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Chapter

Vector-Based Approach for

the Detection of Initial Dips
Using Functional Near-Infrared
Spectroscopy

Toshinori Kato

Abstract

Functional near-infrared spectroscopy (f{NIRS) is a non-invasive method for the
detection of local brain activity using changes in the local levels of oxyhemoglobin
(oxyHDb) and deoxyhemoglobin (deoxyHb). Simultaneous measurement of the
levels of oxyHb and deoxyHb is an advantage of fNIRS over other modalities. This
review provides a historical description of the physiological problems involved
in the accurate identification of local brain activity using fNIRS. The need for
improved spatial and temporal identification of local brain activity is described in
terms of the physiological challenges of task selection and placement of probes.

In addition, this review discusses challenges with data analysis based on a single
index, advantages of the simultaneous analysis of multiple indicators, and recently
established composite indicators. The vector-based approach provides quantitative
imaging of the phase and intensity contrast for oxygen exchange responses in a time
series and may detect initial dips related to neuronal activity in the skull. The vector
plane model consists of orthogonal vectors of oxyHb and deoxyHb. Initial dips

are hemodynamic reactions of oxyHb and deoxyHb induced by increased oxygen
consumption in the early tasks of approximately 2-3 seconds. The new analytical
concept of NIRS, able to effectively detect initial dips, may extend further the
clinical and social applications of fNIRS.

Keywords: functional near-infrared spectroscopy, fNIRS, initial dip, phase, vector-
based analysis, cerebral oxygen exchange, COE, oxyhemoglobin, deoxyhemoglobin

1. Introduction

Functional near-infrared spectroscopy (f{NIRS) is a non-invasive method for
the detection of brain activity using changes in the local levels of oxyhemoglobin
(oxyHDb), deoxyhemoglobin (deoxyHb), and total hemoglobin (total Hb) [1]. fNIRS
imposes fewer physical restrictions on patients compared with positron emission
tomography (PET) or functional magnetic resonance imaging (fMRI), allowing
investigators to measure and analyze cerebral circulation and metabolism while
the patient walks or moves his/her upper body. Recently, studies showed that brain
activity during rehabilitation [2] and car driving [3-6] may also be measured using
fNIRS. In 1991, the first study of fNIRS utilizing localized changes in the levels
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of oxyHb and deoxyHb was conducted by Kato and his colleagues at the National
Center of Neurology and Psychiatry, Tokyo, Japan [1].

This study was the first to demonstrate that the activation of Hb in the human
brain during photic stimuli was associated with increased levels of oxyHb,
deoxyHDb, and total Hb in the visual cortex. Of note, the measurements in the
prefrontal cortex did not show clinically meaningful changes in the levels of these
three indices. The original fNIRS technique was able to detect local activation of the
brain during a task that is stronger than the signals during rest, by placing pairs of
probes 2.5 cm apart on the scalp over the targeted cortex [7-9].

Thus, fNIRS solved the problem of oxygenation monitoring in NIRS [10, 11].
The measurement of targeted temporal changes in task-related activation markedly
reduced data noise from the blood flow in the scalp at rest and from artifact-related
bodily movement. Nowadays, more than 25 years later, statistical processing and
mapping of changes in the levels of hemoglobin measured by fNIRS are used for the
evaluation of brain activity.

The advantage of fNIRS over fMRI and other modalities is the ability to simulta-
neously and independently measure the levels of oxyHb and deoxyHb. Combined,
these data may be used as indices reflecting changes in both blood volume and
oxygenation.

However, the temporal resolution of fNIRS is fairly low on a 40-100 ms scale,
compared with the underlying neural activity which is spanning from 1 to 3 ms
of action potential firing and can be recorded extracranially using magnetoen-
cephalography (MEG). MEG can be sensitive on subcortical activity in a case of
large extent of activated neuronal assembly and spatial extent of activated cortical
assembly [12, 13].

In slow voluntary movements of the self-paced index finger, the activity of the
sensorimotor area was detected before 4.5 seconds of the pre-movement using
electroencephalography (EEG) [14]. Consistent with the findings of EEG, early
deoxygenation of 3—-4 seconds prior to the movement of the finger was observed in
the sensorimotor area using fNIRS [15]. Presently, research on simultaneous mea-
surements using fNIRS and EEG is becoming an effective means of brain-computer
interface [16].

In addition, a disadvantage of fNIRS is the low spatial resolution (5-10 mm) of
the activation mapping of the cortical surface compared with those obtained from
fMRI and PET. Research combining the use of fNIRS, fMRI, and MEG for source
localization is currently ongoing [17]. These combination studies have advantages in
temporal and spatial mapping of brain function.

A response involving increased and decreased levels of oxyHb and deoxyHb,
respectively, has been considered the model of canonical activation in numerous
studies utilizing fNIRS. However, the actual frequency of the occurrence of canoni-
cal activation, the most suitable index or indices for the differentiation between the
center of activation and the surrounding area, and the associated degree of prob-
ability remain to be investigated. Following canonical activation, the rates of change
in the levels of oxyHb and deoxyHb are not constant and may differ according to
the task. Wylie et al. [18] performed a qualitative differentiation between two types
of canonical activation according to the increase/decrease in the levels of total Hb.
The investigators of that study identified four additional patterns of increase and
decrease in the levels of oxyHb, deoxyHb, and total Hb that do not correspond to
canonical activation.

Presently, the detection of the spatiotemporal characteristics of brain activity
using fNIRS remains suboptimal. This fundamental limitation in evaluating brain
activity may lead to misdiagnosis. fNIRS research is particularly challenging in the
prefrontal cortex, responsible for complex higher functions. In areas of the brain
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with clear localization of cerebral function (i.e., primary motor or visual cortices),
it is possible to verify the accuracy of fNIRS data. However, in the human prefrontal
cortex, there is currently no clear understanding of the localization of the more
complex functions, and thus, the verification of the reliability of fNIRS data in this
area remains a challenge.

Studies have attempted to bolster the reliability of fNIRS in the prefrontal cortex
by comparing data obtained from fNIRS and fMRI [19, 20]. However, because
the mechanisms differ between the two modalities [21-24], even if conformity is
found between fMRI and fNIRS data, the reliability of the results is not necessar-
ily increased. Several problems have been pointed out. Considerable attention is
required when analyzing with the index of oxyHb alone. In the prefrontal region,
task-dependent data noise in the oxyHb response (increased levels) resulting from
skin blood flow has been reported [25, 26]. In 2011, an article criticized the use of
NIRS in the clinical diagnosis of psychiatric disorders as being insufficiently sup-
ported by scientific evidence [27]. In mental illness studies, the actual localization
of increases in the levels of oxyHb is not clear [28], and therefore, measurements of
oxyHb levels cannot be linked to a specific brain activity.

Furthermore, analytical challenges in the field of fNIRS have been reported.
This review introduces new composite functional indices incorporating ratios of
changes in the levels of oxyHb and deoxyHb, along with a novel vector-based fNIRS
method [29, 30]. This vector-based approach can be used to visually and quantita-
tively evaluate combinations of changes in the levels of oxyHb and deoxyHb as new
indices. It was useful to classify variations in the levels of hemoglobin in response
to neural activity, using combinations of changes in the levels of hemoglobin. It
was effective especially when the signal change is small such as initial dips. Initial
dips are the hemodynamic reactions of oxyHb and deoxyHb induced by increased
oxygen consumption in the early tasks of approximately 2-3 seconds [31, 32]. The
vector-based approach could improve the sensitivity of fNIRS in the detection of
brain activity both temporally and spatially through recognition of the initial dips
from the skull to hemodynamic responses [33-36].

In addition, this review discusses challenges with data analysis based on a single
index, advantages of the simultaneous analysis of multiple indicators, and recently
established composite indicators.

2. NIRS until 1990

Prior to the development of fNIRS, NIRS was used mainly for monitoring
cerebral oxygenation. Changes in tissue oxygen saturation are accompanied by
simultaneous changes in cerebral blood volume. Using NIRS, J6bsis [37] reported
hypocapnia and a reduction in cerebral blood volume during human hyperventila-
tion. In addition, NIRS was used to prevent hypoxia through monitoring newborn
and premature infants [10, 11]. Of note, NIRS had also been used to investigate the
brains of animals [38—40].

In 1990, Takashima et al. [41] used NIRS to examine patients with probes placed
5 cm apart from each other. This study was based on the original concept of the
research conducted by J6bsis [29]. The results of this study showed reductions in the
levels of oxyHb, deoxyHb, and total Hb in the prefrontal area during hyperventila-
tion. Until 1990, research on NIRS did not target the specific localized brain function
of the cerebral cortex. The technique was merely used to observe changes in the lev-
els of hemoglobin (task-related and at rest), without specific spatial identification.

Hypocapnia is known to cause global changes in the scalp and the entire brain.
Hence, the changes reported during hyperventilation did not constitute proof of
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Figure 1.

Changes in the levels of HbO2 (oxyhemoglobin, oxyHb), HbR (deoxyhemoglobin, deoxyHb), and HbO2 + HbR
(total hemoglobin, total Hb) with neck compression [40]. Comparisons between tasks had been reported at
that time, unlike responses devived from specific cortical activity.

functional local brain activity. These early studies of hyperventilation suggested
that blood volume was reduced in the region supplied by the external carotid artery,
which distributes blood mainly to the scalp and muscles outside the skull. In brain
death, in spite of the absence of blood flow through the internal carotid artery, the
blood flow distribution through the external carotid artery remains unimpaired—
an observation known as “the finding of the hollow skull” [42]. Early data obtained
using NIRS data were affected by this blood flow from areas of the scalp supplied by
the external carotid artery and the veins.

In addition, probes placed in the prefrontal area of seven healthy patientsina
task of pressure for 1 minute on the jugular vein reported increases in the levels
of oxyHb, deoxyHb, and total Hb [41]. These results were consistent with those
obtained from an animal study (Figure 1 [40]), indicating task-related hemody-
namic changes prior to 1990. Importantly, the presence of a task does not differenti-
ate fNIRS from NIRS.

Until 1990, NIRS had not been considered a tool for the identification of specific
cortical activity. In the usage of NIRS at the time, there was no technique that data
could be obtained selectively from a site on the cortex located directly under a site
sandwiched between irradiation and detection probes, let alone evidence of brain
activity. The near-infrared light paths and the range and depth of irradiation were
unknown. Moreover, the influence of factors such as the external carotid artery was
undeniable. Early NIRS did not associate changes in the levels of Hb with localized
brain activity and was unable to clearly distinguish between signals derived from
the external carotid artery or the veins and those derived from the cortex.

3. Conception and first experiment of fNIRS in 1991

fNIRS was developed in 1991 [1, 7-9, 31] as a functional imaging method using
NIRS to detect local brain activity accurately. This was achieved by identifying
changes in the levels of Hb in different areas of the brain at rest and during a task. It
was necessary to initially demonstrate that NIRS was able to detect localized brain
activity to establish fNIRS. The selection of an experimental task and the settings of
the probe were the key factors in this process. In the search for a task, lesion studies
and PET studies were reviewed to identify a small part of the brain that could be
clearly stimulated and measured from the frontal lobe. A multifocal increase in
regional cerebral blood flow (CBF) had been reported in a mental arithmetic task in
the frontal lobe [43]. Furthermore, mental arithmetic tasks to induce an autonomic
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nerve stimulus had been used to show the possibility of blood volume changes in
the region supplied by the external carotid artery [44, 45]. Dyscalculia was not
sufficiently localized, because it occurs in multiple sites of the frontal and temporal
lobes from injury, etc. [46].

The cerebral metabolic rate of oxygen (CMRO2) was shown to increase by
approximately 10% in a study using thinking tasks [47]. However, when compared
with that observed at rest, this change in regional cerebral blood volume (CBV) was
not significant. Exercise tasks produced side effects from movement of the probes
and systemic circulation. In addition, a PET study had shown that blood flow
increased in both the primary motor area of the frontal lobe and the nearby supple-
mental motor areas [48]. Overall, the confirmation of localization in the frontal
lobe was challenging. The primary auditory cortex is located inside the Sylvian
fissure, and there was no certainty that near-infrared light would be able to reach
the site and reflect back to produce meaningful data.

In summary, an experiment designed to confirm that localization was possible
using fNIRS required a task meeting the following conditions:

1.It should not stimulate the autonomous nervous system.
2.1t should not induce global activation of the brain.

3.It should avoid the region supplied by the external carotid artery (possibility
of changes in the volume of blood).

4.1t should not involve pressure on the carotid artery.
5.1t should not require bodily motion.

6.1t should not target brain activity from the frontal or temporal lobes (possibil-
ity of movement of the scalp or muscles).

7.1t should induce brain activity within a well-defined site.

According to these conditions, a suitable task would be one that stimulates the
primary visual cortex, located in the occipital lobe and supplied with blood mostly
from the posterior cerebral artery. An earlier study had reported an increase in CBF in
the visual cortex with a task of 7.8 Hz photic stimulation [49]. A major question at that
point was the following: “What kind of response in terms of local Hb levels would
be obtained in a photic stimulation experiment using NIRS?” Other, more practical
problems included the use of external light with the NIRS equipment and the irradia-
tion of the stimulus light to the patient wearing the probes. However, these problems
were resolved during the experiment. As shown by PC darkness in Figure 2, the
influence of extraneous light could be eliminated in actual experiments.

In 1991, the time course of responses arising from changes in the local levels of
oxyHb, deoxyHb, and total Hb remained unknown. Therefore, it was necessary to
perform measurements on different sites that would demonstrate brain activity and
a null response. It was thought that the detection of varied responses from different
sites in response to a given stimulus could demonstrate the localization of function.

In the actual experiment, photic stimulation (8 Hz) was delivered using a pho-
tosonic stimulator (Nihon Kohden Co., Japan) from the front and at the height of
the patient’s line of sight for 5 minutes. As Figure 2 shows, the activation observed
in the visual cortex during the photic stimulus was associated with increased levels
of oxyHb, deoxyHb (slightly), and total Hb. No changes were observed in the
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Figure 2.

Changes in the levels of oxyhemoglobin (oxyHb), deoxyhemoglobin (deoxyHb), total hemoglobin (total Hb),
Cyt (Cytochromeaas), and PC darkness (photon counting darkness) measured over the occipital surface (above)
and the frontal surface (below) prior to, during, and after photic stimulation in a healthy adult. Background
noise from extraneous light was monitored as PC darkness. The data show spatial (site-dependent) and
temporal (task on/off) differences in response [7, 8].

prefrontal cortex following photic stimulation. These findings demonstrated that
fNIRS is able to detect spatial and temporal information (i.e., different hemody-
namic responses), depending on the site and the presence or absence of stimulation.

Today, fNIRS is widely used for tasks or in environments difficult for other
modalities. Although the above list of requirements for task selection may seem
outdated, the first four conditions are still required to distinguish between local
activity and global change. The difference between local activity and global changes
is still determined by the presence or absence of a response, limitation to a specific
site, and dependence on the duration of the task.

4. Probe placement on the skull

A fundamental part for fNIRS is probe placement. As Figure 3A shows, J6bsis
[37] used infrared transillumination and optical computed tomography (CT) to
create images of blood flow distribution at rest corresponding to brain structures.
He estimated the optical path length of the human head to be 13.3 cm [37]. In addi-
tion, he stated that an interprobe distance of >4.25 cm would allow the detection
of data from the brain tissue rather than the scalp (Figure 3B [50]). Although the
diffused and reflected light used today had already replaced infrared transillumina-
tion, subsequent research on cerebral oxygenation monitoring [41] continued to use
this setting (distance between probes >4.25 cm).

During the design of the first investigation using fNIRS, MRI showed that the
distance between the scalp and the primary visual cortex was <1 cm in neonates
and <2 cm in adults and demonstrated the gentle curvature of the skull [51]. The
shape of the skull permitted further reduction in the distance between the probes
(Figure 3C) and improved the detection of activity in the cerebral cortex.

In the study, placement of the probes 5 cm apart revealed only a slight increase
in the levels of oxyHb. When the distance between the probes was shortened to
4 cm, the increase in the levels of oxyHb became more pronounced. At an interprobe
distance of 2.5 cm, a transient dip in the levels of oxyHb was observed. This effect
occurred simultaneously with the initiation of the stimulus, followed promptly by an
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(A) Conceptual schema of optical computed tomography performed by Jobsis illustrated on a magnetic
resonance imaging (MRI) image (revision from [37]). (B) Relationship between the signal intensity of
hemoglobin and the distance between the light entry and exit locations, using the veflectance technique
according to the origin of the reflected light (revision from [50]). (C) Conceptual schema of functional
near-infraved spectroscopy illustvated on the same MRI image. (D) Relationship between the activation-velated
change in the levels of hemoglobin and the distance between the light source and detector [31].

increase in the levels of oxyHb, faster peak latency, and a post-stimulus undershoot
in oxyHb. At an interprobe distance of 1.0-1.5 cm, there was either no response

at all or the total amounts of Hb remained unchanged while small mirror-image
changes were observed, namely an increase and decrease in the levels of oxyHb and
deoxyHb, respectively. These mirror-image changes may have been derived from
either the scalp (where metabolism does not increase) or from vascular changes in
the veins on the surface of the brain. From these findings, it was established that an
interprobe distance of 2.5 cm provided the most robust results (Figure 3D).

Based on this empirical hypothesis, the area on the scalp corresponding to the
visual cortex that can be covered with two probes was considered to be 1.0 x 2.5 cm,
as identified through sagittal MRI. Each pair of emitter and receptor probes was
placed 2.5 cm apart vertically to prevent data noise from activity in the secondary
visual cortex and the large vein running vertically through the sagittal sinus.

The movement of the probes outward by 1.0 cm impaired the detection of
response in the pilot study. Thus, pairs of probes (channels) were placed within
1.0 cm of the target in the horizontal direction to ensure accuracy. This adjustment
permitted the investigators to develop the concept of functional resolution (in this
case 1.0 x 2.5 cm) for the identification of the precise area of response. The original
NIRS apparatus used (NIRO 1000, Hamamatsu Photonics K.K., Japan), shown in
Figure 4, had only two channels and 5-mm diameter optical fibers for the emission
and reception of light with 8 x 8 mm contact surfaces.

The concept that the spatial resolution of fNIRS should be determined by
the anatomy of the cerebral cortex and the range in which a response occurs was
developed from this early research. To establish the desired resolution, the distance
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between the probes and the distance between the channels should be controlled
independently. The more recently available multichannel fNIRS devices have
become essential for the localization of brain activity. Unless the interchannel
distance is changed depending on whether the measurement target is deep or
wide from the scalp, the likelihood of detecting a localized response is reduced. In
newborns, the distance between the brain and the surface of the cortex is <1 cm
[51, 52]. Thus, in infants, the distance between probes should be shortened to

1-2 cm [53], rather than being set at 2.5 cm apart [7-9, 54]. The 3-cm apart matrix
array of probes commonly used in recent years [55, 56] cannot necessarily provide
results corresponding to the actual distribution of brain function in usage not con-
sidering age and head size. Spatial identification may not be performed effectively
when a probe “hat” with probes arranged without reference to the anatomy of the
brain/scalp is used. Registration markers and MRI should be used to determine the
localization of probe placement for each individual.

In late 1992, Hoshi and Tamura [57] reported findings from research using
task-related NIRS. The investigators reported a calculation task which stimulated
the autonomic nervous system with an interprobe distance of 4 cm. This protocol
did not meet the requirements for either task selection or probe settings described
earlier in this review, and thus, the method is not considered fNIRS. Villringer et al.
[58] selected probe positions on the scalp with interprobe distances ranging from
4 to 7 cm. In 1993, Chance et al. [59] also performed the task-related NIRS experi-
ments from the frontal skull. However, they were unable to demonstrate localization.
Advances in techniques for the improvement of spatial resolution continued. The
spatial resolution of the 3 cm® probe arrangement failed to provide detailed informa-
tion regarding responses in the cortex [60]. Highly selective probe arrangements for
establishing high-density measurement points have been reported (e.g., one with
10-mm channel interval and 25-mm probe interval [31, 32], and one with a center
probe and surrounding probes [61]). Structural MRI has been used to evaluate the
distance between the brain and the scalp [62]. Moreover, a method using diffuse
optical tomography for removing signals on the scalp has been reported [63-65].

Of note, fNIRS has also been used in animal studies. The results have shown that
measurement of {NIRS indices from the scalp with an interprobe distance of 4 and
8 mm was possible in the brain of rats [66] and cats, respectively. As Figure 5 shows,
using fNIRS (ETG-100, Hitachi Medical Co., Tokyo, Japan), an initial dip was able to

Figure 4.
The NIRO 1000 (Hamamatsu Photonics K.K., Japan) used in the first functional near-infrared spectroscopy
experiment [7-9].
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Time series data of hemodynamic response showing an initial dip in the levels of total hemoglobin decreased
through stimulation using light in the cat brain. A thick black line indicates stimulation using light.

measure hemoglobin indices in the visual cortex during photic stimulation from out-
side the skull of a cat. In particular, the {NIRS response pattern to photic stimulation
was identical between the cat and the human brains [67, 68]. These animal studies
suggested that it was possible to use fNIRS for the detection of activity ina 1-2 mm
region of the targeting cortex from the scalp.

5. Brain function indices and oxygen responses in capillaries

Numerous current {NIRS devices measure the levels of oxyHb, deoxyHb, and
total Hb independently. A new challenge is that spatiotemporal characteristics may
vary in functional brain imaging depending on the index used, and this problem has
not been widely recognized or studied. In 1991, Kato et al. reported increases in the
levels of oxyHb, deoxyHb (slight), and total Hb in the primary visual cortex during
photic stimulation. Subsequent studies using fMRI and fNIRS reported increases
and decreases in the levels of oxyHb and deoxyHb, respectively, in motor and visual
tasks [69-71]. These results were accepted as typical {NIRS responses and have been
corroborated by numerous fNIRS studies [1].

Nowadays, atypical responses are mostly ignored and left unexplained. There is
a widespread tendency, hypothesized patterns of hemoglobin reaction in advance
and those that are not hypothesized reaction types tend to be statistically excluded
from the analysis data without being insufficiently examined [72]. In response
to this trend, recent studies also have processed statistically and mapped inde-
pendently the observed increase and decrease in the levels of oxyHb [73, 74] and
deoxyHb [75, 76], respectively. Even in studies using rats, their analysis may be
performed using only oxyHb [77].

However, evaluation of brain activity using a single hemoglobin index is
contrary to the physiological mechanisms involved, ignoring the fact that hemo-
dynamic responses include both blood volume and oxygenation. The distinction
between blood volume and oxygenation, applying to fNIRS and fMRI [23, 24], has
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been a subject of controversy. This remains an unresolved problem common to all
brain functional imaging research based on hemodynamic responses. The begin-
ning of this argument can be traced back to Roy and Sherrington, who in 1890
proposed neurovascular coupling. Changes in oxygenation and blood volume in the
capillaries reflect neuronal activity. However, as Roy and Sherrington noted, these
data were not derived from the capillaries [78].

The first to report the quantification of CBF using Fick’s law (i.e., subtracting
the value of the veins from that of arteries, in units of per 100 g per minute) were
Kety et al. [79]. Increases in CBF, calculated without taking the capillaries into
account, show a positive correlation with increasing CMRO, [80]. Based on slight
increases in CMRO, observed following an increase in CBF [81], a coupling model
of a positive correlation between CBF and CMRO, [82, 83] was used widely to
evaluate vascular response. Changes in CBF were used as a substitute for changes
in oxygen metabolism. It is likely that this trend also affected fNIRS and led to the
independent analysis of the levels of oxyHb, as performed today. Recent waveforms
of increases in the levels of oxyHb closely resemble the waveforms of increases in
blood flow reported by Roy and Sherrington in 1890. After more than 120 years, the
interpretation of neurovascular coupling has not advanced considerably. Roy and
Sherrington had foresight in their interpretation related to blood flow, but they did
not observe cerebral oxygen metabolism.

Although the capillary transit time in humans is reported to be <10 seconds
[84], PET sampling times are markedly longer. For this reason, PET data include
changes in CBF in the capillaries related to oxygen exchange, coupled with the
additional component of the delayed increase in CBF in the veins not accompanied
by oxygen exchange. Using PET, a dissociation between CMRO, and CBF has been
reported [85, 86]. Using fMRI, signals have been shown to remain unaltered during

Capillaries

HbO, -+ Hb + O

HbO, > HbO,
HbO, - Hb + O,

Figure 6.

Schematic diagram of the possible hemodynamic responses occurving simultaneously with neural activity
(revision from [31]). In (A), oxygen demand is increased by neural activity, and consequently, transient
deoxygenation increases in the capillaries (oxyhemoglobin [HbO,] — hemoglobin [Hb] + oxygen [O,]). In a
site with little neural activity (B), minimal amounts of oxygen enter the cells and even during a task, increased
levels of oxyHb from the artery pass through the capillaries, bypassing the cells (HbO, — HbO,). This
response—increased and decreased levels of oxyHb and deoxyHb, respectively—has been recognized as typical
activation. In actuality, according to the variation in the amount of oxygen exchange due to neural activity
(C), a mixed response combining these two responses must also be present. These vesponses, differing according
to the strength of oxygen exchange, are likely to be distributed among different sites, depending on the strength
of neural activity at each site. Because the blood flows from (A), (B), and (C) ave further mixed in the large
veins, the data may not provide specific spatial information if vesponses ave measured at longer sampling times
than the capillary transit time.
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the capillary transit time [87]. In other words, there is a need to move beyond the
simplistic interpretation of neurovascular coupling, which predicts an increase in
the levels of oxyHb and blood flow in response to neural activity. Figure 6 shows
the relationship between neural activity and hemodynamic response schematically.

fNIRS is able to measure the levels of oxyHb and deoxyHb at the same time.
Therefore, it is a useful tool to solve this serious problem of simultaneously measur-
ing cerebral blood flow and cerebral oxygen metabolism which are faced by brain
researchers for over 120 years. Future fNIRS research should distinguish between
changes in blood volume and oxygenation occurring simultaneously with brain activ-
ity in the analysis of hemodynamic responses. In addition, it is necessary to re-evaluate
activity-based hemodynamic responses using modalities such as EEG and MEG.

Research involving event-related optical signals [87] and invasive optical
measurements [88, 89] has been unable to distinguish between oxygenation and
blood volume. OxyHb and deoxyHb are involved in both oxygenation and blood
volume. Thus, it may not be possible to evaluate brain activity based exclusively on
the measurement of the levels of oxyHb.

6. Detection of initial dips

Currently, an experimental protocol termed block task design, employing tasks
that continue for >10 seconds (longer than the capillary transit time), is being used
in many fNIRS studies. The reason for this is that the peak latency of oxyHb is gen-
erally 10 seconds (occasionally longer) from the initiation of a task. The use of this
method in fNIRS studies has followed from its use in fMRI and PET research, where
the low temporal resolution of the modality justifies the use of a block design.
When a task requires a longer period of time corresponding to a block design or the
task requires a certain amount of time to elapse for observation, the selection of a
block design protocol in research using f{NIRS, providing higher temporal resolu-
tion, is appropriate. With fNIRS, there is no need to repeat cognitive tasks involving
factors such as perception, recognition, or judgment for prolonged time to obtain a
sufficiently strong peak response in oxyHb levels. A block design including many
task components does not clarify the correspondence between each task component
and spatiotemporal local brain activity. Studies have also analyzed post-task time
periods [90, 91]. However, the data from these studies lacked simultaneity with
local brain activity and were unable to temporally and spatially identify local brain
activity. Although EEG shows high simultaneity between data and brain activity, it
is characterized by poor spatial resolution. In this respect, if the spatial resolution of
fNIRS can be set from the standpoint of functional resolution as described earlier,
its high temporal resolution may be valuable for event-related measurements.

The initial dip, which is early deoxygenation in event-related experiments, is
a highly accurate spatial indicator of neural activity [92]. In studies using optical
intrinsic signals (OIS), increase in the levels of deoxyHb occurring prior to slow
increases in the levels of oxyHb or total Hb has also been considered to be an index
of increased oxygen metabolism [88, 93-97]. The absence of a correspondence
(spatial or temporal) between increases in early deoxygenation and blood volume
was also shown in a human study using invasive optical imaging [98]. Kato et al.

[67, 68, 99, 100] conducted the first {NIRS study measuring initial dips appearing in
fNIRS signals from the motor, visual, and language areas. Subsequently, the initial
dip was observed in several fNIRS studies [18, 32-36, 101].

It has been suggested that this early increase in the levels of deoxyHb may arise
from a transient increase in the consumption of oxygen in tissues [102, 103]. It has
been obvious that this deoxyHb increase is useful as a precise indicator of brain

11



Neuroimaging

activity, but against the background that this increase in deoxyHb has been difficult
to detect. For example, there is the case of less likely early deoxyHb increase depend
on factors such as the type of task or the use of anesthesia [92]. A minimal and very
localized increase may be attributed to imprecise fNIRS probe settings (i.e., missing
the center of activity) or masking due to a strong increase in blood flow in the veins
compromising detection.

With fMRI, what was reported previously as an early increase in the levels of
deoxyHDb was observed as an “initial dip” [21, 104, 105]. However, fMRI does not
differentiate between oxyHb and deoxyHb. In addition, the relationship between
increases or decreases in the levels of oxyHb and the increase in the levels of
deoxyHb has not been investigated.

The more recently developed vector-based NIRS method [29, 30] is able to
measure initial dips characterized by the canonical dip pattern showing increased
deoxyhemoglobin, as well as several different hemoglobin patterns corresponding
to differences in the degree of oxygen metabolism [32]. This method has permitted
the reproducible measurement of hypoxic—ischemic initial dips (i.e., decreased
levels of oxyHb) [34-36]. The initial dip at which the level of deoxyHb increases
and the reaction where oxyHb increases after 2-3 seconds do not necessarily occur
at the same site. Moreover, research on the intersection of these responses is limited,
leading investigators to select one of the two responses (i.e., the typical oxyHb
response or the initial dip) for the evaluation of brain activity. This serious problem
may arise from the lack of quantification of brain activity. Indeed, the results of
the evaluation of laterality in the language area [106, 107] may differ depending on
the index used [108]. In addition, investigation of the relationship between event-
related oxyHb and deoxyHb responses, especially those within seconds from neural
activity, in previous fNIRS studies has been limited.

7. Composite indices derived from vector analysis

An advantage of fNIRS over other modalities is the simultaneous measurement
of the levels of oxyHb and deoxyHb. However, this advantage leads to the following
question: What do the various possible combinations of oxyHb, deoxyHb, and total
Hb mean? Early fNIRS lacked a quantitative integrated theory for the interpretation of
combinations of hemoglobin indices from multiple channels. Kato [29, 30] developed
a quantitative method of analysis of the ratios between changes in the levels of oxyHb
(AO) and deoxyHb (AD) to differentiate between oxygenation and blood volume.

This technique uses a two-dimensional vector plane on which vector tracks
generated by task-related changes in cerebral blood volume (ACBV) and change in
cerebral oxygen exchange (ACOE) are quantitatively classified into eight “phases.”
This provides a visible graphical display of information concerning hemody-
namic responses (Figure 7). This vector-based approach is able to calculate the
angle k, determining the phase of the response, and the intensity of response L.
Subsequently, these may be used as indices of vector-based brain activity.

Figure 7 shows an orthogonal vector coordinate plane defined by the AO and
AD axes. Rotating this vector plane 45° counterclockwise results in an orthogonal
vector coordinate plane defined by the ACBV and ACOE axes. For ACOE, a positive
value indicates hypoxic change from ACOE = 0, whereas a negative value indicates
hyperoxic change. The relationships among these four axes are described by the
following square matrix:

Goovan) = D60 =Geoe) o
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Expansion of these shows ACBV and ACOE representing blood volume and
oxygenation, respectively:

1
ACBV = —(AD + AO
NF ( T ) (3)

1
ACOE = —(AD — A0) “

The scalar L, drawn from the origin to the coordinates of an arbitrary point
on the vector plane, indicates the amplitude of a vector, reflecting the amount of
change in Hb. L can be described by the following equation:

1
L = /(A0)*+ (AD)? = e (AD — A0)? + (AD+A0)?
v

1
= —/(ACOE)? + (ACBV)?

V2 (5)

The angle k, indicating the phase, is defined by the following equation:

AD ACOE
k= Arctan (E) = Arc tan(

45° (—135° = k = 225
AC’BV)+ ( )

(6)

A vector on the polar coordinate plane contains the four Hb indices (i.e., AO,
AD, ACBV, and ACOE). The relationships between the four Hb vectors (Figure 7)
are defined by the equations shown earlier in this section: Egs. (1) and (2) define
hemoglobin changes; Eq. (5) defines the scalar L; and Eq. (6) defines the angle %,
which determines the phase of a vector. Earlier evaluations of brain activity were

ACOE 90° ACBV

4 1
—180# 0= > AQ
5 =
(-135%) -45¢
7 N
-90Q°
3 | -2

Figure 7.
Functional near-infrared spectroscopy vector plane. Revised from [29, 30].
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based on signal intensity, without the concept of a phase. However, this method
describes all the possible combinations of responses through eight phases on the
vector plane. In addition, particular patterns of physiological responses are pre-
sented in a highly visual manner. This method provides a quantitative measure of
oxygen metabolism, offering the advantage of measurements expressed in units of
degrees. Moreover, measurements are determined from ratios of change rather than
the actual extent of change in the levels of Hb.

8. Interpretation of initial dips using the vector-based approach

The angle k shows a positive value in the phases of initial dip occurrence.
Previously, the initial dip was regarded as an indication of increased oxygen
consumption. However, it was not possible to evaluate the strength of the initial dip
or the possibility of different kinds of initial dips. Yoshino and Kato [32] classified
initial dips in the language area by phase according to their particular combinations
of AO, AD, ACBYV, and ACOE.

* Phases 1 through 5 on the vector plane were dip phases, showing increases in
AD or ACOE; the presence of an event-related vector in these phases defined
an initial dip.

e Phase1 (0 < AD < AO, ACOE<0 < ACBV) and Phase 2 (0 < AO < AD,
0 < ACOE<ACBYV) are canonical dips [79], in which both AD and AO increase.

* Phase 3 (AO < 0 < AD, 0 < ACBV<ACOE) is a hypoxic-hyperemic dip, in
which AO decreases and ACBV increases.

¢ Phase4 (AO < 0 < AD, ACBV<0 < ACOE) and Phase 5 (AO < AD < 0,
ACBV<0 < ACOE) are hypoxic—ischemic dips, in which ACOE increases and
ACBV decreases.

* Phases —1 through —3 are non-dip phases, in which AD and ACOE decrease.

Regarding oxygen metabolism, responses in the dip phases may indicate
stronger brain activity than those in the non-dip phases. It is necessary to verify
the strongest dip phases during the evaluation of the regulation between the
oxygenation axis (ACOE) and the blood volume axis (ACBV) in the vector plane.
The typical response corresponds to Phases —1 and — 2, interpreted as brain activ-
ity with a low degree of oxygen exchange. The responses in other phases should
be evaluated in the same manner and the frequency of their occurrence should be
investigated based on phase classifications. The percentage of dips in Wernicke’s
area in Phases 1 and 2 was low (total: 15-21%). However, in Phases 4 and 5, this
percentage was higher (total: 62-68%) [32]. Differences in the frequency of
phase depending on the brain site and the task may have different physiological
implications. The ratio between the decrease and increase in the levels of deoxyHb
and oxyHDb, respectively, in a typical response is not constant. The quantitative
values of the phase angle £ may be used to investigate such differences in typical
responses.

In Figure 8, time course data for previously reported initial dips are reproduced on
a vector plane using the vector-based technique. Figure 8A and 8B show two different
types of dip in different phases, depending on the observed change in the ACBV. In
both fMRI and OIS, the canonical initial dip has been considered to be a response
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Figure 8.

Two kinds of initial dips [32]. Representative patterns of two types of initial dips when data from (A) and (B)
were converted into vectors on a vector plane. (A) In a study using optical intrinsic signals, AD increased during
the early part of a task [94]. The vector in this time course is in Phase 1 during the initial dip and subsequently
progresses into Phase —1, indicating a typical vesponse. (A) Initially, the vector is in Phase 1 and subsequently
rotates in a clockwise dirvection into Phase —2. (B) The vector initially rotates in a clockwise divection into Phase
4, followed by rotation in a counterclockwise divection into Phase —1 and subsequently into Phase 1.

induced by increased levels of deoxyHb. Figure 8B shows an fNIRS initial dip (an
increased AD accompanying a decreased AO), indicating Phase 4 [18, 32, 67, 68].
Recently, fNIRS was used to observe this new type of initial dip in primates [109].

As shown in Figure 8A, if this canonical initial dip detected by Malonek and
Grinvald using OIS [94] corresponds to that of fMRI [95, 104], this would mean
that the a blood oxygenation level-dependent (BOLD) signal from fMRI was able
to differentiate between Phase 1, as a signal decrease, and Phase —1, as a signal
increase. However, Phase 1 is an increased ACBV dip, in which ACOE decreases
while the levels of deoxyHb increase. Thus, there is a discrepancy between the
results from the two modalities. A theory bridging fNIRS and fMRI has been
proposed, suggesting that a BOLD signal influenced by changes in ACBV closely
resembles an increase in the levels of oxyHb [24]. In this model, the fMRI signal
in the increased ACBV phase depends on the observed change in AO (not AD).
Theoretically, this change may be considered to be a BOLD signal increase rather
than a dip. Indeed, the use of the vector plane may explain the fact that the OIS
initial dip does not correspond to that of fMRI.

In present, initial dips could be reliably detected with OIS [92-97] and fNIRS
[31-36, 109]. On the other hand, the occurrence of the initial dip in fMRI has been
doubted and its mechanism is still controversial [21-24, 105]. Logothetis et al. [86]
reported a period of latency, when the increase in the BOLD signal was flat for a
few seconds at the beginning of the task. This shows the difficulty in detecting
changes in phases during passage through the capillaries from those in the BOLD
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signal. Of note, the sensitivity of fMRI declines at detecting activities with high
oxygen consumption. During early research on the combination of fMRI and
fNIRS [9, 110], the concept of phases had not been introduced and the differences
between these methods were not understood clearly.

Collectively, research has shown that these two modalities are physiologically
inconsistent in their sensitivity to the initial dip, with significant differences
between them. Moreover, animal studies have demonstrated the variation of ratios
between changes in the levels of deoxyHb and oxyHb occurring simultaneously
with neural activity (i.e., diversity of phase) [103, 109]. Using the concept of
phases, it is also possible to re-evaluate the results of a previous fNIRS study [8]
(Figure 2) and confirm that the results indicate Phase 1 in areas where oxygen con-
sumption is high or in the time zone. The vector-based evaluation was able to show
a short initial dip and sustained oxygen metabolism because the period of the task
was long in this study. On the other hand, investigations that followed this previous
study [8] may have evaluated the intensity of brain activity only (similar to L) in the
Phase —1 and -2 typical responses.

9. Quantification of brain activity in time series

Local brain activity was quantified for the first time in 1993 using continuous-
wave fNIRS, by substituting optical differential path length factors [8]. At that time,
mmolemm (or mmolecm) was commonly used as the unit expressing the degree of
change in the levels of Hb, taking the differential path length factor as 1 [111, 112].
The phase angle k expresses oxygen metabolism quantitatively in degrees. This offers
the advantage of being independent of the actual levels of Hb. Figure 9 shows image
displays from a verbal task [29, 30]. Local increases in the angle k& were detected in
Broca’s area (channel 4) and the surrounding area during the task, with almost no
change observed in ACBV. Thus, the use of the angle k may permit the high-sensitiv-
ity detection of local brain activity occurring simultaneously with a task (regardless
of the duration of the task) that has been undetected in previous studies against
the background of slow hemodynamic change. On the other hand, intensity (L) is
strongest in channels 4 and 5 during and after the task, respectively. After the task,
the angle k& decreases approaching zero. These findings indicate the variable behavior
of different indices in spatiotemporal imaging. In the past, the differences in spatio-
temporal imaging had been largely ignored, with researchers focusing exclusively
on typical responses. The differences in local brain activity of this kind were equally
ignored, particularly when they occurred simultaneously with short tasks.

It has been shown that vector-based NIRS is able to quantitatively evaluate
differences in the oxygen load in the prefrontal cortex arising from different
breathing routes (Figure 10 [113]). In that study, although there were no significant
differences in L, differences in the time series of the angle k were apparent between
nasal and mouth breathing. This may have potentially useful practical applications,
such as the provision of an earlier and more reliable diagnosis of a patient’s habitual
breathing route compared with a patient interview. The use of an index combining
both deoxyHb and oxyHb may lead to new interpretations of previous fNIRS data.
Previous brain imaging studies have been based on the intensity of response.

In usage of this vector-based approach, it may not be possible to obtain the cor-
rect phase value by conventional data processing. For example, if the deoxyHb and
oxyHb data are processed independently (e.g., when normalization or statistical
parametric mapping has been performed on only the oxyHb data) [114], this will
change the ratios, and there is a risk that the values of k will be distorted.
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Figure 9.

Spatiotemporal imaging of cevebral oxygen exchange for a verbal task [29, 30]. (A) Channel positions. Broca’s
area corvesponds to channel 4. (B) Pink shows the duration of word listening (average 1.2 seconds) and blue
shows the duration of word repetition (average 1.1 seconds). For ACBV, red indicates positive vector changes,
whereas black indicates negative vector changes. For the angle k, black indicates k = o, whereas ved indicates
the maximum angle k (180°). For L, black indicates o, whereas red indicates the peak value. (C) Time courses
of hemoglobin components and their two dimensional vector coordinates. Oxyhemoglobin (OxyHb; red),
deoxyhemoglobin (deoxyHb; blue), and total hemoglobin (total Hb; yellow). Arbitrary unit (a.u.).
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Figure 10. . i
Time courses of the angle k for nasal and mouth breathing ( P < 0.05; P < 0.1) [113].

In addition, a method of baseline correction, in which linear regression con-
necting the pre- and post-task period is used to emphasize the typical response, is
available [115]. This may affect the angle k£ and L (intensity of response). By moving
forward with quantitative analysis of this kind—designed to clarify differences
between oxygenation and blood volume while taking care to avoid distortion from
the initial processing of the data—fNIRS will be able to meet the challenges of
quantitatively and accurately identifying localized brain activity.
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10. Conclusion

The precise detection of local brain activity was the original purpose of
fNIRS. Nowadays, because of the vector-based approach, investigators can measure
initial dips from the scalp. Progress has been achieved in the quantitative detection
of local brain activity and the development of spatiotemporal imaging. However,
some fNIRS studies are actually task-related studies using NIRS, never intended for
the spatial localization of brain function. This together with other factors has intro-
duced doubts regarding the validity of fNIRS. The historical background described
earlier in this review may be useful as we attempt to erase these doubts and improve
the spatial and temporal accuracy of fNIRS. Studies are warranted to examine the
physiological significance of the different combinations of changes in the levels of
the different Hb and changes in the characteristics of mapping depending on the
selection of indices.

Local brain activity induces local oxygen consumption and demand for oxygen
supply. Further research is required to investigate the relationship between the con-
sumption of oxygen and the spatial distribution of oxygen supply accompanying
local brain activity. The indices angle k and L, indicating the phase of hemoglobin
response and its intensity, respectively, are new indices for the detection of local
brain activity. In addition, the simultaneous measurement of composite indices
of this kind may improve the detection of local brain activity. The application of
methods for the simultaneous evaluation of these composite indicators is one of the
challenges for future research on the new fNIRS method.
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