenated and deoxygenated haemoglobin at specific regions
across the cerebral cortex during stimulation. The detailed principles of NIRS have been
described previously (e.g. Gervain et al., 2011; Hoshi, 2007; Minagawa-Kawai et al., 2008;
Strangman et al., 2002).

4. Applications in developmental psychology
4.1 Functional brain activity in infants

After Jobsis first applied NIRS to the human brain (Jobsis, 1977), there has been an
increasing interest in measuring the haemodynamic response in the cerebral cortex of
humans, especially in neonatal patients in the neonatal intensive care unit (NICU). NIRS is
especially suitable for studies in neonates and is increasingly used in high-risk neonates,
including low-birth-weight infants, neonates with congenital heart defects, and neonates
with other pathological states (Goff et al., 2010; Wyatt et al., 1986). The neonatal skull is
thinner than that of adults; therefore, near-infrared light can penetrate deeper into the
neonatal cortex than into the adult cortex. The first study to use NIRS to evaluate cerebral
oxygenation saturation in pre-term infants was published in 1985 (Brazy et al., 1985).
Subsequently, extensive research has revealed that NIRS is highly effective for monitoring
cerebral oxygenation saturation in the NICU (Brazy et al., 1985).

Although numerous studies have demonstrated that NIRS is valuable for the assessment of
neonates in the NICU, the use of NIRS in measuring cognitive function in infants has not
been fully investigated. Early NIRS studies examined infants who were presented with
stimuli while they were asleep (Aoyama et al., 2010; Homae et al., 2007; Saito et al., 20074,
2007b, 2009).

Over the last decade, NIRS has been successfully applied to awake infants in experimental
settings (Homae et al., 2010; Hyde et al., 2010; Nakano et al., 2009; Taga et al., 2003; Taga &
Asakawa, 2007; Watanabe et al., 2010; Wilcox et al., 2008, 2009, 2010). Figure 1 shows an
experimental setting where infants can sit upright on the lap of a parent wearing NIRS
probes and headgear designed for infants.

In the next section, we address the neural activation during face recognition in infants. Face
recognition is important for infants and adults, because the face represents not only the
personal identity but also the emotional expressions of an individual. In social
communication, it is essential to understand the thoughts of a person via their facial
expressions. Although many event rerated potential (ERP) studies in infants have examined
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Fig. 1. Experimental setting using NIRS for awake infants

the neural substrates of facial recognition (de Haan et al., 2003), relatively few NIRS studies
have been documented. However, NIRS has been applied to other research areas such as
cerebral lateralization and speech acquisition (Minagawa-Kawai et al., 2008).

4.2 Haemodynamic responses in infants during face recognition

Haemodynamic changes during the face recognition process as assessed by NIRS have been
documented in several studies (Blasi et al., 2007; Csibra et al., 2004; Grossmann et al., 2008;
Honda et al., 2010; Ichikawa et al., 2010; Nakato et al., 2009, 2011a, 2011b; Otsuka et al.,
2007). Newborns showed a spontaneous preference for face-like stimuli over non-face-like
patterns (Fantz, 1961). It is crucial for infants to discriminate the face of their caregiver face
from the faces of other persons to elicit care. The ability to recognise emotion in facial
expressions is also important for infants to communicate effectively to caregivers, and this
represents the emergence of social communication. Numerous behavioural and
electrophysiological studies have demonstrated that 5-7-month-old infants can visibly
discriminate different facial expressions and exhibit an attention bias towards salient facial
expressions (Leppanen & Nelson, 2009). Recent NIRS studies have demonstrated that
infants show different haemodynamic responses to different facial stimuli (Nakato et al.,
2009, 2011a, 2011b).
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Infants respond to happy faces and angry faces with distinct haemodynamic changes in
their cortical regions (Nakato et al., 2011b). Nakato et al. found that the left temporal region,
particularly the left superior temporal sulcus, was significantly activated in response to
happy faces, whereas the right temporal region was activated in response to angry faces.
Furthermore, happy faces increased the haemodynamic response gradually, and the
response was maintained even after the happy face stimuli disappeared. In contrast, when
angry face stimuli were presented, the haemodynamic response peaked quickly and
decreased more rapidly after the angry faces disappeared.

The infants” response to their mother’s face and to the faces of unfamiliar women was also
accompanied by haemodynamic changes in the cortical regions (Nakato et al., 2011a). In
response to the mother’s face, the oxy-Hb and total-Hb concentrations increased in the right
and left temporal cortices. In contrast, in response to the faces of unfamiliar women, no
activation was observed in the left temporal cortex, although the total-haemoglobin
concentration in the right temporal cortex was increased.

Moreover, infants have shown developmental changes in haemodynamic activity during
the recognition of faces in frontal view and profile view (Nakato et al., 2009). The oxy-
haemoglobin and total-haemoglobin concentrations in 5-month-old infants only increased
for the frontal view in the right temporal regions. However, the oxy-haemoglobin and
total-haemoglobin concentrations in 8-month-old infants increased for both frontal and
profile views. These studies suggest that the right temporal hemisphere is specialised for
face recognition in infants (Carlsson et al., 2008; Nakato et al., 2011; Nakato et al., 2009;
Otsuka et al., 2007). Previous neuroimaging studies in adults also indicated that the right
temporal cortex is involved in face recognition. Thus, it is suggested that the components
of the facial recognition system that adults possess emerge as precursors in the early
infant periods.

Although accumulating evidence indicates that infants respond to face stimuli differently in
terms of the haemodynamic changes in the temporal cortex, other brain areas, e.g. the
fusiform face area and lateral occipital cortex, have not been fully investigated. The fusiform
face area is considered to play a crucial role in face perception, especially in face
identification (Johnson, 2005, Kanwisher & Yovel, 2006; Tsao & Livingstone, 2008).
However, the fusiform face area is deeply located, and hence, its activity cannot be
measured by NIRS. The orbitofrontal cortex and amygdala areas of that have been
implicated in the recognition of the emotions of facial expressions (Leppanen & Nelson,
2009).

4.3 Neural basis of infant-mother attachment

Infant-mother attachment is essential for the development of infants. Infants use attachment
behaviours to deepen the intimacy with their caregiver, thereby eliciting ample care from
their caregiver and increasing their prospect for surviving. Many researchers have
investigated the attachment behaviour of infants in developmental psychology; however,
few studies have investigated the neural substrates of infant-mother attachment. fMRI
studies have indicated that the brains of mothers are more activated by their own infants
than by other infants stimuli (Kim et al., 2011; Lenzi et al., 2009; Noriuchi et al., 2008).
Noriuchi et al. found that the right orbitofrontal cortex, periaqueductal gray, anterior insula,
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and dorsal and ventrolateral putamen of mothers responded more positively to video clips
of their own infants than to clips of unfamiliar infants (Noriuchi et al., 2008).

In contrast, surprisingly, little research is available about the neural correlates of infant brain
activity associated with infant-mother attachment. Recently, using NIRS for awake infants,
Minagawa-kawai et al. found that infants showed greater activation in the orbitofrontal
cortex when they were presented with movie clips in which their own mothers smiled
(Minagawa-Kawai et al., 2009).

Additionally, an fMRI study on adults revealed that the orbitofrontal cortex is activated
by attractive faces (O'Doherty et al.,, 2003; Tsukiura & Cabeza, 2011). Similarly, the
orbitofrontal cortex has been shown to have various functions, such as social cognition,
motivational evaluation, emotional processing, and decision-making (Adolphs, 2003;
Kringelbach, 2005).

Infant-mother attachment underpins the basis for life-long interpersonal relationships.
Infants begin their life with affectionate social interactions with their mothers immediately
after delivery. Many studies have shown that social interaction with caregivers is essential
for healthy development in children (e.g. Smyke et al, 2007). However, little is known about
how the brains of children develop continually until adulthood through social interaction
with caregivers.

Face-to-face communication between mothers and infants is highly complicated, and is
affected by many confounding variables, such as face expression, pitch of speech, and
contingency of turn-taking. Therefore, it is technically difficult in experimental paradigms to
examine the effects of face-to-face communication of mothers and infants. Further research
is required to improve experimental paradigms that better approximate real life (Grossmann
& Johnson, 2007) and to examine effects of face-to-face communication with the mother on
the development of the brain of the infant.

4.4 Cognitive development in preschool children

In contrast to infant studies, studies on cognitive development in preschool children have
largely not used neuroimaging methods. However, several studies have examined
haemodynamic changes of the cerebral cortex using NIRS during cognitive shifting
(Moriguchi & Hiraki, 2009, 2011) or working memory tasks (Tsujii et al., 2009, 2010;
Tsujimoto et al., 2004).

Moriguchi & Hiraki (2009) found that 3-year-old children who committed perseverative
errors lacked activation in their inferior prefrontal regions during cognitive shifting tasks,
whereas those who performed the tasks correctly displayed activation of the right inferior
prefrontal regions. Furthermore, a longitudinal study of prefrontal function in 3-4-year-old
children showed that children who performed better tasks at 3 years of age showed
significant activation of the right inferior prefrontal regions at 3 years of age, and significant
activation of the both inferior prefrontal regions at 4 years of age (Moriguchi & Hiraki,
2011). Children who showed poorer performance at 3 years of age exhibited no significant
inferior prefrontal activation at 3 years of age, but significant left inferior prefrontal
activation at 4 years of age. It was therefore suggested that inferior prefrontal activation on
either the right or left side may be more important for successful cognitive shifting than
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sustained right inferior prefrontal activation. Moreover, multiple patterns of prefrontal
activation were observed during the cognitive shifting tasks.

Tsujimoto et al. (2004) examined the cortical response of preschool children aged 5-6 years
during spatial working memory tasks and found that the oxy-haemoglobin concentration
was increased in the lateral prefrontal cortex, which is associated with working memory
processes in adults. In another research group, Tusjii et al. found that the frontal activation
was greater in 5-year-old children than in 7-year-old children during a spatial working
memory task (Tsujii et al., 2009). Furthermore, right hemisphere dominance was observed in
older children, but no significant hemispheric differences were observed in younger
children. Children with strong lateralization showed improved performance from 5 to 7
years of age. These findings suggest that right lateralization for spatial working memory
may start between 5 and 7 years of age.

Although NIRS is better suited for use in preschool children compared to other
neuroimaging methods, brain function in preschool children measured by NIRS has not
been well-documented. Numerous investigations have examined various aspects of brain
function in human adults using fMRI or MEG. However, to date, no studies have addressed
how the human brain develops and organises diverse cognitive ability from birth to
adulthood. Further research needs to elucidate the development of brain function in
preschool children.

5. Applications in child psychiatry
5.1 Brain dysfunction in children with autism spectrum disorders

Autism spectrum disorders (ASDs), including autistic disorder and Asperger disorder, are
diagnosed by cataloguing behavioural features including the impairment of reciprocal social
interaction and communication, as well as the presence of repetitive ritualistic behaviour or
interests. Methodological differences make it difficult to compare epidemiological studies;
therefore, there are discrepancies in the reported prevalence of ASDs. However, the
prevalence of ASDs has been conservatively estimated at 36.4/10,000 (Fombonne, 2005). The
severity of impairment varies greatly among patients, and they occasionally show mental
retardation. The impairment is evident at least prior to the age of 3 years, and its effects
persist life-long.

ASDs are characterised by pervasive impairments in social behaviour. Accumulating
evidence suggests that adults with ASDs have altered brain activity in regions related to
social interactions (Neuhaus et al., 2010), such as the superior temporal gyrus (Meresse et
al., 2005), fusiform gyrus (Koshino et al., 2008), amygdala (Pinkham et al., 2008), and
prefrontal cortex (Gilbert et al., 2009). Although previous studies have elucidated that
adults with ASDs show reduced or altered activation in the aforementioned regions
compared with healthy adults, surprisingly, little neuroimaging data are available for
autistic children.

Kawakubo et al. examined prefrontal haemodynamic activation during a verbal fluency task
in children and adults with ASDs (Kawakubo et al.,, 2009). In children, there were no
significant differences in the haemodynamic changes between patients with ASDs and
healthy controls. However, the concentration of oxy-haemoglobin in adults with ASDs was
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significantly lower than that in healthy controls. These findings suggest that developmental
changes in prefrontal activity of individuals with ASDs emerge before adulthood, i.e. they
appear during adolescence.

5.2 Brain dysfunction in children with attention-deficit hyperactivity disorder

Attention-deficit hyperactivity disorder (ADHD) is a neurodevelopmental disorder whose
prevalence has been estimated to be 3% to 7% of school-age children (American Psychiatric
Association [APA], 2000). The essential clinical symptoms include inattention and/or
hyperactivity-impulsivity. Some hyperactive-impulsive or inattentive symptoms must be
present before the age of 7 years, although some symptoms that cause impairment tend to
persist life-long. Some impairment from the symptoms is typically evident at school and at
home, with behaviour that is clearly inappropriate for the developmental age in social,
academic, or occupational settings.

In particular, ADHD is characterised by impairments in executive function, i.e. the failure
of inhibitory control and the dysregulation of brain systems mediating reward and
response (Sonuga-Barke, 2003). The Go/NoGo task, stop-signal task, and Stroop colour-
word task have been used to investigate the inhibition process in these patients. Some
studies have examined brain function in ADHD children during the Stroop colour-word
task using NIRS. Moser et al. examined the brain activation in the dorsolateral prefrontal
cortex (Moser et al., 2009), and showed that the oxy-haemoglobin concentration peaked
later in ADHD children than in healthy children. Additionally, the concentration of
deoxy-haemoglobin increased just after the onset of stimulation in ADHD children but
decreased in healthy children. Negoro et al. examined the activation of frontal regions in
the brain using 24-channel NIRS during the Stroop colour-word task (Negoro et al., 2010),
and showed that the concentration of oxy-haemoglobin in the inferior prefrontal cortex in
ADHD children decreased compared with that in healthy children, especially in the both
the inferior lateral prefrontal cortex.

The trail-making test, which assesses executive function, has been used for the measurement
of brain activation in ADHD children. Weber et al. showed that the concentration of oxy-
haemoglobin increased in ADHD children during the short attention phase, whereas no
significant change was observed in healthy children (Weber et al., 2005). A significant
increase in oxy-haemoglobin was also reported for both groups during the extended
attention phase, although an additional increase was observed in deoxy-haemoglobin level
only in the healthy children.

These findings suggest that during tasks involving executive function, the haemodynamic
responses in ADHD children are different from those in healthy children.

6. Conclusions

NIRS can greatly aid in extending our existing experimental paradigms. With NIRS, we can
measure haemodynamic changes in the cerebral cortex of children, and accumulate more
information on brain activity from infancy to adolescence. Such information is of great
importance in studying brain function from a developmental perspective. However,
surprisingly, the available research, even on topics like the typical trajectory of functional
brain development, is less.
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Furthermore, research on atypical brain function in ASDs or ADHD is needed to clarify
the differences between typical and atypical functional brain development. The
understanding of brain function in children with psychiatric disorders is key to
developing effective intervention methods. For early intervention, we need to elucidate
the process of cognitive neurodevelopment in the early stages of development. Thus,
NIRS is a valuable modality for monitoring and investigating brain activity in children
with psychiatric disorders.
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