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It has been 20 years since functional near-infrared spectroscopy (fNIRS) was first

used to investigate the evoked hemodynamic response to a stimulus in newborns.

The hemodynamic response to functional activation is well-established in adults, with

an observed increase in concentration change of oxygenated hemoglobin (1[HbO2])

and decrease in deoxygenated hemoglobin (1[HHb]). However, functional studies

in newborns have revealed a mixed response, particularly with 1[HHb] where an

inconsistent change in direction is observed. The reason for this heterogeneity is

unknown, with potential explanations arising from differing physiology in the developing

brain, or differences in instrumentation or methodology. The aim of this review is to collate

the findings from studies that have employed fNIRS to monitor cerebral hemodynamics in

term newborn infants aged 1 day−1 month. A total of 46 eligible studies were identified;

some studies investigated more than one stimulus type, resulting in a total of 51 reported

results. The NIRS parameters reported varied across studies with 50/51 cases reporting

1[HbO2], 39/51 reporting 1[HHb], and 13/51 reporting total hemoglobin concentration

1[HbT] (1[HbO2] + 1[HHb]). However, of the 39 cases reporting 1[HHb] in graphs or

tables, only 24 studies explicitly discussed the response (i.e., direction of change) of

this variable. In the studies where the fNIRS responses were discussed, 46/51 cases

observed an increase in 1[HbO2], 7/51 observed an increase or varied 1[HHb], and

2/51 reported a varied or negative 1[HbT]. An increase in 1[HbO2] and decrease or

no change in 1[HHb] was observed in 15 studies. By reviewing this body of literature,

we have identified that the majority of research articles reported an increase in 1[HbO2]

across various functional tasks and did not report the response of1[HHb]. Confirming the

normal, healthy hemodynamic response in newborns will allow identification of unhealthy

patterns and their association to normal neurodevelopment.

Keywords: near-infrared spectroscopy, functional activation, newborns, infant, neurovascular coupling,

hemodynamic response, stimulus, brain activity
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INTRODUCTION

Monitoring brain activity in newborn populations up to 1 month
old is of increasing interest not only for neuroscientists and
psychologists who want to develop a deeper understanding of
the brain and its development, but also for clinicians to derive
prognostic markers of neurodevelopment following perinatal
brain injury [such as hypoxic-ischaemic encephalopathy (HIE)].

Since the first functional near-infrared spectroscopy (fNIRS)
study in newborns in 1998 by Meek et al. (1998) there have been
a number of studies using this technique to investigate brain
function and development in newborns, as well as older infants
and children (Lloyd-Fox et al., 2010; McDonald and Perdue,
2018).

fNIRS is a non-invasive, non-ionizing neuromonitoring
technique. It relies on the fact that tissue is relatively transparent
to light in the near-infrared region (650–1,000 nm), and
oxygenated- (HbO2) and deoxygenated- (HHb) hemoglobin are
strong absorbers in this region. Similar to functional magnetic
resonance imaging (fMRI), fNIRS is able to detect functional
activity indirectly via detection of hemodynamic changes. Whilst
fMRI is able to detect changes in HHb, fNIRS has the ability
to differentiate between HbO2 and HHb, providing additional
hemodynamic and oxygenation information.

One of the main advantages of the technique comes from
the practical aspects of fNIRS devices: mainly the instruments
can be deployed with relative ease, making it easy to use in
natural settings without the need for large and bulky equipment.
Although the spatial resolution is poorer compared to fMRI, the
technique is less susceptible to movement artifacts, reducing the
need for subjects to remain very still or be sedated. It is therefore
an appropriate tool to study the newborn brain.

fNIRS monitors brain hemodynamic changes indirectly via
measuring the concentration changes 1[HbO2] and 1[HHb];
these are secondary to the changes in local neural activity that
lead to a corresponding oversupply of cerebral blood flow (CBF)
to the functional localized area. Neuronal activation requires
energy; a normal physiological response is an increase in CBF
that overcompensates the tissue’s energy demand. This leads to a
decrease in1[HHb] and increase in1[HbO2], as HHb is flushed
away while HbO2 flows in. This coupling between neural activity
and CBF is known as neurovascular coupling (NVC).

The typical hemodynamic response in adults has been well-
established, demonstrating an increase in 1[HbO2] and total
hemoglobin concentration 1[HbT] (= 1[HbO2] + 1[HHb])
and decrease in 1[HHb], with reproducible and consistent
results at the group level (Plichta et al., 2006, 2007). However,
studies in newborns have demonstrated a mixed hemodynamic
response compared to adult studies, with an increase in 1[HHb]
also observed. It has been suggested that the variation in
response may be due to the differing physiology in newborns,
where components related to neurovascular coupling are still
developing, and systemic blood pressure changes occurring
during the stimuli confounding the hemodynamic response
(Kozberg and Hillman, 2016). Likewise, conflicting results
could be due to inter-study differences, where differing study
paradigms, such as the method or type of stimulation, may affect

FIGURE 1 | Example of NIRS headgear on a newborn to monitor functional

activation. Reproduced from Bouchon et al. (2015) with permission.

results. Differences in instrumentation used and the waking state
of the newborn (whether awake, asleep, or sedated), may also
contribute to the variation observed.

Figure 1 shows an example of fNIRS instrumentation on a
newborn; in this case, the light sources and detectors are placed
in a cap, which is then placed on the newborn’s head. Figure 2
shows some examples of hemodynamic responses observed in
functional studies in newborns, where (a) shows a response
similar to a typical adult response and (b) shows an inverted
1[HHb] response. Figure 3 presents the number of fNIRS
related publications in term neonates over the last 20 years.

Previous review papers have included summarizing the
challenges and practicalities in performing fNIRS in infants
(Lloyd-Fox et al., 2010) and investigating the inverted
hemodynamic response in infants up to around 24 months
of age with respect to the experimental design and stimulus
complexity (Issard and Gervain, 2018).

The purpose of this review is to investigate the pattern of
the hemodynamic response of healthy, term newborns to a
stimulus, within a tightly controlled age range from birth to
1 month of age. This is a sensitive age range, where rapid
growth and developmental changes are occurring in the brain,
and is also an age of particular interest as it is a period
when the newborn is at risk of significant brain injury. For
example, HIE occurs in 1–2 per 1,000 live births (James
and Patel, 2014) and is associated with neurodevelopmental
impairment and mortality, and is an active area of research. It
is therefore important to understand the typical response of the
healthy newborn brain such that future work is able to identify
abnormal response patterns associated with brain injury in this
cohort.

METHODS

The focus of the review was to look at whether the
fNIRS-measured hemodynamic response of healthy newborns
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FIGURE 2 | Example of functional responses in newborns. (A) Response for an asleep newborn in response to auditory stimulation. Shows an increase 1[HbO2]

(labeled as oxy-Hb) and a slight decrease in 1[HHb] (labeled as deoxy-Hb). Reproduced from Arimitsu et al. (2018) with permission. (B) Response for an awake

newborn in response to visual stimulation. Shows an increase in 1[HbO2], 1[HbT] (labeled as [Hbvol]), and 1[HHb] (labeled as [Hb]). Reproduced from Meek et al.

(1998) with permission.

FIGURE 3 | Graph showing the number of publications using fNIRS in term newborns <1 month of age since the first study in 1998.

<1 month of age compared to the expected hemodynamic
response of an increase in 1[HbO2] and decrease in 1[HHb]
and, if not, whether the variability of the hemodynamic response
can be explained. Therefore, papers were identified using
PubMed and Scopus, searching for a combination of keywords
including (near-infrared spectroscopy | near infrared | optical |
tomography) and (neonate | newborn) and (functional activation
| activation | evoked response | response). The PRISMA chart
for the selection of papers included in this review is shown
in Figure 4. Papers were rejected if different parameters to
1[HbO2], 1[HHb], and 1[HbT] were reported, if results from
term newborns<30 days old could not be extracted from a larger
cohort outside this target range, or if studies were performed on
newborns with suspected brain injury, such as HIE.

RESULTS

Patterns of Hemodynamic Response to
Different Functional Protocols
A total of 46 studies using fNIRS in neonates were identified, with
a total of 51 sets of results arising from some studies investigating
more than one stimulus type. A summary of the studies included
in this review is presented in Table 1 and includes the cortical
area of interest, stimulus type and hemodynamic response. The
majority of studies were on healthy newborns. Some studies
monitored newborns with potential pathology (marked with
an asterisk in Table 1); however, these studies only included
newborns with pathological conditions unrelated to cerebral
function and with no congenital abnormalities. One study
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FIGURE 4 | PRISMA chart showing papers identified, eligibility, and inclusion in this review paper. Note, two papers (Abboub et al., 2016; Ferry et al., 2016) were later

identified that were not flagged using the defined search criteria. These are cited here but not included in the final analysis.

investigated newborns with HIE alongside a control group (Chen
et al., 2002); only the results from the control group are presented
here. Similarly, some studies looked at both term and preterm
newborns (Isobe et al., 2001; Ozawa et al., 2011a; Naoi et al., 2013;
Carlier-Torres et al., 2014; Frie et al., 2017; Arimitsu et al., 2018)
or included subjects older than 30 days (Meek et al., 1998); the
results presented here only include the responses from the term
infants <30 days old.

It should be noted that not all papers reported all three NIRS
parameters, 1[HbO2], 1[HHb], and 1[HbT]. In some papers,
the measurement of 1[HHb] was reported in graphs or tables
but the direction of the response was not explicitly analyzed and
discussed, with discussion often centered around the direction of
1[HbO2].

Figure 5 shows the percentage of studies that reported the
different NIRS parameters, and of those parameters that were

reported, what the observed response was (this does not include
responses where only the measurements are presented but not
explicitly discussed). From the 51 results reported, 49 discussed
1[HbO2], 24 discussed 1[HHb], and 13 discussed 1[HbT]. A
summary of the 1[HbO2] and 1[HHb] reported responses is
shown in Figure 6. An increase in 1[HbO2] and decrease or no
change in 1[HHb] was observed in 15 studies.

An overview of the responses as separated by stimulus type
is shown in Figure 7. A variation in responses is seen in studies
using auditory stimuli which may be due to the higher number
of studies that employ this as a stimulus. The most common
response in this protocol is an increase in 1[HbO2] and decrease
in 1[HHb] with nine studies reporting this response; two studies
observed a varied 1[HHb] response and two studies observed
a varied 1[HbO2]. Studies using a visual stimulus also show
a variety of responses, with 1[HHb] showing variability or an
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FIGURE 5 | Graphs showing the percentage of NIRS parameters reported in fNIRS studies on newborns (above) (a total set of 51 responses from 46 studies were

identified) and the corresponding responses of those reported (below). Changes in [HbO2] shown in red, [HHb] shown in blue and [HbT] shown in black. The total

number of studies (n) reporting each variable is stated next to each graph. Directions of responses are indicated with an arrow or a line if no change; responses with a

double arrow indicate a mixed response (both positive and negative changes observed). Size of arrows correspond to occurrence.

FIGURE 6 | Haemodynamic responses to functional activation observed in newborns, with changes in 1[HbO2] shown in red and 1[HHb] shown in blue. Data is

taken from literature identified in this review paper, and included above only when both variables, 1[HbO2] and 1[HHb], have been reported and discussed. The size

of the arrows (small and large) relate to the magnitude of the response. Responses with a double arrow indicate a mixed response (both positive and negative

changes observed).

increase in four out of nine studies. A varied 1[HHb] is also
observed in response to a pain stimulus, as identified in one
study, with two sensory studies reporting an increase in1[HbO2]
and decrease in 1[HHb].

The study design is an important consideration when looking
at fNIRS data. The type of stimulus used to evoke a cerebral
response produces differing responses, with variation in the size
of the response and temporal profile (Kamran et al., 2015), which
may be due to different capillary transit times across cortices
(Jasdzewski et al., 2003). Hence, results presented in the next
section are separated by functional task (auditory, visual, motor
or sensory/pain and olfactory) for ease of comparison.

Visual Stimulation
Nine fNIRS studies used visual stimulation. Visual stimuli
generally used either a checkerboard pattern (Meek et al., 1998;
Liao et al., 2010, 2012) or a stroboscopic light (Hoshi et al.,
2000; Taga et al., 2003; Kusaka et al., 2005; Karen et al., 2008;

Biallas et al., 2012; Shibata et al., 2012). All studies monitored
the occipital lobe, with some studies additionally monitoring the
frontal lobe (Taga et al., 2003) and temporal and parietal lobe
(Shibata et al., 2012).

Two of the three studies employing a checkerboard pattern
observed an increase in 1[HbO2] and decrease in 1[HHb] (Liao
et al., 2010, 2012), with the remaining study observing an increase
in 1[HbO2] and increase in 1[HHb] (Meek et al., 1998). All
three studies found the time-course of 1[HbO2] to be similar to
that of adults.

The remaining six studies employed a stroboscopic light to
elicit a visual response. The studies show similar results for
1[HbO2], with most studies observing a positive change in
this parameter apart from Kusaka et al. (2005) who observed a
negative 1[HbO2] and Biallas et al. (2012) who observed both
positive and negative 1[HbO2]. Kusaka et al. (2005) additionally
observed an increase in 1[HHb]. Two studies did not report the
1[HHb] results (Biallas et al., 2012; Shibata et al., 2012), two
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FIGURE 7 | Chart showing observed responses separated by stimulus type. Number of studies showing observed response is shown. Directions of arrow indicate

whether an increase, decrease, varied response or no change was seen in the NIRS parameter. 1[HbO2] is shown in red and 1[HHb] in blue.

studies reported a varied response (both positive and negative;
Hoshi et al., 2000; Taga et al., 2003) and one study reported a
negative 1[HHb] (Karen et al., 2008). Hoshi et al. (2000) also
noted a relatively slow recovery of the fNIRS parameters after
the end of the stimulus compared to rapid recoveries previously
reported in adults.

Auditory Stimulation
Thirty studies on newborns used an auditory stimulus; this is the
most commonly investigated stimulus using fNIRS in newborns,
with a large number of papers (19 studies) investigating language
and memory development in the newborn brain. The majority
of studies (25/30) monitored the temporal lobe, otherwise the
frontal lobe was monitored instead (Sakatani et al., 1999; Chen
et al., 2002; Saito et al., 2007a,b); some studies monitored other
brain regions in addition to the temporal and frontal lobes
[frontoparietal (Peña et al., 2003), temporoparietal (Telkemeyer
et al., 2009; Cristia et al., 2014; Issard and Gervain, 2017), parietal
(Arimitsu et al., 2011; Benavides-Varela et al., 2011, 2012; May
et al., 2011; Molavi et al., 2012), whole-head (Sato et al., 2012;
Naoi et al., 2013)]. Paradigms consisted of either music or tonal
sounds, or a variation of speech, such as non-native language or
backwards speech.

Four studies presented music as an auditory stimulus
reporting a positive change in 1[HbO2] (Sakatani et al.,
1999; Chen et al., 2002; Kotilahti et al., 2010; Shibata
et al., 2012) with two studies (Sakatani et al., 1999; Chen
et al., 2002) also reporting a varied 1[HHb] and one study
(Shibata et al., 2012) not reporting 1[HHb]. Kotilahti et al.
(2010) observed a varied 1[HbO2]; for positive 1[HbO2]
cases, they observed a negative 1[HHb]. They also reported
this same response when using a speech stimulus (see
below).

Five studies used a tonal sound to evoke an auditory
response. A positive 1[HbO2] was seen in most of the

studies (Nissila et al., 2004; Kotilahti et al., 2005; Telkemeyer
et al., 2009; Minagawa-Kawai et al., 2011) apart from Nissilä
et al. (2003) where the direction of the response for the
auditory stimulation is not explicitly discussed. A negative
or no change in 1[HHb] is reported in two studies (Nissila
et al., 2004; Telkemeyer et al., 2009). Telkemeyer et al.
(2009) identified a vascular response time-course similar to
the well-established adult vascular response dynamics. Kotilahti
et al. (2005) additionally noted the latency of the maximum
HbO2 response decreased with gestational age, with a mean
latency of 9.6 ± 2.2 s. This was for a cohort of twenty
term infants with gestational ages between 38.7 and 42.3
weeks.

Nineteen studies used speech as an auditory stimulus, with
seventeen studies reporting a positive change in 1[HbO2] (Saito
et al., 2007a,b; Gervain et al., 2008, 2012; Arimitsu et al.,
2011; Benavides-Varela et al., 2011; May et al., 2011, 2018;
Sato et al., 2012; Naoi et al., 2013; Carlier-Torres et al., 2014;
Cristia et al., 2014; Bouchon et al., 2015; Vannasing et al.,
2016; Issard and Gervain, 2017; Zhang et al., 2017). One
study reported a varied 1[HbO2] (Kotilahti et al., 2010) and
one study did not report 1[HbO2] but instead presented a
positive 1[HbT] response (Peña et al., 2003). A negative or
no change in 1[HHb] was observed in five studies (Kotilahti
et al., 2010; Gervain et al., 2012; Sato et al., 2012; Carlier-
Torres et al., 2014; Arimitsu et al., 2018). It is noted that
some studies did not explicitly state the direction of 1[HbO2]
but instead discussed “activation” (Gervain et al., 2008, 2016;
Cristia et al., 2014; Bouchon et al., 2015; Zhang et al., 2017;
May et al., 2018); in these cases, the graphs were visually
inspected and a positive HbO2 response identified as indicative
of activation.

Additionally, some studies performed more than one task as
an auditory stimulus, however, only one response per stimulus-
type is reported here. For example, Benavides-Varela et al.
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(2012) identified an increase in 1[HbO2] when presenting novel
vowel sounds and a decrease in 1[HbO2] when presenting novel
consonant sounds. They interpret this as a privilege to vowel
information in the newborn and hence only the increase in
1[HbO2] is reported here. Additionally, Issard and Gervain
(2017) used auditory stimuli consisting of normal speech and
compressed speech. They identified a positive HbO2 response
with normal speech but an inverse HbO2 response to highly
compressed speech; they considered this inverse response as a
deactivation and hence this deactivated response is not recorded
here. Three further studies presented multiple auditory tasks
(Saito et al., 2007a,b; May et al., 2011); in these cases, only the
positive HbO2 response was interpreted as a functional response
as identified from the discussion of the results and only these
responses are reported here.

Two other auditory paradigms were identified that do not fit
into the categories above. One used water sounds and identified
a positive 1[HbO2] and negative 1[HHb] (Gervain et al., 2016).
The other used the sound of a heel lance as a control for a noxious
task involving a heel lance and observed a positive change in
1[HbO2] and no change in 1[HHb] (Verriotis et al., 2016).

Motor or Sensory/Pain Stimulation
Eleven studies have been performed in newborns using motor
or sensory/pain stimulation. Stimuli consisted of passive knee
or elbow movement (Isobe et al., 2001), vibration to hand or
foot (Haensse et al., 2005; Shibata et al., 2012), tapping (Nasser
et al., 2016; Verriotis et al., 2016), rubbing the foot (Nissilä
et al., 2003), or breaking skin as part of standard clinical care
(Ozawa et al., 2011a,b; Bembich et al., 2013; Verriotis et al., 2016).
All studies monitored parietal or frontoparietal regions apart
from two noxious studies where the frontal lobe was monitored
(Ozawa et al., 2011a,b). Bembich et al. (2013) alsomonitored over
the frontal and temporal regions. One studymonitored newborns
who were sedated (Isobe et al., 2001).

Ten studies showed a positive 1[HbO2] response with one
study not reporting 1[HbO2] (they instead, they report cerebral
blood volume calculated using 1[HbT]∗0.69/1[HHb]; Beken
et al., 2014). Three studies displayed a negative or no change in
1[HHb] (Isobe et al., 2001; Haensse et al., 2005; Verriotis et al.,
2016) and four studies did not report 1[HHb] results (Ozawa
et al., 2011a,b; Shibata et al., 2012; Beken et al., 2014). Isobe
et al. (2001) additionally noted a slower hemodynamic response
compared to adults with a time-to-peak of 12 s in 1[HbO2]
and 19 s in 1[HHb], compared to adult responses in a similar
task of 6–8 s in 1[HbO2] and 11–13 s in 1[HHb], however,
it should be noted that this study was performed on sedated
newborns. Verriotis et al. (2016) identified a relatively short
peak hemodynamic response of 2–4 s for 1[HbO2] compared to
previously reported peak latencies of 4–6 s in adults.

Olfactory Stimulation
Three studies used an olfactory stimulus in newborns. All
studies monitored the frontal lobe with one study additionally
monitoring the parietal lobe (Frie et al., 2017). All three studies
found a positive response of 1[HbO2] with results of 1[HHb]
not being reported in two studies (Barton, 2000; Aoyama et al.,

2010) and showing a negative response in one study (Frie et al.,
2017).

DISCUSSION

Interpretation of fNIRS Studies in
Newborns
The majority of studies demonstrated an increase in 1[HbO2]
with most variation in response arising from 1[HHb] (see
Figure 6). This review separated the functional tasks by type, with
results from auditory, visual, motor or sensory/pain and olfactory
stimuli presented. No clear association between the reported
response and stimulus type is observed.

It should be noted that studies using fMRI blood-oxygen-
level dependent (BOLD), monitoring neuronal activation via
hemodynamic changes, have also observed a heterogeneous
response in the newborn brain. An early study by Born
et al. (1998) looked at seventeen infants, 3 of whom were 4
weeks age or less and identified a mixed response to visual
stimulation using a stroboscopic light during spontaneous sleep.
A negative BOLD response, corresponding to an increase in
1[HHb], suggests that the coupling between neural activity and
vascular response is different in neonates compared to adults
(Born et al., 1998). Some groups have observed positive BOLD
responses in neonates in-line with a typical adult response. Arichi
et al. (2009) studied six term infants (one sedated) using a
somatosensory stimulus identifying a positive BOLD response.
The authors hypothesize that negative BOLD signals may arise
from analysis methods of fMRI data, where typically an adult-
derived hemodynamic response function (HRF) model is used
rather than an infant-HRF, which is likely to differ in shape. It
has also been suggested that infant HRFs may differ in temporal
profile as well and may be the cause of discrepancies seen in
newborn BOLD responses (Seghier et al., 2006; Arichi et al.,
2012).

Care should be taken when interpreting fMRI BOLD studies,
as they are often conducted with infants under sedation
to prevent movement artifacts. The effect of sedation on
the hemodynamic response in human infants has not been
investigated; however, in animal studies, sedation did not affect
the response of HbO2 and HHb signals (Sharp et al., 2015).

A BOLD study by Arichi et al. looked at the BOLD response
from two groups of term infants: one group sedated and one
group unsedated. They identified no difference in global CBF
between the two groups, suggesting the inverse BOLD response
is not as a result of sedation (Arichi et al., 2012). However,
other studies have suggested that sedation may alter the baseline
CBF (Seghier et al., 2006); further investigation into different
types of sedation and its effect on the hemodynamic response
in newborns is needed. Additionally, since BOLD fMRI detects
activated cortical regions via detection of a decrease in 1[HHb],
the presence of an increase in 1[HHb] may be overlooked unless
both an increase and decrease of the fMRI signal are considered.

Functional studies in adults have identified a typical
hemodynamic response consisting of an increase in 1[HbO2]
that reaches a peak a few seconds before the peak decrease
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in 1[HHb]. Some studies in newborns have shown a slower
hemodynamic response compared to adults (∼12–16 s peak
latency compared to 4–6 s typical peak latency in adults during
motor stimulation; Isobe et al., 2001). The slower response of
the neonatal hemodynamic response compared to the adult
response may be due to several factors such as sedation (for
example, Isobe et al. (2001) monitored sedated newborns), a
differing functional organization of the brain in newborns or on-
going myelin and synapse development and hence a developing
NVC mechanism (Kusaka et al., 2011). It has been suggested
that myelination can effect the latency of the hemodynamic
response, with increased myelination (such as in the adult
brain) leading to a more synchronous synaptic activation (Harris
et al., 2011). MRI studies have shown that visual and auditory
sensory regions myelinate faster than motor regions (Welker
and Patton, 2012), hence it is plausible that the latency of
the hemodynamic response varies according to the stimulus
type.

In contrast, Verriotis et al. (2016) identified a faster peak
hemodynamic response of 2–4 s for 1[HbO2] compared to peak
latencies of 4–6 s in adults. They suggest this may be the result
of differing stimulus durations but alternatively, be related to
an immature vascular regulation in newborns that may result in
reduced hyperemia and hence a shorter increase in 1[HbO2].

The majority of studies reported here do not discuss the peak
latencies. One study, however, did identify a relationship between
the latency of the hemodynamic response to the gestational age
of the subject, with significantly shorter latencies for infants
with higher gestational age (Kotilahti et al., 2005), suggesting a
variation in the NVC mechanism with age.

Some adult studies have additionally identified an initial dip
in the hemodynamic response in the form of an immediate
decrease in 1[HbO2] and increase in 1[HHb] after onset of the
stimulus before the typical oxygen supply to oxygen utilization
ratio is established. The origin of this dip is unknown but has
been shown to be localized and may reflect localized neuronal
activity (Zaidi et al., 2018). The majority of fNIRS studies on
newborns do not observe this dip that is typical in the adult
response. However, from visually inspecting the time-courses of
the hemodynamic responses in this review, a dip was identified
in some studies (Kotilahti et al., 2010; Liao et al., 2010, 2012;
Arimitsu et al., 2011) although this was not discussed in any of
the papers.

The following aspects need to be considered for
understanding the fNIRS results: physiological mechanisms,
study design, instrumentation and data analysis.

Physiological Mechanisms
Several physiological mechanisms have been hypothesized to
explain the discrepancy in the newborn hemodynamic response,
and in particular to explain the observed increase in 1[HHb]
reported in some studies (Meek et al., 1998; Sakatani et al., 1999;
Hoshi et al., 2000; Chen et al., 2002; Taga et al., 2003; Kusaka et al.,
2005; Verriotis et al., 2016).

Several studies observed an increase in1[HbO2] and decrease
in1[HHb] similar to that observed in the adult brain, suggesting
that NVC is intact and functioning in the newborn brain.

However, several studies demonstrated an increase in
1[HHb] as well as1[HbO2], suggesting that the balance between
oxygen consumption and oxygen delivery in the neonatal brain
differs from the adult brain. Factors that effect NVC include the
signaling pathways responsible for dilating blood vessels, which
may still be developing and hence alter the expected increase in
CBF, and myelination which effects the latency of the response
(Harris et al., 2011).

It has been suggested that the NVCmechanism in the neonatal
brain is not yet fully established and can lead to the differing
response observed compared to adults, where NVC is well-
established (Jasdzewski et al., 2003). The rapid developmental
changes occurring in the newborn brain may effect the coupling
between neural activity and blood flow, so fNIRS measurements
may reflect the altered functional coupling of the brain (Kozberg
and Hillman, 2016). The increase in oxygen consumption during
neuronal activation may not always lead to overperfusion due
to the immaturity of the vascular regulation in this cohort of
subjects. Additionally, there may be a higher metabolic demand
in these subjects compared to adults where metabolic demands
in the neonate are still evolving that leads to a reversal of the
balance between oxygen supply and consumption (Jasdzewski
et al., 2003). Finally, it may be that NVC matures at different
rates depending on the brain region, which may lead to varying
responses dependent on functional tasks.

An increase in1[HHb]may also be related to venous dilation.
Some studies, such as in Hoshi et al. (2000), observed an increase
in 1[HHb] not only with each subject but also within the same
subject. An explanation for this may be related to increases of
regional CBF which can lead to venous dilation and cause the
increase in 1[HHb] observed. It may be that cerebrovascular
reactivity varies with developmental state (Hoshi et al., 2000).

Another possible explanation comes from a blood stealing
effect, where regions surrounding the activated region receive
reduced blood flow. Hence, an observed decrease in 1[HbO2],
as sometimes observed, or an increase in 1[HHb] may be due to
the activated region deeper in the brain “stealing” the blood flow
from the fNIRS-measured volume or an activated region close to
but not within the fNIRS-measured volume.

Kozberg et al. investigated the hemodynamic response in
neonatal rats during electrical hindpaw stimulation reporting an
increase in1[HHb] (Kozberg et al., 2013); this inverted response
changed as the rats matured, developing to the characteristic
hemodynamic response of an increase in 1[HbO2] and a
decrease in 1[HHb]. Importantly, they reported increases in
systemic blood pressure occurring during stimulation, with their
magnitude dependent to the stimulation strength. These systemic
blood pressure changes produce fluctuations in hemodynamics
and oxygenation in the rat newborn brain that are exaggerated
due to the underdeveloped cerebral autoregulation capacity.
This acts as a significant confounding factor that can attenuate
the hemodynamic response, invert it or even produce one
in the absence of evoked neural activity. This physiological
phenomenon and issue has been well described and discussed in
adult functional activation studies with fNIRS as a major factor
in producing false positives and false negatives (see recent review
by Tachtsidis and Scholkmann, 2016).
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Finally, the waking state of the newborn should be considered
as this may affect the response seen to a stimulus. Four
studies reported responses in awake newborns (Meek et al.,
1998; Bartocci et al., 2000; Nissila et al., 2004; Kotilahti
et al., 2005), nineteen studies reported responses in asleep
newborns (see Table 1), one study reported responses in sedated
newborns (Isobe et al., 2001) and the remainder of studies
reported responses in a mixture of awake/quiet rest and asleep
subjects. It is unclear how different arousal states can affect
the neurovascular response. The study in the sedated newborns
(Isobe et al., 2001) showed a slower hemodynamic response.
Kotilahti et al. (2005) found a diminished response to an auditory
stimulus when neonates were in quiet sleep compared to active
sleep. Furthermore, Aslin (2012) has suggested that regional
differences observed in sleeping neonates may disappear when
arousal of the neonate increases and hemodynamic responses
increase and could potentially override any regional differences
seen.

Study Design and Data Analysis
The majority of fNIRS studies use a block paradigm, where
periods of the experimental condition are alternated with periods
of rest, and the changes in [HbO2] and [HHb] over the
stimulation period are block-averaged to obtain a hemodynamic
response. This repetition in the experimental condition has been
demonstrated to reduce noise arising from uncorrelated trends
(Yamada et al., 2012). Furthermore, it is not always possible
to extract a functional response from only one trial due to
insufficient signal-to-noise ratio (SNR) and motion artifacts
(Scarpa et al., 2010). In some cases, a block design is not possible,
for example, in pain studies, where the subject is presented with
the pain stimulus only once. In this case, the amplitude of the
hemodynamic response to such a stimulus is large in comparison
to other stimuli such as touch, which enables a relatively clear
response to be observed. However, such stimuli cause large
systemic changes including heart rate and breathing rate which
can lead to additional non-evoked physiological changes in the
brain (Tachtsidis and Scholkmann, 2016). Care should also be
taken when considering the number of trial repeats to perform; a
recent infant fNIRS study showed a diminished cerebral response
with increasing number of trials (Lloyd-Fox et al., 2010).

Many of the auditory studies presented here used more
complicated paradigms such as subtle variations in speech to
investigate language development in the neonatal brain. The
various complexities in stimuli usedmakes the expected direction
of response more difficult to interpret and compare between
studies, which may be responsible for some of the non-typical
responses observed. A review of the influence of experimental
design on the hemodynamic response in infants has recently been
discussed in Issard and Gervain (2018).

Data processing and analysis also varied across studies and
may affect observed responses. One issue that is evident from the
presented literature is the inconsistency in reporting all the NIRS
parameters. Additionally, whilst some studies include1[HHb] in
graphs showing hemodynamic changes, many neglect to discuss
the results of 1[HHb] or choose not to perform statistical
analysis on this parameter. In order to better understand the

typical hemodynamic response in neonates, it is imperative that
studies report the results of both 1[HbO2] and 1[HHb] to allow
a greater understanding of the behavior of these signals.

One reason authors preferentially report 1[HbO2] is due to
its repeatability across studies. 1[HHb], in comparison, has a
more heterogeneous behavior (Dravida et al., 2017) whichmay be
due to its lower amplitude and the lower SNR of this parameter.
Since fNIRS has the capability of measuring both 1[HbO2] and
1[HHb], it would be beneficial to report both parameters as
this utilizes all the information available and provides a more
comprehensive view of the response.

As well as study design, data analysis techniques used differ
between studies. Pre- processing techniques are often used on
fNIRS data, and consist of low-pass filtering (ranging from 0.25 to
1Hz) to remove slow drifts and slow oscillations, and high-pass
filtering (ranging from 0.01 to 0.05Hz) to remove pulse artifacts
and other high frequency noise. Many studies also removed
stimulus epochs that contained movement artifacts or otherwise
removed the movement artifact and interpolated the data, which
were identified either visually (appearing as spikes in the data),
via large standard deviation changes during the stimulus period
or via monitoring of video footage of the infant. Smoothing of
the data was also performed in some studies, for example using a
moving-average window.

Extraction of the hemodynamic response also differed, with
no standardized method yet established. A common method
is to perform a block average of the data across epochs and
to determine activation via comparison of the peak period
against a baseline period before presentation of the stimulus.
Often, data is presented as a group average, where results
from all infants are averaged and presented. One issue with
this method is the potential for the variation in 1[HHb]
to be masked by the averaging process; data should also be
assessed on an individual basis to check for differences in
1[HHb] response which may have a physiological meaning. An
alternative approach employed by some studies is to use a general
linear model (GLM) to extract the hemodynamic response,
where the measured signal is explained in terms of a linear
combination of the modeled response plus an error term. This
is an increasingly used technique that is a standard method in
fMRI data analysis. However, similar to fMRI, modeled responses
are usually based on adult responses with a need for an infant
HRF.

The most commonly used statistical techniques to assess
activation were ANOVAs and student’s t-tests. A review of
statistical analysis in fNIRS can be found by Tak and Ye (2014).

fNIRS Instrumentation
There is a range of NIRS instrumentation that can be used
to monitor cerebral hemodynamics, with the main methods
comprising of continuous-wave systems, time-resolved systems,
and frequency-domain systems. A review of these different
modalities can be found in Scholkmann et al. (2014).

The wavelengths used, number of channels, and source-
detector separation are all important in characterizing a system
and are discussed briefly below.
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Wavelength Selection
NIRS systems require a minimum of two wavelengths to
determine concentration changes of two unknowns: HbO2 and
HHb. However, many systems use more than two wavelengths
in order to reduce cross-talk by improving separability
between the two absorption spectra of these chromophores.
Cross-talk is defined here as a genuine change in one
chromophore concentration inducing a spurious change in
another chromophore concentration. This is especially important
in functional activation studies where the focal nature of
chromophore changes can lead to cross-talk due to incorrect
pathlength assumptions (where differential pathlength rather
than partial pathlength is used; Boas et al., 2004). The selection
of wavelengths across the NIR region is important in determining
the accuracy of concentrationmeasurements derived (Strangman
et al., 2003). Furthermore, optimum wavelength combinations
are important to maximize SNR, as low SNR may mask
chromophore concentration changes (Sato et al., 2004).

Figure 8 summarizes the different wavelength combinations
used in different NIRS instruments, with the number of
wavelengths used for functional activation studies in newborns
varying between two to four wavelengths, ranging from 670 nm
up to 910 nm. Generally, systems use at least one wavelength
above and below the isosbestic point (around 800 nm) to
differentiate between signals sensitive to changes in 1[HbO2]
and in 1[HHb].

Uludag et al. (2004) used model-based estimates of cross-
talk and separability to assess the best wavelengths to use to
accurately assess concentration changes of HbO2 and HHb
in the adult head. They found that if both wavelengths are
>780 nm, then cross-talk is high. Additionally, their theoretical
optimum wavelengths, with one wavelength below 720 nm
and the other wavelength >730 nm, were in contradiction to
wavelengths used in commercial systems, although it should be
noted that this study was based on the adult head. Additionally,
Boas et al. (2009) identified optimum wavelengths when one
wavelength is <710 nm and the other is above 830 nm. It is
expected that selected wavelengths with a large difference in
the absorption coefficients between HbO2 and HHb might yield
more reliable concentrations hence similar results might be
expected for the newborn. Additional recommended wavelength
combinations have been summarized by Scholkmann et al.
with the combination 780 and 830 nm generally shown to be
more susceptible to cross-talk (Scholkmann et al., 2014). It is
well acknowledged that more near-infrared wavelengths lead
to a better separation and quantification of the changes in
chromophore tissue concentrations (Arifler et al., 2015).

Looking only at the wavelength selection independent of
other factors, studies showing a variation in 1[HHb] tended
to use wavelengths outside the recommended range. Of the
three studies that utilized three wavelengths, 1/3 showed an
increased 1[HHb] with one not reporting 1[HHb] and the
remaining study reporting a negative 1[HHb]. Likewise, use of
780 and 830 nm had a high proportion of varied (4/6) compared
to unreported (2/6) 1[HHb]. A reversal of response has
previously been reported when investigating optimal wavelength
combinations in adults (Uludag et al., 2004). This was found

using wavelength combination 790 and 920 nm; no newborn
studies using these two wavelengths were identified although
this highlights the importance of appropriate wavelength
selection for accurate concentration quantification in fNIRS.
Sub-optimum wavelength selection is likely to affect 1[HHb]
results more than 1[HbO2] due to the lower SNR of this
parameter.

Probe Placement and Number of Channels
The number of sources and detectors of a system determines the
coverage on the head or region of interest. Sources and detectors
can be arranged in such a way that multiple sources can reach
multiple detectors, thereby increasing the number of available
channels. An increased coverage reduces the uncertainty
over which cortical region is being monitored, however, this
can increase the chance of optical cross-talk at detectors,
where the origin of the light is uncertain due to multiple
sources.

The number of channels used varies, with five studies using
1 channel, nine studies using between 2 and 10 channels, twenty
five studies using between 11 and 24 channels and seven studies
using over 25 channels.

Probe placement is crucial in studies monitoring brain activity
in a specific cortical region, as incorrect placement may lead to
the activated tissue volume of interest not being interrogated.
Kleinschmidt et al. (1996) performed simultaneous fMRI and
fNIRS measurements in healthy adults and found no fNIRS-
HHb response when NIRS probe positions were 1–2 cm away
from the region of activation. Most studies determined probe
placement using the 10–20 system, with probes placed with
respect to anatomical landmarks on the head. This enables
more reliable placement between subjects, where head size and
shape may vary and aids in standardization of probe placement.
However, the rapidly maturing brain of newborns adds to
the difficulty in accurate placement with variation occurring
amongst individuals between external landmarks and internal
brain structures (Kabdebon et al., 2014).

Multi-channel systems have the advantage of being able
to cover a larger area of the cortex; since the underlying
brain structure of newborns is unknown on an individual
basis, single channels may miss the region of activation. It
has additionally been shown in adult studies that reliability of
fNIRS measurements is improved through averaging over several
channels (Wiggins et al., 2016). Furthermore, multiple regions of
the brain can bemonitored simultaneously. This can be beneficial
in identifying stimulus-specific responses; by monitoring regions
where no activation is present, non-stimulus related responses
(such as those due to arousal state of the newborn) can be ruled
out (Aslin, 2012).

An increase in the number of sources, detectors and
channels used in fNIRS studies can generally be seen over the
years as the technology develops, indicating the preference
for a wider head coverage as researchers keep up with
instrumentation developments. Figure 9 summarizes the
number of channels used in fNIRS studies in newborns
showing in general an increase in channels with date of
publication.
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FIGURE 8 | (A) Chart showing wavelengths used in NIRS systems used in functional studies of newborns <1 month of age. Systems are listed in chronological order

from their first publication as used for this application. (B) Extinction spectra for HbO2 and HHb for the corresponding wavelengths.

Source-Detector Separations
Different source-detector separations interrogate different depths
of tissue, with short separations sampling more superficial layers
and longer separations more likely to sample the brain. This
effect is less significant in newborns compared to adults as the
newborn skull thickness is around half of that of a typical adult.
Hence, smaller source-detector separations can be used and still

interrogate cerebral tissue. Source-detector separations of 2.5 cm
have been shown to have sufficient depth penetration of around
1 cm, which includes the cerebral cortex in neonates (Boas et al.,
2009).

The source-detector separation as well as placement of the
probes is important for determining the sampling region, as even
a slight difference in this sampling region can lead to differences
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FIGURE 9 | Chart showing the number of channels used in fNIRS systems for functional studies of newborns <1 month of age. Systems are listed in chronological

order as presented in the literature.

in results. One example is from Gervain et al. (2011) who
performed a study similar to their 2008 study on speech structure
in the neonatal brain (Gervain et al., 2008) using a shorter source-
detector separation of 2 cm compared to the 3 cm originally used.
They found that, whilst the 2 cm channel was able to identify the
overall auditory activation, it failed to register more subtle results
seen at 3 cm, where no response was seen in the frontal region
at 2 cm and differences between two grammar conditions were
not seen. This shows that care should be taken when interpreting
fNIRS results as absence of functional activation is not conclusive
of no activation; smaller source-detector separations may not be
able to detect activation where longer source-detector separations
are able to. This may preferentially affect 1[HHb] due to the
spatially smaller change in this parameter compared to1[HbO2]
during functional activation (Strangman et al., 2003), making a
longer separation more likely to sample the activated region and
detect changes due to 1[HHb].

Source-detector separations vary across instrumentation,
ranging from 1 to 5.6 cm. An optimum source-detector
separation enables monitoring of the deeper tissue in the brain

whilst still maintaining a high SNR and hence, increases the
likelihood of stimulus-induced cerebral changes being detected.
The anatomy of the neonate as well as the age should be
taken into account when determining source-detector separation
as this will affect the interrogation volume and largely differs
from those used on adult heads. Light source power will also
affect the penetration depth and quality of the signal. Hence,
optimal source-detector separations may vary depending on
instrumentation and age of subject.

Finally, some studies have employed regression techniques in
order to remove scalp interference fromNIRSmeasurements and
reveal only cerebral changes. Use of multiple separations are able
to provide depth discrimination and superficial effects can be
removed from longer channels through various signal processing
techniques (Tak and Ye, 2014). This has been shown to increase
SNR in the cerebral response. These techniques are becoming
more prevalent in fNIRS studies (Gagnon et al., 2011).

As can be seen from Figures 8, 9, there is no standardization
in the instrumentation used for functional studies in newborns,
with varying wavelength combinations, source-detector
separations and number of channels.

CONCLUSION

This review has collated and summarized the studies to
date that have utilized fNIRS in term neonates <1 month
of age. In total 46 papers were found, with some studies
investigating more than one stimulus, resulting in a total
of 51 presented responses. The majority of papers identified
an increase in 1[HbO2]. However, a large proportion of
papers do not report 1[HHb] (only 24/51 papers explicitly
discussed the direction of 1[HHb]). Of the papers that
do report the direction of 1[HHb], the majority show a
decrease in 1[HHb], with 17/24 papers stating a decrease or
no change in this variable. This is in contrast to a recent
review by Issard and Gervain (2018) who looked at a broader
population of infants including newborns. They identified
variable hemodynamic responses, with a canonical response
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of an increase in 1[HbO2] and decrease in 1[HHb], or an
inverted response of a decrease in 1[HbO2] and increase in
1[HHb], with some studies also reporting changes in the same
direction.

The typical hemodynamic response in newborns is not well-
established; there is a desire to identify a typical response in a
healthy infant brain such that future work could enable detection
of abnormal developmental patterns in neonates with brain
injury such as HIE.

Potential reasons for the discrepancy in 1[HHb] in newborns
could be due to the differing physiology in this cohort, or
instrumentation and analysis differences across studies. Liao et al.
(2010) suggest that the ambiguity in 1[HHb] response may be
resolved by using a tightly controlled age range, as differences in
age may reveal the maturation of the developing newborn brain
if discrepancies are due to this. Additionally, locations of source-
detector positions and scalp interference may contribute to the
observed heterogeneity.

There has been a vast improvement in instrumentational
developments since the first study in 1998, with multi-channel
systems becoming increasingly common, and the emergence of
diffuse optical tomography systems. Furthermore, cap designs
have improved enabling better coupling with the head, and
the increase in multi-modal imaging enables more robust
analysis of functional activation. New developments in fNIRS
technology will further allow us to monitor both hemodynamic
and metabolic responses during newborn functional activation,
with broadband instruments able to measure metabolic marker,
cytochrome-c-oxidase (Bale et al., 2014). This metabolic
marker has shown to have increased brain specificity (Kolyva
et al., 2014; de Roever et al., 2017), enabling us to investigate
hemodynamic metabolic coupling during neuronal activity
(Bale et al., 2016; Siddiqui et al., 2017). Finally, developments
in analysis techniques, such as short-separation techniques to
remove scalp effects (Gagnon et al., 2011) enable improved data
analysis.

In order to address the heterogeneity in the HHb response, we
suggest here a set of guidelines which may help to identify and
explain the behavior of this parameter. We suggest that future
studies using fNIRS in newborns should:

• Report both hemoglobin parameters (1[HbO2] and1[HHb])
as these provide a more complete picture of the hemodynamic
response than just 1[HbO2] on its own

• Show the full time-course of the hemodynamic response,
where latency of the response may help inform on brain
maturity

• Attempt to differentiate between sedated, asleep and awake
infants in the results as the different arousal states may
confound the hemodynamic response

• Report on any individual cases of a varied hemodynamic
response which may be masked at the group level but still have
physiological meaning

In addition to the above, there is a need for (i) appropriate
statistical framework for inference of newborn functional
activation (such as the development of a newborn HRF for
GLM analysis) and (ii) multimodal measurements that include
systemic variables such as heart rate and blood pressure to
identify confounding factors of the newborn brain hemodynamic
response.

There is great potential for fNIRS to be utilized to monitor
newborns with brain injury at the cotside, and provide valuable
clinical information that could aid with clinical care. There
is therefore a positive future in the field of monitoring
newborn responses to stimuli, with continuing improvements in
instrumentation and analysis.

AUTHOR CONTRIBUTIONS

IdR, GB, and IT wrote the first draft of the manuscript. IdR, GB,
SM, JM, NR, and IT participated in the analysis, drafting, and
revising of the manuscript.

FUNDING

This research was funded by The Wellcome Trust, grant
(104580/Z/14/Z), and the Centre for Doctoral Training
Integrated Photonic and Electronic Systems, Engineering, and
Physical Sciences Research Council, grant (EP/L015455/1).
NR, SM, and JM acknowledge the support of the UCL/UCLH
Biomedical Research Centre.

REFERENCES

Abboub, N., Nazzi, T., and Gervain, J. (2016). Prosodic grouping at birth. Brain
Lang. 162, 46–59. doi: 10.1016/j.bandl.2016.08.002

Aoyama, S., Toshima, T., Saito, Y., Konishi, N., Motoshige, K., Ishikawa,
N., et al. (2010). Maternal breast milk odour induces frontal lobe
activation in neonates: a NIRS study. Early Hum. Dev. 86, 541–545.
doi: 10.1016/j.earlhumdev.2010.07.003

Arichi, T., Fagiolo, G., Varela, M., Melendez-Calderon, A., Allievi, A., Merchant,
N., et al. (2012). Development of BOLD signal hemodynamic responses in the
human brain. Neuroimage 63, 663–673. doi: 10.1016/j.neuroimage.2012.06.054

Arichi, T., Moraux, A., Melendez, A., Doria, V., Groppo, M., Merchant,
N., et al. (2009). Somatosensory cortical activation identified by
functional MRI in preterm and term infants. Neuroimage 49, 2063–2071.
doi: 10.1016/j.neuroimage.2009.10.038

Arifler, D., Zhu, T., Madaan, S., and Tachtsidis, I. (2015). Optimal wavelength
combinations for near-infrared spectroscopic monitoring of changes in brain
tissue hemoglobin and cytochrome c oxidase concentrations. Biomed. Opt. Exp.

6:933. doi: 10.1364/BOE.6.000933
Arimitsu, T., Minagawa, Y., Yagihashi, T. M., O Uchida, M., Matsuzaki, A., Ikeda,

K., et al. (2018). The cerebral hemodynamic response to phonetic changes
of speech in preterm and term infants: the impact of postmenstrual age.
NeuroImage Clin. 19, 599–606. doi: 10.1016/j.nicl.2018.05.005

Arimitsu, T., Uchida-Ota, M., Yagihashi, T., Kojima, S., Watanabe, S.,
Hokuto, I., et al. (2011). Functional hemispheric specialization in processing
phonemic and prosodic auditory changes in neonates. Front. Psychol. 2:202.
doi: 10.3389/fpsyg.2011.00202

Aslin, R. N. (2012). Questioning the questions that have been asked about the
infant brain using near-infrared spectroscopy. Cogn. Neuropsychol. 29, 7–33.
doi: 10.1080/02643294.2012.654773

Frontiers in Human Neuroscience | www.frontiersin.org 16 October 2018 | Volume 12 | Article 371

https://doi.org/10.1016/j.bandl.2016.08.002
https://doi.org/10.1016/j.earlhumdev.2010.07.003
https://doi.org/10.1016/j.neuroimage.2012.06.054
https://doi.org/10.1016/j.neuroimage.2009.10.038
https://doi.org/10.1364/BOE.6.000933
https://doi.org/10.1016/j.nicl.2018.05.005
https://doi.org/10.3389/fpsyg.2011.00202
https://doi.org/10.1080/02643294.2012.654773
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


de Roever et al. Functional NIRS Studies in Newborns

Bale, G., Elwell, C. E., and Tachtsidis, I. (2016). From Jöbsis to the present
day: a review of clinical near-infrared spectroscopy measurements
of cerebral cytochrome-c-oxidase. J. Biomed. Opt. 21:091307.
doi: 10.1117/1.JBO.21.9.091307

Bale, G., Mitra, S., Meek, J., and Robertson, N. (2014). A new broadband
near-infrared spectroscopy system for in-vivo measurements of cerebral
cytochrome-c-oxidase changes in neonatal brain injury. Biomed. Opt. Exp. 5,
663–676. doi: 10.1364/BOE.5.003450

Bartocci, M., Winberg, J., Ruggiero, C., Bergqvist, L. L., Serra, G., and Lagercrantz,
H. (2000). Activation of olfactory cortex in newborn infants after odor
stimulation: a functional near-infrared spectroscopy study. Pediatr. Res. 48,
18–23. doi: 10.1203/00006450-200007000-00006

Barton, F. E. (2000). The need for 2-D correlation in NIR spectroscopy. AIP Conf.

Proc. 503, 163–172. doi: 10.1063/1.1302860
Beken, S., Hirfanoglu, I. M., Gücüyener, K., Ergenekon, E., Turan, Ö., Ünal,

S., et al. (2014). Cerebral hemodynamic changes and pain perception during
venipuncture. J. Child Neurol. 29, 617–622. doi: 10.1177/0883073813511149

Bembich, S., Davanzo, R., Brovedani, P., Clarici, A., Massaccesi, S., and Demarini,
S. (2013). Functional neuroimaging of breastfeeding analgesia by multichannel
near-infrared spectroscopy.Neonatology 104, 255–259. doi: 10.1159/000353386

Benavides-Varela, S., Gomez, D. M., Macagno, F., Bion, R. A., Peretz, I.,
and Mehler, J. (2011). Memory in the neonate brain. PLoS ONE 6:e27497.
doi: 10.1371/journal.pone.0027497

Benavides-Varela, S., Hochmann, J. R., Macagno, F., Nespor, M., and Mehler, J.
(2012). Newborn’s brain activity signals the origin of word memories. Proc.
Natl. Acad. Sci.U.S.A. 109, 17908–17913. doi: 10.1073/pnas.1205413109

Biallas, M., Trajkovic, I., Hagmann, C., Scholkmann, F., Carmen, J., Holper, L.,
et al. (2012). Multimodal recording of brain activity in term newborns during
photic stimulation by near-infrared spectroscopy and electroencephalography.
J. Biomed. Opt. 17:086011. doi: 10.1117/1.JBO.17.8.086011

Boas, D. A., Dale, A. M., and Franceschini, M. A. (2004). Diffuse optical
imaging of brain activation: approaches to optimizing image sensitivity,
resolution, and accuracy. Neuroimage 23 (Suppl. 1), S275–S288.
doi: 10.1016/j.neuroimage.2004.07.011

Boas, D. A., Grant, P. E., Roche-Labarbe, N., Surova, A., Themelis, G., Selb,
J., et al. (2009). Increased cerebral blood volume and oxygen consumption
in neonatal brain injury. J. Cereb. Blood Flow Metab. 29, 1704–1713.
doi: 10.1038/jcbfm.2009.90

Born, P., Leth, H., Miranda, M. J., Rostrup, E., Stensgaard, A., Peitersen,
B., et al. (1998). Visual activation in infants and young children studied
by functional magnetic resonance imaging. Paediatr. Res. 44, 578–583.
doi: 10.1203/00006450-199810000-00018

Bouchon, C., Nazzi, T., and Gervain, J. (2015). Hemispheric asymmetries in
repetition enhancement and suppression effects in the newborn brain. PLoS
ONE 10:e0140160. doi: 10.1371/journal.pone.0140160

Carlier-Torres, M. E. M., Harmony, T., Ricardo-Garcell, J., Marroquín, J. L., and
Colmenero, M. (2014). The hemodynamic response to acoustically modified
syllables in premature and full term newborn infants acquired by near infrared
spectroscopy. Acta Colomb. Psicol. 17, 13–21. doi: 10.14718/ACP.2014.17.2.2

Chen, S., Sakatani, K., Lichty, W., Ning, P., Zhao, S., and Zuo, H. (2002). Auditory-
evoked cerebral oxygenation changes in hypoxic-ischemic encephalopathy of
newborn infants monitored by near infrared spectroscopy. Early Hum. Dev. 67,
113–121. doi: 10.1016/S0378-3782(02)00004-X

Cristia, A., Minagawa, Y., and Dupoux, E. (2014). Responses to vocalizations
and auditory controls in the human newborn brain. PLoS ONE 9:e115162.
doi: 10.1371/journal.pone.0115162

de Roever, I., Bale, G., Cooper, R. J., and Tachtsidis, I. (2017). Functional NIRS
measurement of Cytochrome-C-oxidase demonstrates a more brain-specific
marker of frontal lobe activation compared to the haemoglobins. Adv. Exp.
Med. Biol. 977, 141–147. doi: 10.1007/978-3-319-55231-6_19

Dravida, S., Adam, J., Zhang, N. X., Hirsch, J., Noah, J. A., and Zhang, X.
(2017). Comparison of oxyhemoglobin and deoxyhemoglobin signal reliability
with and without global mean removal for digit manipulation motor tasks.
Neurophoton 5:011006. doi: 10.1117/1.NPh.5.1.011006

Ferry, A. L., Fló, A., Brusini, P., Cattarossi, L., Macagno, F., Nespor, M.,
et al. (2016). On the edge of language acquisition: inherent constraints on
encoding multisyllabic sequences in the neonate brain. Dev. Sci. 19, 488–503.
doi: 10.1111/desc.12323

Frie, J., Bartocci, M., Lagercrantz, H., and Kuhn, P. (2017). Cortical responses
to alien odors in newborns: an fNIRS study. Cereb. Cortex 28, 3229–3240.
doi: 10.1093/cercor/bhx194

Gagnon, L., Perdue, K., Greve, D. N., Goldenholz, D., Kaskhedikar, G., and Boas, D.
A. (2011). Improved recovery of the hemodynamic response in diffuse optical
imaging using short optode separations and state-space modeling. Neuroimage

56, 1362–1371. doi: 10.1016/j.neuroimage.2011.03.001
Gervain, J., Berent, I., andWerker, J. F. (2012). Binding at birth : the newborn brain

detects identity relations and sequential position in speech. J. Cogn. Neurosci.
24, 564–574. doi: 10.1162/jocn_a_00157

Gervain, J., Macagno, F., Cogoi, S., Peña, M., and Mehler, J. (2008). The neonate
brain detects speech structure. Proc. Natl. Acad. Sci. U.S.A. 105, 14222–14227.
doi: 10.1073/pnas.0806530105

Gervain, J., Mehler, J., Werker, J. F., Nelson, C. A., Csibra, G., Lloyd-
Fox, S., et al. (2011). Near-infrared spectroscopy: a report from the
McDonnell infant methodology consortium. Dev. Cogn. Neurosci. 1, 22–46.
doi: 10.1016/j.dcn.2010.07.004

Gervain, J., Werker, J. F., Black, A., and Geffen, M. N. (2016). The neural correlates
of processing scale-invariant environmental sounds at birth. Neuroimage 133,
144–150. doi: 10.1016/j.neuroimage.2016.03.001

Haensse, D., Szabo, P., Brown, D., Fauchère, J. C., Niederer, P., Bucher, H. U.,
et al. (2005). A new multichannel near infrared spectrophotometry system for
functional studies of the brain in adults and neonates. Opt. Exp. 13, 4525–4538.
doi: 10.1364/OPEX.13.004525

Harris, J. J., Reynell, C., and Attwell, D. (2011). The physiology of developmental
changes in BOLD functional imaging signals. Dev. Cogn. Neurosci. 1, 199–216.
doi: 10.1016/j.dcn.2011.04.001

Hoshi, Y., Kohri, S., Matsumoto, Y., Cho, K., Matsuda, T., Okajima, S., et al. (2000).
Hemodynamic responses to photic stimulation in neonates. Pediatr. Neurol. 23,
323–327. doi: 10.1016/S0887-8994(00)00195-8

Isobe, K., Kusaka, T., Nagano, K., Okubo, K., Yasuda, S., Kondo, M., et al.
(2001). Functional imaging of the brain in sedated newborn infants using
near infrared topography during passive knee movement. Neurosci. Lett. 299,
221–224. doi: 10.1016/S0304-3940(01)01518-X

Issard, C., and Gervain, J. (2017). Adult-like processing of time-compressed
speech by newborns: a NIRS study. Dev. Cogn. Neurosci. 25, 176–184.
doi: 10.1016/j.dcn.2016.10.006

Issard, C., and Gervain, J. (2018). Variability of the hemodynamic response in
infants: influence of experimental design and stimulus complexity. Dev. Cogn.
Neurosci. doi: 10.1016/j.dcn.2018.01.009. [Epub ahead of print].

James, A., and Patel, V. (2014). Hypoxic ischaemic encephalopathy. Paediatr. Child
Health 24, 385–389. doi: 10.1016/j.paed.2014.02.003

Jasdzewski, G., Strangman, G., Wagner, J., Kwong, K. K., Poldrack, R. A., and Boas,
D. A. (2003). Differences in the hemodynamic response to event-related motor
and visual paradigms as measured by near-infrared spectroscopy. Neuroimage

20, 479–488. doi: 10.1016/S1053-8119(03)00311-2
Kabdebon, C., Leroy, F., Simmonet, H., Perrot, M., Dubois, J., and Dehaene-

Lambertz, G. (2014). Anatomical correlations of the international
10-20 sensor placement system in infants. Neuroimage 99, 342–356.
doi: 10.1016/j.neuroimage.2014.05.046

Kamran, M. A., Jeong, M. Y., and Mannan, M. M. N. (2015). Optimal
hemodynamic response model for functional near-infrared spectroscopy.
Front. Behav. Neurosci. 9:151. doi: 10.3389/fnbeh.2015.00151

Karen, T., Morren, G., Haensse, D., Bauschatz, A. S., Bucher, H. U., and Wolf,
M. (2008). Hemodynamic response to visual stimulation in newborn infants
using functional near-infrared spectroscopy. Hum. Brain Mapp. 29, 453–460.
doi: 10.1002/hbm.20411

Kleinschmidt, A., Obrig, H., Requardt, M., Merboldt, K. D., Dirnagl, U., Villringer,
A., et al. (1996). Simultaneous recording of cerebral blood oxygenation
changes during human brain activation by magnetic resonance imaging
and near-infrared spectroscopy. J. Cereb. Blood Flow Metab. 16, 817–826.
doi: 10.1097/00004647-199609000-00006

Kolyva, C., Ghosh, A., Tachtsidis, I., Highton, D., Cooper, C. E., Smith, M.,
et al. (2014). Cytochrome c oxidase response to changes in cerebral oxygen
delivery in the adult brain shows higher brain-specificity than haemoglobin.
Neuroimage 85, 234–244. doi: 10.1016/j.neuroimage.2013.05.070

Kotilahti, K., Nissilä, I., Huotilainen, M., Mäkelä, R., Gavrielides, N.,
Noponen, T., et al. (2005). Bilateral hemodynamic responses to

Frontiers in Human Neuroscience | www.frontiersin.org 17 October 2018 | Volume 12 | Article 371

https://doi.org/10.1117/1.JBO.21.9.091307
https://doi.org/10.1364/BOE.5.003450
https://doi.org/10.1203/00006450-200007000-00006
https://doi.org/10.1063/1.1302860
https://doi.org/10.1177/0883073813511149
https://doi.org/10.1159/000353386
https://doi.org/10.1371/journal.pone.0027497
https://doi.org/10.1073/pnas.1205413109
https://doi.org/10.1117/1.JBO.17.8.086011
https://doi.org/10.1016/j.neuroimage.2004.07.011
https://doi.org/10.1038/jcbfm.2009.90
https://doi.org/10.1203/00006450-199810000-00018
https://doi.org/10.1371/journal.pone.0140160
https://doi.org/10.14718/ACP.2014.17.2.2
https://doi.org/10.1016/S0378-3782(02)00004-X
https://doi.org/10.1371/journal.pone.0115162
https://doi.org/10.1007/978-3-319-55231-6_19
https://doi.org/10.1117/1.NPh.5.1.011006
https://doi.org/10.1111/desc.12323
https://doi.org/10.1093/cercor/bhx194
https://doi.org/10.1016/j.neuroimage.2011.03.001
https://doi.org/10.1162/jocn_a_00157
https://doi.org/10.1073/pnas.0806530105
https://doi.org/10.1016/j.dcn.2010.07.004
https://doi.org/10.1016/j.neuroimage.2016.03.001
https://doi.org/10.1364/OPEX.13.004525
https://doi.org/10.1016/j.dcn.2011.04.001
https://doi.org/10.1016/S0887-8994(00)00195-8
https://doi.org/10.1016/S0304-3940(01)01518-X
https://doi.org/10.1016/j.dcn.2016.10.006
https://doi.org/10.1016/j.dcn.2018.01.009
https://doi.org/10.1016/j.paed.2014.02.003
https://doi.org/10.1016/S1053-8119(03)00311-2
https://doi.org/10.1016/j.neuroimage.2014.05.046
https://doi.org/10.3389/fnbeh.2015.00151
https://doi.org/10.1002/hbm.20411
https://doi.org/10.1097/00004647-199609000-00006
https://doi.org/10.1016/j.neuroimage.2013.05.070
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


de Roever et al. Functional NIRS Studies in Newborns

auditory stimulation in newborn infants. Neuroreport 16, 1373–1377.
doi: 10.1097/01.wnr.0000175247.35837.15

Kotilahti, K., Nissila, I., Nasi, T., Lipiainen, L., Noponen, T., Merilainen, P., et al.
(2010). Hemodynamic responses to speech and music in newborn infants.
Hum. Brain Mapp. 31, 595–603. doi: 10.1002/hbm.20890

Kozberg, M., and Hillman, E. (2016). Neurovascular Coupling and Energy

Metabolism in the Developing Brain, 1st Edn, Vol. 225. New York, NY: Elsevier
B.V.

Kozberg, M. G., Chen, B. R., DeLeo, S. E., Bouchard, M. B., and Hillman, E. M.
(2013). Resolving the transition from negative to positive blood oxygen level-
dependent responses in the developing brain. Proc. Natl. Acad. Sci. U.S.A. 110,
4380–4385. doi: 10.1073/pnas.1212785110

Kusaka, T., Isobe, K., Miki, T., Ueno, M., Koyano, K., Nakamura, S., et al.
(2011). Functional lateralization of sensorimotor cortex in infants measured
using multichannel near-infrared spectroscopy. Pediatr. Res. 69, 430–435.
doi: 10.1203/PDR.0b013e3182125cbd

Kusaka, T., Isobe, K., Okubo, K., Yasuda, S., Kawada, K., and Itoh, S.
(2005). Activation of the visual cortex in infants during natural sleep
using multichannel near-infrared spectroscopy. Adv. Exp. Med. Biol. 25:368.
doi: 10.1038/sj.jcbfm.9591524.0368

Liao, S. M., Ferradal, S. L., White, B. R., Gregg, N., Inder, T. E., and Culver, J. P.
(2012). High-density diffuse optical tomography of term infant visual cortex in
the nursery. J. Biomed. Opt. 17:081414. doi: 10.1117/1.JBO.17.8.081414

Liao, S. M., Gregg, N. M., White, B. R., Zeff, B. W., Bjerkaas, K. A., Inder, T.
E., et al. (2010). Neonatal hemodynamic response to visual cortex activity:
high-density near-infrared spectroscopy study. J. Biomed. Opt. 15:026010.
doi: 10.1117/1.3369809

Lloyd-Fox, S., Blasi, A., and Elwell, C. E. (2010). Illuminating the developing brain:
The past, present and future of functional near infrared spectroscopy.Neurosci.
Biobehav. Rev. 34, 269–284. doi: 10.1016/j.neubiorev.2009.07.008

May, L., Byers-Heinlein, K., Gervain, J., andWerker, J. F. (2011). Language and the
newborn brain: does prenatal language experience shape the neonate neural
response to speech? Front. Psychol. 2:222. doi: 10.3389/fpsyg.2011.00222

May, L., Gervain, J., Carreiras, M., and Werker, J. F. (2018). The specificity of the
neural response to speech at birth. Dev. Sci. 21, 1–9. doi: 10.1111/desc.12564

McDonald, N. M., and Perdue, K. L. (2018). The infant brain in the
social world: Moving toward interactive social neuroscience with
functional near-infrared spectroscopy. Neurosci. Biobehav. Rev. 87, 38–49.
doi: 10.1016/j.neubiorev.2018.01.007

Meek, J. H., Firbank, M., Elwell, C. E., Atkinson, J., Braddick, O., and
Wyatt, J. (1998). Regional haemodynamic responses to visual stimulation in
awake infants. Pediatr. Res. 43, 840–843. doi: 10.1203/00006450-199806000-
00019

Minagawa-Kawai, Y., Cristia, A., Vendelin, I., Cabrol, D., and Dupoux, E.
(2011). Assessing signal-driven mechanisms in neonates: brain responses
to temporally and spectrally different sounds. Front. Psychol. 2:135.
doi: 10.3389/fpsyg.2011.00135

Molavi, B., Gervain, J., Dumont, G. A., and Noubari, H. A. (2012). “Functional
connectivity analysis of cortical networks in Functional Near Infrared
Spectroscopy using phase synchronization,” in Conference Proceedings: Annual

International Conference of the IEEE Engineering in Medicine and Biology

Society. Conference 2012 (San Diego), 5182–5.
Naoi, N., Fuchino, Y., Shibata, M., Niwa, F., Kawai, M., Konishi, Y., et al.

(2013). Decreased right temporal activation and increased interhemispheric
connectivity in response to speech in preterm infants at term-equivalent age.
Front. Psychol. 4:94. doi: 10.3389/fpsyg.2013.00094

Nasser, K., Irfaan, D., Kathryn, H., Ramzi, N., and Sudarshan, J. (2016).
Somatic stimulation causes frontoparietal cortical changes in neonates :
a functional near- infrared spectroscopy study. Neurophotonics 4:011004.
doi: 10.1117/1.NPh.4.1.011004

Nissila, I., Kotilahti, K., Huotilainen, M., Makela, R., Lipiainen, L., Noponen, T.,
et al. (2004). “Auditory hemodynamic studies of newborn infants using near-
infrared spectroscopic imaging,” inAnnual International Conference of the IEEE
Engineering in Medicine and Biology Society, 2004 (San Francisco), 1244–1247.

Nissilä, I., Kotilahti, K., Noponen, T., Huotilainen, M., Näätänen, R., and Katila,
T. (2003). Optical topographic studies of adults and neonates. Opt. Tomogr.

Spectrosc. Tissue V 4955, 134–144. doi: 10.1117/12.478127

Ozawa, M., Kanda, K., Hirata, M., Kusakawa, I., and Suzuki, C. (2011a). Influence
of repeated painful procedures on prefrontal cortical pain responses in
newborns. Acta Paediatr. 100, 198–203. doi: 10.1111/j.1651-2227.2010.02022.x

Ozawa, M., Kanda, K., Hirata, M., Kusakawa, I., and Suzuki, C. (2011b). Effect of
gender and hand laterality on pain processing in human neonates. Early Hum.

Dev. 87, 45–48. doi: 10.1016/j.earlhumdev.2010.09.371
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