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It has been 20 years since functional near-infrared spectszopy (fNIRS) was rst
used to investigate the evoked hemodynamic response to a stiulus in newborns.

The hemodynamic response to functional activation is webstablished in adults, with
an observed increase in concentration change of oxygenatedhemoglobin (L [HbO5])

and decrease in deoxygenated hemoglobin I [HHb]). However, functional studies
in newborns have revealed a mixed response, particularly thi 1 [HHb] where an
inconsistent change in direction is observed. The reason fothis heterogeneity is
unknown, with potential explanations arising from diffeng physiology in the developing
brain, or differences in instrumentation or methodology. fie aim of this review is to collate
the ndings from studies that have employed fNIRS to monitocerebral hemodynamics in
term newborn infants aged 1 day 1 month. A total of 46 eligible studies were identi ed;
some studies investigated more than one stimulus type, redting in a total of 51 reported
results. The NIRS parameters reported varied across studsewith 50/51 cases reporting

1 [HbO,], 39/51 reporting 1 [HHb], and 13/51 reporting total hemoglobin concentration
1[HbT] @ [HbO,] C 1 [HHDb]). However, of the 39 cases reportingl [HHb] in graphs or
tables, only 24 studies explicitly discussed the responsei.€., direction of change) of
this variable. In the studies where the fNIRS responses werdiscussed, 46/51 cases

observed an increase inl [HbO], 7/51 observed an increase or variedl [HHb], and

2/51 reported a varied or negativel [HbT]. An increase inl [HbO;] and decrease or
no change in 1 [HHb] was observed in 15 studies. By reviewing this body oftérature,

we have identi ed that the majority of research articles reprted an increase inl [HbO,]

across various functional tasks and did not report the respose of 1 [HHb]. Con rming the

normal, healthy hemodynamic response in newborns will aleidenti cation of unhealthy
patterns and their association to normal neurodevelopment

Keywords: near-infrared spectroscopy, functional activati on, 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 neuroscientistsda
psychologists who want to develop a deeper understanding
the brain and its development, but also for clinicians to deri
prognostic markers of neurodevelopment following perinatal
brain injury [such as hypoxic-ischaemic encephalopathy (HIE)

Since the rst functional near-infrared spectroscopy (fNIRS
study in newborns in 1998 byleek et al. (199&here have been
a number of studies using this technique to investigate rbrai
function and development in newborns, as well as older irdant
and children (loyd-Fox et al., 2010; McDonald and Perdue,
2019.

fNIRS is a non-invasive, non-ionizing neuromonitoring
technique. It relies on the fact that tissue is relativensparent
to light in the near-infrared region (650-1,000nm), and FIGURE 1 | Example of NIRS headgear on a newborn to monitor functional
oxygenated- (Hb®) and deoxygenated- (HHb) hemoglobin are activation. Reproduced fromBouchon et al. (2015)with permission.
strong absorbers in this region. Similar to functional maga
resonance imaging (fMRI), fNIRS is able to detect functional

activity indirectly via detection of hemodynamic changaéilst results. Di erences in instrumentation used and the wakirajst

fMRI is able to detect changes in HHb, fNIRS has the abili%f the newborn (whether awake, asleep, or sedated), may also
to di erentiate between Hb@ and HHDb, providing additional i ' '
hemodyn?nr:lc and_ oxygenation mfc;rn:]atlon.h . ‘ Figure 1 shows an example of fNIRS instrumentation on a
One o the main advantages o ,t € tec.nlque cOMes 0Mea\yporn; in this case, the light sources and detectors acegla
the practical aspects of fNIRS devices: mainly the |nstrumen{ﬁ a cap, which is then placed on the newborn's hefigure 2
can be deployed_wnh relative ease, making it easy t_o US€ Lhows some examples of hemodynamic responses observed in
natural settings W'_thOUt the _nee_d for large and bulky equiptme functional studies in newborns, where (a) shows a response
AIthoggh the spatial resol.ut|on IS poorer compa red to fMR',’ thesimilar to a typical adult response and (b) shows an inverted
technique is _Iess susceptl_ble to movement artifacts, r_eguue 1 [HHb] response. Figure 3 presents the number of fNIRS
need for su_bjects tlo rema(;n Vﬁ Yy stlllbor bebse_dated. It isctfoze related publications in term neonates over the last 20 years.
anfapproprlatg too tl;)s_tu a/t egew om krlaln. indirectly vi Previous review papers have included summarizing the
NIR,S monitors brain ‘emodynamic changes in irectly Vlachallenges and practicalities in performing fNIRS in infants
measuring the concentration changt$Hb02] and 1[HHb]_; (Lloyd-Fox et al., 2010 and investigating the inverted
these are secondary_ to the changes in local neural activély t hemodynamic response in infants up to around 24 months
lead to a corresponding oversupply of cerebral blood ow (CBF)of age with respect to the experimental design and stimulus
to the functional localized area. Neuronal activation riegsi complexity (ssard and Gervain, 20).8
energy; a normal physiological response is an ‘”Cfe"’_‘se in CBF The purpose of this review is to investigate the pattern of
that overc_ompensates Fhe tlssue_'s energy demand._Th|stteads the hemodynamic response of healthy, term newborns to a
decreasglﬂ [HHb] anq mcregsewil .[HbOZ]’aSHHb'S usht_aql stimulus, within a tightly controlled age range from birtlo t
awaywh|!e HbQ@ ows in. This coupling beMeen neural activity 1 month of age. This is a sensitive age range, where rapid
and CBF IS known as neuroyascular cou_phng (NVC). rowth and developmental changes are occurring in the brain,
The_ typical hemodyne_lm|c response m_adults has been wel ind is also an age of particular interest as it is a period
establlshe.d, demonstralltlng an IncreaselifHbO,] and total when the newborn is at risk of signi cant brain injury. For
hemoglobin concentrat|od [,HbT] (D 1[Hb02] c 1[HH,b]) example, HIE occurs in 1-2 per 1,000 live birthdarfes
and Idecreﬁse it [Hle]’PW'thh reprolduzmble e;nd consistent g Patel, 2004and is associated with neurodevelopmental
resg_ts "?‘“ € %roup Eve (éc taetal, d006" Ozj)7r|1—|owe(;/er, impairment and mortality, and is an active area of researth. |
studies in new orn; av;z | em?jnstratgh amixe gimh;’Hgnam@ therefore important to understand the typical response &f th
response compared to adult studies, with an increasef ] healthy newborn brain such that future work is able to idénti

also observed. It has been §ug_gested t_hat th_e variation I response patterns associated with brain injury is th
response may be due to the di ering physiology in newbomsﬁohort

where components related to neurovascular coupling are sti
developing, and systemic blood pressure changes occurring

during the stimuli confounding the hemodynamic responseMETHODS

(Kozberg and Hillman, 2096 Likewise, conicting results

could be due to inter-study di erences, where di ering study The focus of the review was to look at whether the
paradigms, such as the method or type of stimulation, may a eciNIRS-measured hemodynamic response of healthy newborns

contribute to the variation observed.
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FIGURE 2 | Example of functional responses in newborns(A) Response for an asleep newborn in response to auditory stinfation. Shows an increasel [HbO5]
(labeled as oxy-Hb) and a slight decrease it [HHb] (labeled as deoxy-Hb). Reproduced fromi\rimitsu et al. (2018)with permission. (B) Response for an awake
newborn in response to visual stimulation. Shows an increasin 1 [HbO,], 1 [HbT] (labeled as [H)]), and 1 [HHb] (labeled as [Hb]). Reproduced fronieek et al.
(1998)with permission.
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FIGURE 3 | Graph showing the number of publications using fNIRS in termewborns < 1 month of age since the rst study in 1998.

<1 month of age compared to the expected hemodynamiQESULTS

response of an increase In[HbO»] and decrease i [HHD] .

and, if not, whether the variability of the hemodynamic respe P‘_attems of Her_nOdynamIC Response to

can be explained. Therefore, papers were identied usingifferent Functional Protocols

PubMed and Scopus, searching for a combination of keyword total of 46 studies using fNIRS in neonates were identi eitlhw
including (near-infrared spectroscopy | near infrared | opti¢ @ total of 51 sets of results arising from some studies inyatitig
tomography) and (neonate | newborn) and (functional activat ~more than one stimulus type. A summary of the studies included
| activation | evoked response | response). The PRISMA chaft this review is presented iflable 1and includes the cortical
for the selection of papers included in this review is showrrea of interest, stimulus type and hemodynamic response. The
in Figure 4 Papers were rejected if dierent parameters tomajority of studies were on healthy newborns. Some studies
1 [HbO5], 1 [HHb], and 1 [HbT] were reported, if results from monitored newborns with potential pathology (marked with
term newborns< 30 days old could not be extracted from a largeran asterisk inTable 1); however, these studies only included
cohort outside this target range, or if studies were perfatroe  newborns with pathological conditions unrelated to cerebral
newborns with suspected brain injury, such as HIE. function and with no congenital abnormalities. One study

Frontiers in Human Neuroscience | www.frontiersin.org 3 October 2018 | Volume 12 | Article 371


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

S
c
.g Records identified through Additional records identified
T database searching through other sources
= (n=52) (n=0)
c
]
2]
\ ) A 4 A 4
PR Records after duplicates removed
(n=52)
a0
£
o Records excluded, with
g Y reasons
n Records screened | (n=1)
(n=52)
_J Non-English =1
\ 4
Full-text articles assessed
z for eligibility Full-text articles excluded,
3 (n= 51) with reasons
) (n=5)
w
Different parameters
recorded =2
——
Results for newborns < 1
) month age unknown =1
Y Potential brain injury = 2
- Studies included in review
(] =
o (n=46)
=
(%)
£
)
FIGURE 4 | PRISMA chart showing papers identi ed, eligibility, and inakion in this review paper. Note, two papersAbboub et al., 2016; Ferry et al., 201§ were later
identi ed that were not agged using the de ned search criteria. These are cited here but not included in the nal analysis.

investigated newborns with HIE alongside a control grogpén  reported, what the observed response was (this does not iaclud
et al., 200%, only the results from the control group are presentedresponses where only the measurements are presented but not
here. Similarly, some studies looked at both term and preternaxplicitly discussed). From the 51 results reported, 49 dgaalis
newborns (sobe et al., 2001; Ozawa et al., 2011a; Naoi et al., 2013HbO>], 24 discussed [HHb], and 13 discussed [HbT]. A
Carlier-Torres et al., 2014; Frie et al., 2017; Arimitsule281y  summary of thel [HbO,] and 1 [HHb] reported responses is
or included subjects older than 30 dayddek et al., 1998the  shown inFigure 6. An increase irl [HbO3] and decrease or no
results presented here only include the responses from tme terchange inl [HHb] was observed in 15 studies.
infants< 30 days old. An overview of the responses as separated by stimulus type
It should be noted that not all papers reported all three NIRSs shown inFigure 7. A variation in responses is seen in studies
parametersl [HbO>], 1 [HHb], and 1 [HbT]. In some papers, using auditory stimuli which may be due to the higher number
the measurement of [HHb] was reported in graphs or tables of studies that employ this as a stimulus. The most common
but the direction of the response was not explicitly analyzed antesponse in this protocol is an increaselifHbO»] and decrease
discussed, with discussion often centered around the imeof  in 1 [HHb] with nine studies reporting this response; two studies
1 [HbO2]. observed a varied [HHb] response and two studies observed
Figure 5 shows the percentage of studies that reported tha varied1 [HbO»]. Studies using a visual stimulus also show
di erent NIRS parameters, and of those parameters that wera variety of responses, with[HHb] showing variability or an
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FIGURE 5 | Graphs showing the percentage of NIRS parameters reported ifNIRS studies on newborns (above) (a total set of 51 responseéisom 46 studies were
identi ed) and the corresponding responses of those reporte (below). Changes in [Hb@] shown in red, [HHb] shown in blue and [HbT] shown in black. Téntotal
number of studies () reporting each variable is stated next to each graph. Dird¢ions of responses are indicated with an arrow or a line if nolange; responses with a
double arrow indicate a mixed response (both positive and rgative changes observed). Size of arrows correspond to ocauence.

FIGURE 6 | Haemodynamic responses to functional activation observeéh newborns, with changes inl [HbO,] shown in red and1 [HHb] shown in blue. Data is
taken from literature identi ed in this review paper, and inaded above only when both variables1 [HbO,] and 1 [HHb], have been reported and discussed. The size
of the arrows (small and large) relate to the magnitude of theesponse. Responses with a double arrow indicate a mixed rggonse (both positive and negative
changes observed).

increase in four out of nine studies. A variddHHb] is also Biallas et al., 2012; Shibata et al., J0AH studies monitored
observed in response to a pain stimulus, as identi ed in onehe occipital lobe, with some studies additionally monitayithe
study, with two sensory studies reporting an increaskeHbO,]  frontal lobe (Taga et al., 2003and temporal and parietal lobe
and decrease ifh [HHD]. (Shibata et al., 20)2

The study design is an important consideration when looking Two of the three studies employing a checkerboard pattern
at fNIRS data. The type of stimulus used to evoke a cerebrabserved an increase INNHbO>] and decrease ith [HHb] ( Liao
response produces di ering responses, with variation in the sizetal., 2010, 20) Awith the remaining study observing an increase
of the response and temporal pro l&amran et al., 200)5which  in 1 [HbO>] and increase inl [HHb] (Meek et al., 1993 All
may be due to di erent capillary transit times across corticeghree studies found the time-course bfHbO>] to be similar to
(Jasdzewski et al., 200Hence, results presented in the nextthat of adults.

section are separated by functional task (auditory, visuakor The remaining six studies employed a stroboscopic light to

or sensory/pain and olfactory) for ease of comparison. elicit a visual response. The studies show similar results fo
1[HbO,], with most studies observing a positive change in

Visual Stimulation this parameter apart fronkusaka et al. (2003yho observed a

Nine fNIRS studies used visual stimulation. Visual stimulinegativel [HbO2] and Biallas et al. (2012kho observed both
generally used either a checkerboard pattévie¢k et al., 1998; positive and negative [HbO3]. Kusaka et al. (200&dditionally
Liao et al., 2010, 20)2r a stroboscopic lightHoshi et al., observed an increase In[HHb]. Two studies did not report the
2000; Taga et al., 2003; Kusaka et al., 2005; Karen et &8;, 20D[HHDb] results Biallas et al., 2012; Shibata et al., 301&0
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FIGURE 7 | Chart showing observed responses separated by stimulus tyg. Number of studies showing observed response is shown. Déctions of arrow indicate
whether an increase, decrease, varied response or no changeas seen in the NIRS parameterl [HbO,] is shown in red and1 [HHb] in blue.

studies reported a varied response (both positive and negativ&udies [issila et al., 2004; Kotilahti et al., 2005; Telkemeyer
Hoshi et al., 2000; Taga et al., 2D@hd one study reported a et al., 2009; Minagawa-Kawai et al., 20&apart from Nissila
negativel [HHb] (Karen et al., 2008 Hoshi et al. (2000also et al. (2003)where the direction of the response for the
noted a relatively slow recovery of the fNIRS parameters afteruditory stimulation is not explicitly discussed. A negativ
the end of the stimulus compared to rapid recoveries previouslgr no change inl [HHb] is reported in two studies Nissila

reported in adults. et al.,, 2004; Telkemeyer et al., 2D09elkemeyer et al.
(2009) identi ed a vascular response time-course similar to
Auditory Stimulation the well-established adult vascular response dynaridizcsiahti

Thirty studies on newborns used an auditory stimulus; teithe et al. (2005)additionally noted the latency of the maximum
most commonly investigated stimulus using fNIRS in newbornsHbO> response decreased with gestational age, with a mean
with a large number of papers (19 studies) investigating laggu latency of 9.6 2.2s. This was for a cohort of twenty
and memory development in the newborn brain. The majorityterm infants with gestational ages between 38.7 and 42.3
of studies (25/30) monitored the temporal lobe, otherwise th weeks.
frontal lobe was monitored insteadsfkatani et al., 1999; Chen  Nineteen studies used speech as an auditory stimulus, with
et al., 2002; Saito et al., 200)agome studies monitored other seventeen studies reporting a positive change[iHbO;] (Saito
brain regions in addition to the temporal and frontal lobeset al., 2007a,b; Gervain et al., 2008, 2012; Arimitsu et al.,
[frontoparietal Pefa et al., 2003temporoparietal Telkemeyer 2011; Benavides-Varela et al., 2011; May et al., 2011, 2018;
etal., 2009; Cristia et al., 2014, Issard and Gervain,)2pafietal Sato et al., 2012; Naoi et al., 2013; Carlier-Torres et @l4;2
(Arimitsu et al., 2011; Benavides-Varela et al., 2011, 2dag; Cristia et al., 2014; Bouchon et al., 2015; Vannasing et al.,
et al., 2011; Molavi et al., 201 2vhole-head $ato et al., 2012; 2016; Issard and Gervain, 2017; Zhang et al., R0Ohe
Naoi et al., 201)}. Paradigms consisted of either music or tonalstudy reported a varied [HbO;] (Kotilahti et al., 201pand
sounds, or a variation of speech, such as non-native langorageone study did not reportl [HbO3] but instead presented a
backwards speech. positive 1 [HbT] response Pefa et al., 2003 A negative or
Four studies presented music as an auditory stimulumo change inl [HHb] was observed in ve studiesKtilahti
reporting a positive change irl [HbO;] (Sakatani et al., et al., 2010; Gervain et al., 2012; Sato et al., 2012; Carlier
1999; Chen et al., 2002; Kotilahti et al., 2010; Shibafforres et al., 2014; Arimitsu et al., 2018t is noted that
et al., 201p with two studies Gakatani et al.,, 1999; Chen some studies did not explicitly state the directionIofHbO>]
et al., 200p also reporting a variedl [HHb] and one study but instead discussed “activationGérvain et al., 2008, 2016;
(Shibata et al., 20)ot reporting 1 [HHb]. Kotilahti et al.  Cristia et al., 2014; Bouchon et al., 2015; Zhang et al.,;2017
(2010) observed a variedl [HbOy]; for positive 1 [HbO,] May et al., 2018 in these cases, the graphs were visually
cases, they observed a negativiHHb]. They also reported inspected and a positive Haesponse identi ed as indicative
this same response when using a speech stimulus (segactivation.
below). Additionally, some studies performed more than one task as
Five studies used a tonal sound to evoke an auditorgan auditory stimulus, however, only one response per stimulus
response. A positivel [HbO,] was seen in most of the type is reported here. For exampl8gnavides-Varela et al.
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(2012)identi ed an increase irl [HbO>] when presenting novel 2010 and showing a negative response in one stugye(et al.,

vowel sounds and a decreasdlifHbO>] when presenting novel 2017.

consonant sounds. They interpret this as a privilege to vowel

information in the newborn and hence only the increase in

1[HbO,] is reported here. AdditionallyJssard and Gervain DISCUSSION

(2017)used auditory stimuli consisting of normal speech and

compressed speech. They identied a positive Hh@sponse INterpretation of fNIRS Studies in

with normal speech but an inverse HbQesponse to highly Newborns

compressed speech; they considered this inverse response aha majority of studies demonstrated an increaselifHbO2]

deactivation and hence this deactivated response is notdedo with most variation in response arising fror [HHb] (see

here. Three further studies presented multiple auditory saskFigure 6). This review separated the functional tasks by type, with

(Saito et al., 2007a,b; May et al., 2914 these cases, only the results from auditory, visual, motor or sensory/pain and ottay

positive HbQ response was interpreted as a functional responsgtimuli presented. No clear association between the reported

as identi ed from the discussion of the results and only t#hes response and stimulus type is observed.

responses are reported here. It should be noted that studies using fMRI blood-oxygen-
Two other auditory paradigms were identi ed that do not t level dependent (BOLD), monitoring neuronal activation via

into the categories above. One used water sounds and icehti hemodynamic changes, have also observed a heterogeneous

a positivel [HbO,] and negativel [HHb] (Gervain etal., 2006 response in the newborn brain. An early study Born

The other used the sound of a heel lance as a control for amexio et al. (1998)looked at seventeen infants, 3 of whom were 4

task involving a heel lance and observed a positive change wmeeks age or less and identied a mixed response to visual

1 [HbO,] and no change irl [HHb] ( Verriotis et al., 20156 stimulation using a stroboscopic light during spontaneoepl
A negative BOLD response, corresponding to an increase in
Motor or Sensory/Pain Stimulation 1 [HHDb], suggests that the coupling between neural activitgi an

Eleven studies have been performed in newborns using motaascular response is di erent in neonates compared to adults
or sensory/pain stimulation. Stimuli consisted of passiveen (Born et al., 1998 Some groups have observed positive BOLD
or elbow movementigobe et al., 20Qvibration to hand or responses in neonates in-line with a typical adult respofigehi
foot (Haensse et al., 2005; Shibata et al., paapping (Nasser et al. (2009)studied six term infants (one sedated) using a
et al., 2016; Verriotis et al., 20]1&ubbing the foot (Nissila somatosensory stimulus identifying a positive BOLD response.
et al., 2008 or breaking skin as part of standard clinical careThe authors hypothesize that negative BOLD signals may arise
(Ozawaetal., 2011a,b; Bembich etal., 2013; Verriotis 20d46.  from analysis methods of fMRI data, where typically an adult-
All studies monitored parietal or frontoparietal regions apar derived hemodynamic response function (HRF) model is used
from two noxious studies where the frontal lobe was monitbre rather than an infant-HRF, which is likely to di er in shape. It
(Ozawaetal., 20113,Bembich et al. (201&Iso monitored over has also been suggested that infant HRFs may di er in temporal
the frontal and temporal regions. One study monitored newisor pro le as well and may be the cause of discrepancies seen in
who were sedated<obe et al., 2001 newborn BOLD responsességhier et al., 2006; Arichi et al.,
Ten studies showed a positide[HbO>] response with one 2019.
study not reportingl [HbO2] (they instead, they report cerebral ~ Care should be taken when interpreting fMRI BOLD studies,
blood volume calculated using [HbT] 0.694 [HHb]; Beken as they are often conducted with infants under sedation
et al., 2011 Three studies displayed a negative or no change ito prevent movement artifacts. The e ect of sedation on
1 [HHDb] (Isobe et al., 2001; Haensse et al., 2005; Verriotis et éhe hemodynamic response in human infants has not been
2016 and four studies did not reporfl [HHb] results (Ozawa investigated; however, in animal studies, sedation didanett
et al., 2011a,b; Shibata et al., 2012; Beken et al.).28dbhe the response of Hb®and HHb signals$harp et al., 20)5
et al. (2001 additionally noted a slower hemodynamic response A BOLD study by Arichi et al. looked at the BOLD response
compared to adults with a time-to-peak of 12s IN[HbO,]  from two groups of term infants: one group sedated and one
and 19s inl [HHb], compared to adult responses in a similar group unsedated. They identi ed no di erence in global CBF
task of 6-8s inl [HbO,] and 11-13s inl [HHb], however, between the two groups, suggesting the inverse BOLD response
it should be noted that this study was performed on sedateis not as a result of sedatiorAichi et al., 201). However,
newborns.Verriotis et al. (2016)identi ed a relatively short other studies have suggested that sedation may alter tieditas
peak hemodynamic response of 2—-4 sTJHbO>,] compared to CBF Seghier et al., 20)6further investigation into di erent

previously reported peak latencies of 4-6 s in adults. types of sedation and its e ect on the hemodynamic response
in newborns is needed. Additionally, since BOLD fMRI detects
Olfactory Stimulation activated cortical regions via detection of a decreade[iHb],

Three studies used an olfactory stimulus in newborns. Althe presence of an increaselifHHb] may be overlooked unless
studies monitored the frontal lobe with one study additilga both an increase and decrease of the fMRI signal are considered.
monitoring the parietal lobeHrie et al., 201)7 All three studies Functional studies in adults have identied a typical
found a positive response af[HbO>] with results ofl [HHb] hemodynamic response consisting of an increasé jRbO>]

not being reported in two studie3@rton, 2000; Aoyama et al., that reaches a peak a few seconds before the peak decrease
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in 1 [HHDb]. Some studies in newborns have shown a slower However, several studies demonstrated an increase in
hemodynamic response compared to adults12-16s peak 1 [HHb]aswelladl [HbO3], suggesting thatthe balance between
latency compared to 4-6 s typical peak latency in adults duringxygen consumption and oxygen delivery in the neonatal brain
motor stimulation; Isobe et al., 2001 The slower response of di ers from the adult brain. Factors that e ect NVC include the
the neonatal hemodynamic response compared to the adudiignaling pathways responsible for dilating blood vesselghwh
response may be due to several factors such as sedation (foay still be developing and hence alter the expected increase i
example,lsobe et al. (2001inonitored sedated newborns), a CBF, and myelination which e ects the latency of the response
di ering functional organization of the brain in newborns an-  (Harris et al., 201)L
going myelin and synapse development and hence a developing It has been suggested that the NVC mechanism in the neonatal
NVC mechanism Kusaka et al., 20)11t has been suggested brain is not yet fully established and can lead to the diering
that myelination can e ect the latency of the hemodynamicresponse observed compared to adults, where NVC is well-
response, with increased myelination (such as in the adultstablished Jasdzewski et al., 2Q03T’he rapid developmental
brain) leading to a more synchronous synaptic activatidaifis  changes occurring in the newborn brain may e ect the coupling
et al., 201)L. MRI studies have shown that visual and auditorybetween neural activity and blood ow, so fNIRS measurements
sensory regions myelinate faster than motor regioréiker may re ect the altered functional coupling of the braik¢zberg
and Patton, 2012 hence it is plausible that the latency of and Hillman, 201%. The increase in oxygen consumption during
the hemodynamic response varies according to the stimuluseuronal activation may not always lead to overperfusion due
type. to the immaturity of the vascular regulation in this cohorf o

In contrast, Verriotis et al. (2016)identi ed a faster peak subjects. Additionally, there may be a higher metabolic dena
hemodynamic response of 2—4 s fbfHbO»] compared to peak in these subjects compared to adults where metabolic demands
latencies of 4—6s in adults. They suggest this may be thét resin the neonate are still evolving that leads to a reversahef t
of di ering stimulus durations but alternatively, be related  balance between oxygen supply and consumptidas{zewski
an immature vascular regulation in newborns that may result et al., 2008 Finally, it may be that NVC matures at di erent

reduced hyperemia and hence a shorter increade[bO2]. rates depending on the brain region, which may lead to varying
The majority of studies reported here do not discuss the peatesponses dependent on functional tasks.
latencies. One study, however, did identify a relationgt@fween Anincrease irl [HHb] may also be related to venous dilation.

the latency of the hemodynamic response to the gestatioral agome studies, such ashioshi et al. (200Q)observed an increase
of the subject, with signi cantly shorter latencies for @amts in 1 [HHb] not only with each subject but also within the same
with higher gestational age¢tilahti et al., 200§ suggesting a subject. An explanation for this may be related to increades o
variation in the NVC mechanism with age. regional CBF which can lead to venous dilation and cause the
Some adult studies have additionally identi ed an initidpd increase inl [HHb] observed. It may be that cerebrovascular
in the hemodynamic response in the form of an immediatereactivity varies with developmental statéoshi et al., 2000
decrease il [HbO>] and increase irl [HHb] after onset of the Another possible explanation comes from a blood stealing
stimulus before the typical oxygen supply to oxygen utilizatio e ect, where regions surrounding the activated region reeei
ratio is established. The origin of this dip is unknown butsha reduced blood ow. Hence, an observed decreast [HbO;],
been shown to be localized and may re ect localized neuronas sometimes observed, or an increask [HHb] may be due to
activity (Zaidi et al., 2018 The majority of fNIRS studies on the activated region deeper in the brain “stealing” the blcmal
newborns do not observe this dip that is typical in the adultfrom the fNIRS-measured volume or an activated region close to
response. However, from visually inspecting the time-caucfe  but not within the fNIRS-measured volume.
the hemodynamic responses in this review, a dip was identied Kozberg et al. investigated the hemodynamic response in
in some studiesKotilahti et al., 2010; Liao et al., 2010, 2012neonatal rats during electrical hindpaw stimulation repogian
Arimitsu et al., 201) although this was not discussed in any ofincrease irl [HHb] ( Kozberg et al., 20)3this inverted response
the papers. changed as the rats matured, developing to the characteristi
The following aspects need to be considered fohemodynamic response of an increase IfHbO2] and a
understanding the fNIRS results: physiological mechanismslecrease inl [HHb]. Importantly, they reported increases in

study design, instrumentation and data analysis. systemic blood pressure occurring during stimulation, witieir
_ ) _ magnitude dependent to the stimulation strength. Thesessyit
Physiological Mechanisms blood pressure changes produce uctuations in hemodynamics

Several physiological mechanisms have been hypothesizedatod oxygenation in the rat newborn brain that are exaggerate

explain the discrepancy in the newborn hemodynamic responsedue to the underdeveloped cerebral autoregulation capacity.

and in particular to explain the observed increaselifHHb]  This acts as a signi cant confounding factor that can atteteu

reported in some studies/eek et al., 1998; Sakatani et al., 1999%the hemodynamic response, invert it or even produce one

Hoshietal., 2000; Chenetal., 2002; Taga etal., 2003; Kasak, in the absence of evoked neural activity. This physiological

2005; Verriotis et al., 2016 phenomenon and issue has been well described and discussed in
Several studies observed an increade[ldbO»] and decrease adult functional activation studies with fNIRS as a majortdac

in 1 [HHb] similar to that observed in the adult brain, suggestin in producing false positives and false negatives (see recgetwe

that NVC is intact and functioning in the newborn brain. by Tachtsidis and Scholkmann, 2016
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Finally, the waking state of the newborn should be consideretypical hemodynamic response in neonates, it is imperative tha
as this may aect the response seen to a stimulus. Fouwstudies reportthe results of both[HbO>] and 1 [HHb] to allow
studies reported responses in awake newboiviggk et al., agreater understanding of the behavior of these signals.

1998; Bartocci et al., 2000; Nissila et al., 2004; Kotilahti One reason authors preferentially repdr{HbO>] is due to

et al., 2005 nineteen studies reported responses in asleeits repeatability across studies[HHb], in comparison, has a
newborns (se&able 1), one study reported responses in sedateanore heterogeneous behavi@rr@vida et al., 201 awhich may be
newborns [(sobe et al.,, 2001land the remainder of studies due to its lower amplitude and the lower SNR of this parameter.
reported responses in a mixture of awake/quiet rest and asle&ince fNIRS has the capability of measuring bb{iibO,] and
subjects. It is unclear how dierent arousal states can aecil [HHb], it would be bene cial to report both parameters as
the neurovascular response. The study in the sedated newborthis utilizes all the information available and provides armo
(Isobe et al., 20Q1showed a slower hemodynamic responsecomprehensive view of the response.

Kotilahti et al. (2005found a diminished response to an auditory ~ As well as study design, data analysis techniques used di er
stimulus when neonates were in quiet sleep compared to actileetween studies. Pre- processing techniques are often used on
sleep. FurthermoreAslin (2012) has suggested that regional fNIRS data, and consist of low-pass Itering (ranging from®t@

di erences observed in sleeping neonates may disappear whérHz) to remove slow drifts and slow oscillations, and higlsgpa
arousal of the neonate increases and hemodynamic responskering (ranging from 0.01 to 0.05 Hz) to remove pulse artifac
increase and could potentially override any regional di ezea and other high frequency noise. Many studies also removed

seen. stimulus epochs that contained movement artifacts or otlisew
_ _ removed the movement artifact and interpolated the datacivhi
Study Design and Data Analysis were identi ed either visually (appearing as spikes in the Jjata

The majority of fNIRS studies use a block paradigm, whereia large standard deviation changes during the stimulugoper
periods of the experimental condition are alternated with pds  or via monitoring of video footage of the infant. Smoothin§ o
of rest, and the changes in [HBP and [HHb] over the the datawas also performed in some studies, for example using a
stimulation period are block-averaged to obtain a hemodyitam moving-average window.
response. This repetition in the experimental condition hasrbe Extraction of the hemodynamic response also di ered, with
demonstrated to reduce noise arising from uncorrelateshdse no standardized method yet established. A common method
(Yamada et al., 20)2Furthermore, it is not always possible is to perform a block average of the data across epochs and
to extract a functional response from only one trial due toto determine activation via comparison of the peak period
insu cient signal-to-noise ratio (SNR) and motion artifast against a baseline period before presentation of the stimulus
(Scarpa et al., 20).0n some cases, a block design is not possibl€ften, data is presented as a group average, where results
for example, in pain studies, where the subject is presentdd wifrom all infants are averaged and presented. One issue with
the pain stimulus only once. In this case, the amplitude of thehis method is the potential for the variation il [HHb]
hemodynamic response to such a stimulus is large in comparisdo be masked by the averaging process; data should also be
to other stimuli such as touch, which enables a relativedaicl assessed on an individual basis to check for dierences in
response to be observed. However, such stimuli cause larjggHHD] response which may have a physiological meaning. An
systemic changes including heart rate and breathing ratietwh alternative approach employed by some studies is to use a general
can lead to additional non-evoked physiological changesién t linear model (GLM) to extract the hemodynamic response,
brain (Tachtsidis and Scholkmann, 20Q1&are should also be where the measured signal is explained in terms of a linear
taken when considering the number of trial repeats to perfaam; combination of the modeled response plus an error term. This
recentinfant fNIRS study showed a diminished cerebral respon is an increasingly used technique that is a standard method in
with increasing number of trials (oyd-Fox et al., 2010 fMRI data analysis. However, similar to fMRI, modeled responses
Many of the auditory studies presented here used morare usually based on adult responses with a need for an infant
complicated paradigms such as subtle variations in speech HRF.
investigate language development in the neonatal brain. The The most commonly used statistical techniques to assess
various complexities in stimuli used makes the expected timec activation were ANOVAs and studentstests. A review of
of response more dicult to interpret and compare between statistical analysis in fNIRS can be foundtak and Ye (2014)
studies, which may be responsible for some of the non-typical
responses observed. A review of the in uence of experimental
design on the hemodynamic response in infants has recentty bedNIRS Instrumentation
discussed inssard and Gervain (2018) There is a range of NIRS instrumentation that can be used
Data processing and analysis also varied across studies ailedmonitor cerebral hemodynamics, with the main methods
may a ect observed responses. One issue that is evident frem tikomprising of continuous-wave systems, time-resolved syste
presented literature is the inconsistency in reporting al MiRS  and frequency-domain systems. A review of these dierent
parameters. Additionally, whilst some studies inclddéiHb] in modalities can be found i&cholkmann et al. (2014)
graphs showing hemodynamic changes, many neglect to discussThe wavelengths used, number of channels, and source-
the results ofl [HHb] or choose not to perform statistical detector separation are all important in characterizing aesys
analysis on this parameter. In order to better understand thend are discussed brie y below.
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Wavelength Selection using wavelength combination 790 and 920 nm; no newborn
NIRS systems require a minimum of two wavelengths tastudies using these two wavelengths were identi ed althoug
determine concentration changes of two unknowns: Hkedd  this highlights the importance of appropriate wavelength
HHb. However, many systems use more than two wavelengtlselection for accurate concentration quanti cation in fRIS.

in order to reduce cross-talk by improving separability Sub-optimum wavelength selection is likely to a ec{HHDb]
between the two absorption spectra of these chromophoregesults more thanl [HbO;] due to the lower SNR of this
Cross-talk is dened here as a genuine change in onarameter.

chromophore concentration inducing a spurious change in

another chromophore concentration. This is especially imaott Probe Placement and Number of Channels

in functional activation studies where the focal nature ofThe number of sources and detectors of a system determires th
chromophore changes can lead to cross-talk due to incorrectoverage on the head or region of interest. Sources andtdetec
pathlength assumptions (where di erential pathlength rathercan be arranged in such a way that multiple sources can reach
than partial pathlength is useoas et al., 2004The selection multiple detectors, thereby increasing the number of abédla

of wavelengths across the NIR region isimportantin detetingn channels. An increased coverage reduces the uncertainty
the accuracy of concentration measurements deridhiigman  over which cortical region is being monitored, however,sthi
et al., 2008 Furthermore, optimum wavelength combinations can increase the chance of optical cross-talk at detectors,
are important to maximize SNR, as low SNR may maskvhere the origin of the light is uncertain due to multiple
chromophore concentration changesdto et al., 2004 sources.

Figure 8 summarizes the di erent wavelength combinations The number of channels used varies, with ve studies using
used in dierent NIRS instruments, with the number of 1 channel, nine studies using between 2 and 10 channelsfytwen
wavelengths used for functional activation studies in nemas  ve studies using between 11 and 24 channels and seven studie
varying between two to four wavelengths, ranging from 670 nnusing over 25 channels.
up to 910 nm. Generally, systems use at least one wavelengthProbe placementis crucial in studies monitoring brain aityiv
above and below the isosbestic point (around 800nm) tdn a specic cortical region, as incorrect placement may lead t
di erentiate between signals sensitive to changed [iMbO,] the activated tissue volume of interest not being interteda
and in1 [HHb]. Kleinschmidt et al. (1996performed simultaneous fMRI and

Uludag et al. (2004used model-based estimates of crossfNIRS measurements in healthy adults and found no fNIRS-
talk and separability to assess the best wavelengths to useHblb response when NIRS probe positions were 1-2cm away
accurately assess concentration changes of Ha@d HHb  from the region of activation. Most studies determined probe
in the adult head. They found that if both wavelengths areplacement using the 10-20 system, with probes placed with
> 780 nm, then cross-talk is high. Additionally, their thetical respect to anatomical landmarks on the head. This enables
optimum wavelengths, with one wavelength below 720 nmmore reliable placement between subjects, where head size an
and the other wavelength 730 nm, were in contradiction to shape may vary and aids in standardization of probe placement.
wavelengths used in commercial systems, although it shioelld However, the rapidly maturing brain of newborns adds to
noted that this study was based on the adult head. Additignal the di culty in accurate placement with variation occurring
Boas et al. (2009denti ed optimum wavelengths when one amongst individuals between external landmarks and interna
wavelength is< 710nm and the other is above 830nm. It isbrain structuresi{abdebon et al., 20)4
expected that selected wavelengths with a large di erence in Multi-channel systems have the advantage of being able
the absorption coe cients between Hooand HHb might yield to cover a larger area of the cortex; since the underlying
more reliable concentrations hence similar results miglt bbrain structure of newborns is unknown on an individual
expected for the newborn. Additional recommended wavelengtbasis, single channels may miss the region of activation. It
combinations have been summarized by Scholkmann et ahas additionally been shown in adult studies that reliapitif
with the combination 780 and 830 nm generally shown to bdNIRS measurements is improved through averaging over skevera
more susceptible to cross-talls¢holkmann et al., 20)4lt is  channels\(Viggins et al., 206 Furthermore, multiple regions of
well acknowledged that more near-infrared wavelengthsl leathe brain can be monitored simultaneously. This can be berz¢ ci
to a better separation and quanti cation of the changes ininidentifying stimulus-speci c responses; by monitoringyiens
chromophore tissue concentration&r( er et al., 2015. where no activation is present, non-stimulus related respens

Looking only at the wavelength selection independent ofsuch as those due to arousal state of the newborn) can bé rule
other factors, studies showing a variation IMHHb] tended  out (Aslin, 2012.
to use wavelengths outside the recommended range. Of the An increase in the number of sources, detectors and
three studies that utilized three wavelengths, 1/3 showed achannels used in fNIRS studies can generally be seen over the
increasedl [HHb] with one not reporting 1 [HHb] and the years as the technology develops, indicating the preference
remaining study reporting a negatiie[HHb]. Likewise, use of for a wider head coverage as researchers keep up with
780 and 830 nm had a high proportion of varied (4/6) comparednstrumentation developments.Figure 9 summarizes the
to unreported (2/6) 1[HHb]. A reversal of response has number of channels used in fNIRS studies in newborns
previously been reported when investigating optimal wavealeng showing in general an increase in channels with date of
combinations in adults Jludag et al., 2004 This was found publication.
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FIGURE 8 | (A) Chart showing wavelengths used in NIRS systems used in funcial studies of newborns< 1 month of age. Systems are listed in chronological order
from their rst publication as used for this application(B) Extinction spectra for HbGQ, and HHb for the corresponding wavelengths.

Source-Detector Separations interrogate cerebral tissue. Source-detector separatib?2s cm

Di erent source-detector separations interrogate di eremiths  have been shown to have su cient depth penetration of around
of tissue, with short separations sampling more super ciatfay 1 cm, which includes the cerebral cortex in neonatesss et al.,
and longer separations more likely to sample the brain. Thi2009.

e ect is less signi cant in newborns compared to adults as the The source-detector separation as well as placement of the
newborn skull thickness is around half of that of a typical hdu probes is important for determining the sampling region, aseve
Hence, smaller source-detector separations can be usediind s slight di erence in this sampling region can lead to di eresce
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FIGURE 9 | Chart showing the number of channels used in fNIRS systems fdunctional studies of newborns< 1 month of age. Systems are listed in chronological
order as presented in the literature.

in results. One example is fronservain et al. (2011who Finally, some studies have employed regression techniques i
performed a study similar to their 2008 study on speech stmgctu order to remove scalp interference from NIRS measuremerds an
inthe neonatal brainGervain et al., 20Q&ising a shorter source- reveal only cerebral changes. Use of multiple separationdéee a
detector separation of 2 cm compared to the 3 cm originally usedo provide depth discrimination and super cial e ects can be
They found that, whilst the 2 cm channel was able to identiy t removed from longer channels through various signal praogss
overall auditory activation, it failed to register more dlelresults techniques {ak and Ye, 2014 This has been shown to increase
seen at 3cm, where no response was seen in the frontal regi®NR in the cerebral response. These techniques are becoming
at 2cm and di erences between two grammar conditions werenore prevalentin fNIRS studieSagnon et al., 20)1
not seen. This shows that care should be taken when intergeti  As can be seen frorfigures § 9, there is no standardization
fNIRS results as absence of functional activation is notlesige  in the instrumentation used for functional studies in newhs,
of no activation; smaller source-detector separations n@ype  with  varying wavelength combinations, source-detector
able to detect activation where longer source-detectonrsgipas  separations and number of channels.
are able to. This may preferentially a ett[HHb] due to the
spatially smaller change in this parameter comparet idbO2]
during functional activation $trangman et al., 20)3making a CONCLUSION
longer separation more likely to sample the activated regith & s review has collated and summarized the studies to
detect changes due ﬂO[HHb]', . . date that have utilized fNIRS in term neonatesl month
S(_)urce-detector separations vary across instrumentation age. In total 46 papers were found, with some studies
ranging from 1 to 5.6cm. An optimum source-detector i estigating more than one stimulus, resulting in a total
separation enables monitoring of the deeper tissue in thenbraiy 54 presented responses. The majority of papers identi ed
whilst still maintaining a high SNR and hence, increases thgn increase inl1[HbO,]. However, a large proportion of
likelihood of stimulus-induced cerebral changes beingedttd. papers do not reportl [HHb] (only 24/51 papers explicitly
The anatomy of the neonate as well as the age should Bfscussed the direction ofl [HHb]). Of the papers that
taken into account when determining source-detector sefi@ma do report the direction of 1 [HHb], the majority show a
as this will a ect the interrogation volume and largely di ers decrease inl [HHb], with 17/24 papers stating a decrease or
from those used on adult heads. Light source power will alsfo change in this variable. This is in contrast to a recent
aect the penetration depth and quality of the signal. Hencereview bylssard and Gervain (2018yho looked at a broader
optimal source-detector separations may vary depending opopulation of infants including newborns. They identi ed
instrumentation and age of subject. variable hemodynamic responses, with a canonical response
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of an increase inl [HbO>] and decrease irl [HHb], or an
inverted response of a decreaselifHbO»] 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 respomse i
healthy infant brain such that future work could enable dxien
of abnormal developmental patterns in neonates with brain
injury such as HIE.

Potential reasons for the discrepancylifHHb] in newborns
could be due to the diering physiology in this cohort, or
instrumentation and analysis di erences across studies et al.
(2010)suggest that the ambiguity ih [HHb] response may be
resolved by using a tightly controlled age range, as di eesria
age may reveal the maturation of the developing newborn brain
if discrepancies are due to this. Additionally, locationsafirce-
detector positions and scalp interference may contributéhi
observed heterogeneity.

There has been a vast improvement in instrumentational
developments since the rst study in 1998, with multi-chahne

systems becoming increasingly common, and the emergence r?é

linical information that could aid with clinical care. There
Is therefore a positive future in the eld of monitoring
ewborn responses to stimuli, with continuing improvements i
instrumentation and analysis.

di use optical tomography systems. Furthermore, cap designs

have improved enabling better coupling with the head, and
the increase in multi-modal imaging enables more robus

analysis of functional activation. New developments in fNIRS!

technology will further allow us to monitor both hemodynani
and metabolic responses during newborn functional actorgti
with broadband instruments able to measure metabolic marke
cytochrome-c-oxidase B@le et al., 20)4 This metabolic
marker has shown to have increased brain speci ciplfva
et al., 2014; de Roever et al., 2)Jehabling us to investigate
hemodynamic metabolic coupling during neuronal activity

a

Report both hemoglobin parameters [HbO2] and 1 [HHb])

as these provide a more complete picture of the hemodynamic
response than just [HbO»] 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 di erentiate between sedated, asleep and awake
infants in the results as the dierent 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
ctivation (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 hemodymia
response.

There is great potential for fNIRS to be utilized to monitor
wborns with brain injury at the cotside, and provide valwabl
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