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pment/neurodevelopment/spectroscopy/near-infrared” and their equivalents in Por-
tuguese and Spanish. The review was performed according to criteria established by
Cochrane and search was limited to 2003 to 2013. English, Portuguese and Spanish were
included in the search.

Data synthesis: Of the 484 articles, 19 were selected: 17 cross-sectional and two longitu-
dinal studies, published in non-Brazilian journals. The analyzed articles were grouped in
functional and non-functional studies of child development. Functional studies addressed
the object processing, social skills development, language and cognitive development.
Non-functional studies discussed the relationship between cerebral oxygen saturation
and neurological outcomes, and the comparison between the cortical hemodynamic res-
ponse of preterm and term newborns.

Conclusions: NIRS has become an increasingly feasible alternative and a potentially use-
ful technique for studying functional activity of the infant brain.
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PALAVRAS-CHAVE
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infantil;
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de luz proxima ao
infravermelho;
Processos
hemodinamicos

Espectroscopia de luz proxima ao infravermelho como ferramenta auxiliar no estudo
do desenvolvimento infantil

Resumo

Objetivo: Investigar a aplicabilidade da espectroscopia de luz proxima ao infravermelho
(NIRS) para avaliacdo da hemodinamica cortical como ferramenta auxiliar no estudo do
desenvolvimento infantil.

Fontes de dados: Revisao integrativa de literatura feita nas bases de dados PubMed e Li-
lacs, a partir da combinacao das palavras-chave: ‘“psychomotor performance/child develo-
pment/growth and development/neurodevelopment/NIRS/spectroscopy/near-infrared” e
seus correspondentes em portugués e espanhol. A pesquisa seguiu protocolo adaptado dos
critérios estabelecidos pela Cochrane e teve como limite temporal de 2003 a 2013. Foram
incluidas publicacdes nos idiomas inglés, portugués e espanhol.

Sintese dos dados: Foram localizados 484 artigos, dos quais 19 foram selecionados, 17
transversais e dois longitudinais, todos publicados em periodicos estrangeiros. A analise
dos artigos permitiu agrupa-los, quanto a sua abordagem, em estudos funcionais e es-
tudos nao funcionais do desenvolvimento infantil. Os estudos funcionais abordaram o
processamento de objetos eo desenvolvimento de habilidades sociais, da linguagem e
cognitivo. Os estudos nao funcionais discutiram a relacdo entre a saturacao de oxigénio
cerebral e o desfecho neurolégico e a comparagao entre a resposta hemodinamica corti-
cal de recém-nascidos prematuros e a termo.

Conclusées: A NIRS se torna, cada vez mais, uma opcao viavel e uma técnica potencial-
mente (til para estudos de atividade funcional do cérebro infantil.

© 2015 Sociedade de Pediatria de Sao Paulo. Publicado por Elsevier Editora Ltda. Todos os

direitos reservados.

Introduction

Near Infrared Spectroscopy (NIRS) represents a break-
through in techniques used for brain function assessment.
This tool has been considered promising for the evaluation
of children’s cerebral cortex function, contributing to the
increase in knowledge related to neurodevelopment and
cognition in children.'*

The action mechanism of spectroscopy is based on the
fact that neural activity is accompanied by changes in
blood oxygenation, cerebral blood flow and volume. Thus,
different wavelengths within the near infrared spectrum
(780-2,500 nm) are used, capturing different characteris-
tics of light absorption and dispersion in biological tissue.
The light originates from a source, migrates through the
tissue and is captured by a detector. Considering that tis-
sue dispersion is a constant, the attenuation of the amount
of light captured by the detector can be calculated, pro-
viding an indirect measure of activity in this tissue. That
is, variations in the concentration of oxyhemoglobin
(HbO,), deoxyhemoglobin (HHb) and total hemoglo-
bin (HBT) are calculated, which allows a quantitative and
qualitative assessment of hemodynamics and neuronal
activation.>¢

Compared with other neuroimaging techniques, NIRS has
the advantage of being a noninvasive, portable, quiet, rel-
atively low-cost and safer method, less sensitive to motion
artifacts, as it does not require a tracer or carrier sub-
stance to be injected into the blood stream and does not

require irradiation.' Additionally, it allows children to move
on their caregiver’s lap, where they remain more comfort-
able and, therefore, more likely to complete the examina-
tion (Fig. 1). Another advantage is that as newborns and
infants tend to have fine hair and their skulls are thin and
small, the ratio of loss of signal due to dispersion is less
than that for participating adults.®

Although the assessment of cerebral hemodynamics
seems to be advantageous, it is important to identify how
the methodology has been used and in what kind of research
in child-related areas. The aim of this study was to carry
out an integrative review of the literature published in
indexed journals in the period of 2003-2013, on the use of
NIRS to assess cerebral hemodynamics as an auxiliary tool
in the study of normal childhood development.

Method

An integrative review was carried out following an adapta-
tion of the Cochrane criteria, which included: definition of
the study databases, definition of target audience, time
limit, definition of keywords, inclusion criteria for the
selection of studies, study quality assessment, synthesis
and interpretation of results.

The search was carried out in the PubMed and Lilacs
databases, using a combination of the following keywords:
“Psychomotor Performance”/“Child Development”/“Growth
andDevelopment”/Neurodevelopment, “NIRS”/“Spectroscopy,
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Figure 1 Nine-month-old child undergoing near-infrared
spectroscopy (NIRS) on the mother’s lap.
Source: Personal archive, with the family’s permission.

Near-Infrared” and their equivalents in Portuguese and
Spanish.

The inclusion criteria for articles were: type of study
(cohort, case-control, cross-sectional, randomized trials),
target audience (children 0-7 years), language of publication
(English, Portuguese and Spanish), available as full-text in
digital media and temporal limits (June 2003 to June 2013).

The titles were selected by reading the abstracts in
order to determine whether they addressed the subject of
this research and if they met the inclusion criteria. The
next step consisted in recovering the articles and read
them in full. This step was performed in two stages: first,
two researchers read and selected the articles inde-
pendently and, second, the information was cross-checked
and the articles were selected in agreement.

The next step was to identify the central ideas of each
study, which were then grouped according to recurring
themes, into thematic categories. These categories were
analyzed, allowing the articulation among the assessed
topics and the development of the knowledge synthesis.

Results
Based on the combination of the previously mentioned

descriptors and databases, 484 articles were located.
After applying the inclusion criteria, 19 articles were

selected, of which 17 were cross-sectional and two longi-
tudinal studies.

The difference between the number of located publica-
tions and the number of selected publications is due to the
fact that most of the identified studies consisted of review
articles, with samples at age ranges above the one that was
established for this study, studies carried out in animals,
studies that were limited to exploring methodological
aspects of the spectroscopy technique, studies published
prior to the period established in the inclusion criteria,
articles in other languages and not available in digital form.

All selected articles were published in 12 international
journals, a heterogeneous distribution, highlighting the
predominance of publications in the Neurolmage journal
(26.3%). As for the distribution of articles by year of publi-
cation, there were four (21%) in 2012 and three (15.8%)
each year in 2011, 2010, 2009 and 2007. The others were
published in 2006 (5.3 %) and 2008 (10.5%).

Study analysis allowed us to group them concerning the
use or not of stimulation paradigms to investigate cortical
activation. Studies evaluating the neural activation during
performance of stimulation paradigms were called func-
tional studies. Functional studies addressed four topics
related to child development, namely: object processing
(Table 1), development of social skills and cognitive devel-
opment (Table 2) and language development (Table 3).
Non-functional studies were those that did not use specific
stimulation paradigms, assessing only the spontaneous fluc-
tuations of cortical hemodynamics (Table 4).

Regarding the methodology, all studies used multi-chan-
nel, continuous-wave NIR equipment with two wave-
lengths and most followed the standardization of the
international 10-20 system of electroencephalography to
locate optodes, with reported sample loss rate between
3% and 80%. The justifications for the losses, as specified
by the authors, were: motion artifacts, obstruction by the
hair, failure in the experimental protocol, crying and agi-
tation, difficulty obtaining optical signal and intolerance
to the equipment.

The studies on object processing were developed with
children aged two to 12 months old and aimed to investi-
gate cortical functional organization related to the visual
perception of objects (color, shape and movement). The
main results showed that, between two and three months
old, it is already possible to identify functionally differen-
tiated cortical regions for visual perception.”"°

About the development of social skills, the studies
assessed functional activation in cortical pathways related
to social skills of children between five and eight months of
age, using images of the human face in different plans and
different facial expressions. The results indicated that, at
five months of age, there is already a specialized area of
the temporal cortex activated by social stimuli.'"?
Furthermore, right hemisphere dominance was verified in
the frontal plane perception and facial profile,? whereas
cortical activation occurs bilaterally for the perception of
dynamic social stimuli."

Studies on language development were carried out with
children aged two months to four years, with the aim to
analyze brain functional processing of language, mainly
related to phonetic processing,'*""> prosody,'¢'” the lateral-
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Table 1 Characteristics of functional studies of cortical hemodynamics using NIRS to assess processing of objects.

Categorization References Objectives Sample (n) Main results
Objects processing Watanabe et al.” To investigate the 40 Cortical functional regions
functional cortical appear at 2-3 months for visual
development through perception
hemodynamic
responses measured
by NIRS during the
presentation of
specific visual stimuli
in children aged
2 months
Wilcox et al.® To investigate the 35 NIRS is sensitive enough to
applicability of NIRS in assess the neural basis of
assessment of brain object processing in infants
objects processing in
children aged
6.5 months
Wilcox et al.? To evaluate the 111 The child’s cortex is
functional functionally specialized for
organization of visual processing objects at the
areas of objects beginning of the first year, but
processing in children the activation patterns change
aged 3-5 months and between 3 and 12 months,
11-12 months which may reflect a functional
reorganization of the immature
cortex or be related to
differences in age-related
cognitive processes
Watanabe et al.™ To study the visual 72 Sensory regions, association

perception and to
understand the
functional cortical
organization in
children aged

areas and the prefrontal region
are functionally differentiated

at 3 months of age and several
regions of the cortex, including
the prefrontal region, are

3 months

activated during perception of
visual events

ization of speech' 4168 and the influence of the speaker’s
familiarity in speech perception.’ The results were consis-
tent with those obtained through other neurophysiological
methods, emphasizing that: responses to specific language
phonemic contrasts are present at six months of age; how-
ever, these become consistent and lateralized only after 12
months." Differences in prosodic patterns were discrimi-
nated by infants between one and nine days of life’” and
functional specialization of the right hemisphere for proso-
dy processing is present, with a response pattern similar to
that of the adult, at four years of age.

The approach of cognitive development involved the
study of cognitive flexibility in children aged three and four
years, and memory in newborns. The main findings indicat-
ed that the development of cognitive flexibility skill is
related to the development of the inferior prefrontal cor-
tex and suggest that children develop prefrontal activa-
tions between the ages of three and four years.?’ About
neonatal memory, a study investigated the capacity of new-
borns to memorize words, focusing on the causes of forget-

fulness in early childhood, testing the capacity of neonates
to recognize words after a period of familiarization. It was
observed that newborns are already capable of memorizing
words hours after birth.?!

The non-functional studies discussed the association
between cerebral oxygen saturation and neurological out-
come;??* and the comparison between the cortical hemo-
dynamic response of preterm and full-term infants.?> All
used continuous wave equipment, ranging from two to 24
channels and only one used the international 10-20 system
for positioning of the optodes with sample loss ranging from
14% to 56%. The reported causes for these losses were:
neonatal death, diagnosed syndrome, follow-up losses and
failure in the experimental protocol.

Children younger than 12 months were evaluated and the
main results suggest that brain oxygen saturation values
and oxygen extraction fraction may be related to neurolog-
ical outcomes??2* and that the oscillations in cerebral blood
flow in the resting state differ between preterm and full-
term infants.?
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Table 2 Characteristics of functional studies of cortical hemodynamics using NIRS to assess the development of social skills

and cognitive development.

Categorization References

Objectives

Sample (n)

Main results

Development
of social skills

Lloyd-Fox et al."

Nakato et al.™

Cognitive
development

Moriguchi; Hiraki?®

Benavides et al.”

To investigate the 36
functional activation

in cortical pathways

related to the social

skills of children aged

5 months

Investigate face 20
processing in children
aged 5 and 8 months

Study the 13
development of

prefrontal function in

children aged 3 and

4 years

Investigate the 112
capacity of newborns
to memorize words

Significant increase of
oxyhemoglobin in two
posterior temporal sites
bilaterally, indicating

that these areas are involved
in the social brain network in
young infants

Brain activity for face
perception is invariant in
relation to the view (frontal
or profile) at 8 months, but
not at 5 months. The right
hemisphere is dominant for
the perception of the frontal
and profile face

Children showed better
behavioral performance

and significantly stronger
lower prefrontal activation at
age 4 than at 3 years. The
children that performed
better on tasks at 3 years
showed significant activation
of the right lower prefrontal
region at that age and
significant activation of
bilateral lower prefrontal
regions at four years.
Children that had poorer
performance at 3 years
showed no significant lower
prefrontal activation at that
age, but significant activation
in the left lower prefrontal
cortex at four years. These
results indicate that the
development of cognitive
skills can be supported by
the development of the
lower prefrontal cortex
Retroactive interference is a
major cause of forgetfulness
in the early stages of
language acquisition and the
phenomenon of interference
that causes forgetfulness is a
selective one

Discussion

Before the advent of neuroimaging techniques, the associ-
ation between brain regions and neurodevelopment was
obtained primarily by clinical neuropsychological investiga-
tions of patients with brain injury and post-mortem exam-
inations. With the advancement of this technology, it

became possible to investigate not only the brain areas
involved in a particular skill, but also the neural circuits
involved in a particular function.?

Noninvasive methods have been explored to make infer-
ences about neural correlates of processes linked to human
development. Among these methods, some record magnet-
ic (magnetoencephalography, MEG) or electrical fluctua-
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Table 4 Characteristics of non-functional studies of cortical hemodynamics using NIRS.

Categorization References Objectives Sample (n) Main results
Association between Toet et al.? To analyze the 18 Values of oxygen
perioperative brain oxygen association between saturation and fractional
saturation and neurological the amount of oxygen extraction are
outcome oxygen saturation stable in children with
and brain fractional normal development, but
oxygen extraction, increase and decrease,
measured by NIRS respectively, in children
and EEG in neonates with impaired
with up to 48 hours development. The
of life and the EEG showed a closer
development association with
outcome the development outcome
Kussman To evaluate the 89 Perioperative periods of
et al.?? association between decreased brain oxygen
perioperative brain saturation are associated
oxygen saturation with altered psychomotor
measured by NIRS development and brain
and abnormalities in infants
neurodevelopmental undergoing reparative
outcome at 1 year of heart surgery
age
Simons et al.? To explore the 27 Perioperative brain
association between oxygen saturation
perioperative brain measured by NIRS may be
oxygen saturation a useful predictor of
measured by NIRS language skills, but it
and does not seem to predict
neurodevelopment at cognitive or motor
2 years of age sequelae at 2 years of age
in children undergoing
surgery for congenital
heart disease
Cortical hemodynamics in Kato et al.?® To measure cerebral 19 The results suggest that

preterm and term infants

blood flow
oscillations in
preterm and term
infants

the cerebral blood flow
oscillations in the resting
state differ between
preterm and full-term
infants and that the
development of
circulatory regulation and
neural activity in preterm
infants are influenced by
extra-uterine environment

tions (electroencephalogram, EEG and amplitude-integrat-
ed electroencephalography, aEEG) that occur in neural
activity; while others, such as functional magnetic reso-
nance imaging (fMRI) and functional near-infrared spectros-
copy (fNIR spectroscopy or fNIRS), measure local changes in
cerebral hemodynamic activity, which can be used to make
inferences about the underlying neural activity.'

Many of these techniques, which are well-established for
use in adults, have restrictions for use in children. Among
all brain imaging techniques, the fMRI is considered the

“gold standard” for noninvasive functional mapping of the
human brain.? This technique stands out from the others
due to its high spatial resolution and by displaying well-es-
tablished routines of data acquisition and analysis, facili-
tating its use in research, among other reasons, because it
is easier to make comparisons between results from differ-
ent studies. However, as the MEG, the fMRI requires the
participant to remain motionless, usually wrapped or
restrained. There are a few published studies in children
using these techniques; however, these works are generally
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limited to the study of children while sleeping, sedated or
very young ones.

For many years, the first choice for neuroimaging studies
in children while awake was EEG, a technique with high
temporal resolution, but relatively low spatial resolution.®
In this field, continuous brain monitoring through aEEG has
been used in neonates to assess real-time brain function
and for long periods, allowing a better classification of the
encephalopathy severity, early detection of subclinical sei-
zures and the monitoring of treatment response.?
Abnormalities found in the aEEG early in life have strong
predictive values of abnormal results at one year of age.?

Compared with the aforementioned techniques, NIRS
offers a new direction for the study of child development,
as it has the following advantages over these methods: bet-
ter temporal resolution, better safety level, it is silent and
less sensitive to motion artifacts, requiring less rigid stabi-
lization of the head and body without the need for a labeled
or carrier substance to be injected into the bloodstream.?

The most commonly used and simpler NIRS method
involves measuring the intensity of diffusely reflected light
with sources that emit light continuously. Instruments that
acquire such measurements are referred to as continu-
ous-wave systems.? All studies discussed here resorted to
this method, which, although it does not provide quantita-
tive measurements of absolute concentrations of different
types of hemoglobin, provides estimates of changes in their
levels from a baseline value, thus reflecting variations in
tissue oxygen use.®

The use of multiple channels with different combinations
of sources and detectors has been described in the litera-
ture in recent years. Until the early 1990s, almost all NIRS
systems employed one or two measurement channels, but
over time, the number of channels in the available systems
has increased, improving spatial resolution.?” Of all the
reviewed studies, most of them used multichannel acquisi-
tion systems, allowing greater coverage of the region of
interest.

The advantages of increasing the number of channels are
clear. However, this results in the inevitable increase in
weight and size of the device that maintains the optodes
positioning in the scalp. This may explain the greater pro-
portion of optical data loss due to excessive movement arti-
facts. The losses reported in the literature vary from 12.5
to 70%,¢ similar to the losses found in this review: 3-80% in
functional studies and 14-56% in non-functional studies. A
possible explanation for the greater loss in functional stud-
ies would be the use of more complex data collection pro-
tocols, employing a greater numbers of channels.

Although NIRS has been used for more than 35 years, it
was not applied to children up until the mid-1990s.
Investigations in this field have expanded rapidly, providing
evidence that NIRS can be used to collect information
about hemodynamics correlated to the neural activity in
children from an early age, using tasks that assess cognitive
skills, language acquisition, visual perception, social cogni-
tion and other functional aspects of the brain during child-
hood.3* Moreover, non-functional NIRS studies have demon-
strated its potential as a prognostic tool, based on the
non-invasive monitoring of cerebral hemodynamics and
oxygenation.?31-33

Based on the publications analyzed, it was possible to
recognize advances in the use of NIR spectroscopy in the
study of child development; however, some methodological
obstacles inherent in the use of this technology must be
considered. Consistent with the results of other studies
reviewing NIRS, it was observed that there is great variabil-
ity in the methods used for data acquisition and analysis.
The use of different wavelength combinations and different
separations between sources and detectors could affect
the captured response. In the 19 studies included in the
review, we identified seven different wavelength combina-
tions used. The separation between optrodes was more uni-
form, being two or three centimeters, which is adequate
for the pediatric population.

Another question that should be addressed concerns the
large differences in sample sizes of the studies (between
12 and 112 subjects) and significant losses due to the qual-
ity of the generated signal. While there is a good signal-to-
noise ratio for optical imaging, the variation that is inher-
ent in infant behavior requires that there be at least ten
babies in each age group.3* The reviewed studies analyzed
samples with 12 or more children. However, one study that
proposed to evaluate the association between the amount
of oxygen saturation, the fractional cerebral tissue oxygen
extraction and the result of development,? with an initial
sample of 18 children, lost nine of them due to death,
ending up with a final sample of nine children and found
developmental change in only one. Despite the importance
of studies like this to extend the current body of knowl-
edge that emphasize the validity of NIRS to study infant
brain development, the interpretation of results obtained
with small sample groups should be very cautious and their
projection to other contexts or populations becomes
impaired.

Moreover, the difficulty of determining the locations for
positioning of optodes using external markers, especially in
children, should be considered. A current trend in NIRS
studies, and which was identified in 13 of the 19 articles
included in this review, is the use of the international 10-20
system for electroencephalography for the positioning of
optodes.

It is also necessary to define the number of experiments
required to obtain a significant response. Finding the bal-
ance between the number of repetitions required to cap-
ture a reliable response without making the test long and
stressful, seems to be a delicate aspect of research using
NIRS in children. This is due to the fact that inadequate
signals and motion artifacts often make it necessary to
repeat the tests. The studies reviewed here showed not
only a large variability in the number of experiments, as
well as in the duration of tests, reinforcing the premise
that there is yet no consensus in the literature about this
aspect. Some authors emphasize that the use of long exper-
iments could lead to a diminished response over time, as
the body adapts to the stimulus that is repeated many
times. Additionally, the study designs in blocks, with long
periods of stimulation and rest, has potential risk for false
positive/negative changes in the signal due to any low fre-
quency fluctuation at baseline or motion artifacts.?® On the
other hand, some authors recommend that stimuli should
be repeated at least 10 times, considering that sponta-
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neous changes in cerebral blood volume are common, for
instance, the so-called Mayer waves or slow vasomotion at
0.1 Hz. Such changes are about the same size as the func-
tional activations and, therefore, may be misidentified.
Repetition allows making averages of time series, reducing
the influence of spontaneous changes, as they are not syn-
chronized with the stimuli.3¢

It is worth noting that this review aimed to emphasize
NIRS as an auxiliary tool in the study of normal childhood
development. For this reason, no studies that addressed
developmental disorders were included, due to high speci-
ficity of each of them. However, it is necessary to stress
that the current literature on NIRS has also emphasized the
adequacy of this technology for the study of child develop-
ment disorders and there is a growing number of publica-
tions in this area. In this context, studies on Autism
Spectrum Disorder,%:3 Attention Deficit Hyperactivity
Disorder®® Cerebral Palsy“# and Down Syndrome* have
been highlighted.

In conclusion, NIRS is increasingly becoming a practical
alternative and potentially useful technique for studies of
functional activity of the infant brain. The development of
equipment more adequate for use in children has increased,
so that the results obtained when using NIRS technology are
more reliable. It is worth mentioning that the spatial loca-
tion of signals will never achieve the accuracy of fMRI, but
in conjunction with other techniques, such as EEG, NIRS is
emerging as an important non-invasive tool for the study of
the developing brain.
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