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A B S T R A C T

Measuring brain activity in developmental populations remains a major challenge despite great technological
advances. Among the numerous available methods, functional near-infrared spectroscopy (fNIRS), an imaging
modality that probes the hemodynamic response, is a powerful tool for recording brain activity in a great variety
of situations and populations. Neurocognitive studies with infants have often reported inverted hemodynamic
responses, i.e. a decrease instead of an increase in regional blood oxygenation, but the exact physiological
explanation and cognitive interpretation of this response remain unclear. Here, we first provide an overview of
the basic principles of NIRS and its use in cognitive developmental neuroscience. We then review the infant
fNIRS literature to show that the hemodynamic response is modulated by experimental design and stimulus
complexity, sometimes leading to hemodynamic responses with non-canonical shapes. We also argue that this
effect is further modulated by the age of participants, the cortical regions involved, and the developmental stage
of the tested cognitive process. We argue that this variability needs to be taken into account when designing and
interpreting developmental studies measuring the hemodynamic response.

1. Introduction

Functional Near Infrared Spectroscopy (fNIRS) is an increasingly
popular brain imaging method in developmental neuroscience, as it is
easy to use with and well tolerated by infants and children, and has
several advantages over other imaging techniques in these develop-
mental populations. However, NIRS is a relatively new technique. Its
basic principles are thus less well-known, and the experimental designs
are less well established than for most other imaging modalities.
Moreover, the field evolves quickly, hence analysis techniques vary
greatly from one laboratory to another. Here, we first provide a general
overview of the physiological and physical principles behind fNIRS,
with special attention to developmental populations. Then we discuss a
methodological issue that had received increasing attention in the lit-
erature: the impact of experimental design, stimulus complexity as well
as the age and developmental stage of participants on the shape of the
hemodynamic response. We argue that these factors need to be taken
into account when planning and interpreting NIRS studies with infants
and children.

1.1. Basic principles of fNIRS

NIRS is an optical method that can be used to monitor brain activity
at rest, in response to sensory stimulation, or in a cognitive task, from
birth to adulthood in healthy as well as in clinical populations. NIRS
takes advantage of the differential near-infrared light absorption
properties of oxy- and deoxyhemoglobin (HbO and HbR, respectively)
to detect the concentration changes of these two chromophores in blood
related to focal brain activity, i.e. the hemodynamic response.

At the physiological level, NIRS relies on specific properties of the
neuro-vascular coupling in the brain. Increased neural activity triggers
an increase in oxygen delivery to the active region a few seconds later.
As a result, there is an initial decrease in HbO followed by a strong
increase, while HbR concentration decreases (after a possible brief in-
itial overshoot). Upon continued stimulation, HbO levels remain high
and then return to baseline, sometimes after an undershoot. In parallel,
HbR levels remain low and then return to baseline after a possible
overshoot. This pattern of variations in HbO and HbR concentrations
over time defines the Hemodynamic Response Function (HRF).1 A ty-
pical newborn infant hemodynamic response is depicted in Fig. 1. Im-
portantly, more oxygen is delivered to the active brain regions than
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what is taken up by the tissues, which is why it is possible to measure
regional changes in blood oxygenation.

At the physical level, NIRS takes advantage of the optical properties
of biological tissues in the red and near-infrared range. In the near-
infrared window, i.e. light whose wavelength is above 700 nm, head
tissues are almost transparent to light, and HbO and HbR have well
separated absorption coefficients. Using these optical properties, NIRS
measures the difference in light intensity between a source emitting
near-infrared light at several wavelengths and light detectors placed at
a systematic distance. Typically two wavelengths are used, one on each
side of the isosbestic point of the absorption spectra of HbR and HbO,
e.g. one<780 nm and one> 830 nm (Scholkmann et al., 2014). A
paired source and detector form a measurement channel. In turbid
media, photons travel across a broad distribution of random paths due
to the effects of scattering (Fukui et al., 2003; Okada and Delpy, 2003a,
2003b). A large proportion of the light detected by the detectors travels
through a donut shaped trajectory between a source and the detectors
coupled with it. Light that travels in other directions does not reach the
detectors, it is scattered. The measured light intensities can be con-
verted into concentrations of HbO and HbR using the Beer-Lambert law,
modified to take into account specificities of light travelling through a
biological, thus optically non-ideal, non-homogeneous medium, such as
the scatter and the non-linear, random path of photons. As most com-
mercially available NIRS systems used in cognitive developmental re-
search are unable to quantify the scatter and the actual paths of pho-
tons, these systems can only measure relative concentrations of HbO
and HbR, i.e. concentration change relative to a previous time point.
Absolute concentrations of HbO and HbR can be measured with NIRS
systems able to quantify the scatter and the pathlength (for a review of
such commercially available systems, see Wolf et al., 2007). Absolute
oxygenation levels are highly informative for clinical purposes, while
relative concentrations are sufficient in most experimental settings,
where differences between two conditions or a condition and baseline
are of interest.

The ideal source-detector separation is variable as a function of the
brain region tested, the age of participants and other factors. There is a
trade-off between spatial resolution and penetration depth: the farther
the optodes, the deeper the penetration, but the lower the spatial re-
solution and the higher the noise. In adults, the penetration into the
cortex is about 0.5 cm with a source-detector distance of 3 cm

(Strangman et al., 2002). In infants, several source-detector distances
have been tested (between about 2–5 cm), providing a penetration
depth into the cortex greater than in adults, up to several centimeters in
preterm newborns. Multi-distance channel set-ups, with short-distance
channels of less than 2 centimeters, can also be used to record HbO and
HbR concentration changes in non-brain tissues. This signal can then be
subtracted from the signal obtained from regular channels to improve
the signal-to-noise ratio (Emberson et al., 2016). Like functional Mag-
netic Resonance Imaging (fMRI), fNIRS records the hemodynamic re-
sponse as a proxy for neural activity in a localized brain region. But
unlike fMRI, which detects only HbR, fNIRS records both HbO and HbR,
providing more information about the hemodynamic response
(Steinbrink et al., 2006).

The hemodynamic response in infants is often reported to be slower
to peak, delayed and/or slower to go back to baseline or different in
shape than the adult hemodynamic response, although no systematic
longitudinal investigation of the infant and child hemodynamic re-
sponse has been undertaken to date. The current paper aims to address
this gap by reviewing the existing literature in order to describe the
variations in the shape and latency of the hemodynamic response found
in studies with infants and young children.

1.2. Why use fNIRS in infant research?

The ease of use of NIRS is particularly relevant for developmental
research. Sources and detectors are mounted on a flexible cap that can
be easily placed on the participant’s head. In addition, NIRS does not
require a shielded room. Furthermore, NIRS is relatively motion-tol-
erant compared to fMRI, allowing a behavioral paradigm to be used
simultaneously. NIRS requires no tracer substance or gel. It is com-
pletely silent and uses no magnetic field or radio pulses. It is thus
perfectly safe and non-invasive. It is also possible to take the set-up
outside the laboratory to reach specific populations and study cognitive
development under ecological conditions, such as under-nourishment
or recurrent infections in rural Africa (Lloyd-Fox et al., 2016) (Fig. 2A).

fNIRS can be used with developmental populations2 for whom fMRI

Fig. 1. A typical Hemodynamic Response Function as observed in a
newborn participant in our laboratory. Red: HbO, blue: HbR, rec-
tangle: stimulation.

2 In adults, other niches for fNIRS also exist, e.g. measuring brain activation during
intensive motion such as sports or heavy cognitive tasks, for instance pilots flying planes
in flight simulators etc., all of which are incompatible with MRI.
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is complicated or impossible (Fig. 2B and C). Newborns can be tested
directly in their bassinet, rendering experiments much easier
(Benavides-Varela et al., 2012; Issard and Gervain, 2017; Pena et al.,
2003; Rossi et al., 2012). The relatively high motion-tolerance of fNIRS
is relevant for testing infants and children, as well as clinical popula-
tions likely to produce involuntary movements such as epileptic pa-
tients. NIRS also allows longer, even continuous monitoring. The NIRS
cap can be left on patients’ heads for several hours to capture seizures or
other activity whose onset is unpredictable (Wallois et al., 2010). An-
other clinical population for whom fNIRS is of particular interest is
patients with cochlear implant. Cochlear implant users cannot be
placed in an MRI because of the metallic parts of the implant. They
cannot be tested with EEG either as the implant interferes with the EEG
signal. fNIRS has proven useful to monitor activity in the auditory
cortex with children following cochlear implantation (Sevy et al.,
2010). fNIRS is thus a useful alternative to fMRI when the age or the
pathology of the tested developmental population is incompatible with
MRI or with EEG.

Finally, the flexibility of optode arrangement and the compatibility
of the two signals makes co-recording with EEG possible
(Mahmoudzadeh et al., 2013; Telkemeyer et al., 2009). The two tech-
niques are complementary, NIRS allows spatial localization, while EEG

has high temporal resolution. Furthermore, while the hemodynamic
response is slow, NIRS technology itself has a higher temporal resolu-
tion than fMRI, typically allowing a sampling frequency above 10 Hz
for small and medium channel numbers, whereas fMRI typically has a
sampling frequency of about 0.5–1.5 Hz. Although the major de-
terminer of temporal resolution using hemodynamic imaging is the
temporal dynamics of the physiological signal itself, which is slow, the
higher sampling rate is of particular interest for the identification of the
temporal dynamics of cortical networks. These investigations are based
on the analysis of the peak latency and phase delay of the response. This
may reveal the order in which regions are activated, showing the
temporal map of activation in the involved network (Mahmoudzadeh
et al., 2013). NIRS can also establish functional connectivity between
regions based on the synchrony of their respective activation, e.g. by
computing correlations or phase synchronization between channels
(Benavides-Varela et al., 2017; Homae et al., 2011; Molavi et al., 2014).
Because NIRS has a higher sampling rate than fMRI, it leads to more
precise temporal measures of connectivity.

1.3. Limitations of the fNIRS method

There are several constraints that need to be taken into account

Fig. 2. Pictures of different fNIRS headgears and their respective approximative channel locations. A: The UCL system (adapted from Lloyd-Fox et al., 2018). B: The Hitachi ETG-4000
system (adapted from May et al., 2011). C: The NIRx NIRScout system as used in our laboratory.
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when using NIRS. First, the hemodynamic response is slow, operating in
the order of seconds, unlike the electrophysiological response, which
works at the millisecond range. Both block designs and “event-related”
designs can be used, but stimulation periods need to last at least a few
seconds. In block designs, a series of stimuli is presented to create long
stimulation periods (typically between 5 and 30 s), separated by long
baseline periods to let the hemodynamic response return to baseline.
The length of the baseline periods between blocks depends on several
factors such as the age of participants, the amount of activation pro-
duced and the type of design. With younger participants, the hemo-
dynamic response may take longer to appear and to return to baseline
(Arichi et al., 2012), so block designs with sufficiently long baseline
periods are appropriate. In “event-related” designs, stimulation as short
as 3 s have been used, separated by baseline periods as short as 4 s
(Emberson et al., 2015; Homae et al., 2006; Taga and Asakawa, 2007).
In this type of designs, the end of the hemodynamic response to a sti-
mulus typically overlaps with the response to the next stimulus. This
issue can be managed by using General Linear Model (GLM) for data
analysis.

Another main limitation of fNIRS is its limited access to deep brain
structures and its low spatial resolution. The penetration of NIR light
into the head is relatively shallow at a standard 3 cm source-detector
separation (with a penetration into the cortex of up to 0.5 cm in adults,
1.5 cm in infants and several centimeters in preterm newborns).
Multiple source-detector distances and overlapping channels can be
used in high density set-ups to create three-dimensional, i.e. tomo-
graphic, images in order to identify the source of the response with
better precision and probe deeper areas (Liao et al., 2010), but these
technologies are currently not yet sufficiently developed to be routinely
used in developmental research. If fiducial measures of probe place-
ment exist, i.e. the position of the probes with respect to external
landmarks (ear, nasion etc.) or a co-ordinate system, then the mea-
surement points can be mapped onto the participant’s anatomical MRI,
if available, or to an age-appropriate template (Lloyd-Fox et al., 2014;
Matsui et al., 2014). The cortical area activated can thus be identified
with greater precision.

2. Variability of the hemodynamic response reported in the infant
literature

The hemodynamic responses reported in infant fNIRS literature
show important variation within and across studies. The main goal of
this review is to discuss some of the factors underlying this variability.
Since NIRS provides an indirect, metabolic measure of brain activity,
these factors are crucial when designing fNIRS experiments and inter-
preting their results. The factors we will discuss below include (i) de-
velopmental changes of the hemodynamic response, (ii) the develop-
ment of physiological and cognitive processes, (iii) stimulus complexity
and (iv) experimental design.

Despite their importance, these factors are rarely discussed ex-
plicitly when interpreting results, and have not yet been systematically
investigated across development. While we are not offering a systematic
empirical investigation either, reviewing the existing developmental
NIRS literature nevertheless allows us to draw certain conclusions
about how these factors impact the hemodynamic response.
Importantly, however, the factors are inherently linked in any single
study, it is thus impossible to identify and discuss the contribution of
any factor in isolation. For the same reason, we are not providing an
exhaustive review of the infant NIRS literature (for more general re-
views and meta-analyses of the infant NIRS literature, we refer the
reader to Cristia et al. (2013) and Lloyd-Fox et al., 2010). Rather, we
are focusing on studies that are comparable or matched along at least
some relevant dimensions (e.g. testing the same task at different ages or
testing the same age using stimuli that systematically vary), such that it
becomes more apparent how factors in which they differ impact the
hemodynamic response. In the sections below, we will first discuss the

variability of the shape of the hemodynamic response observed at dif-
ferent ages in the different sensory modalities and cognitive functions.
We will then describe how stimulus complexity, physiological and
cognitive development and the experimental design might impact the
hemodynamic response.

2.1. Variation in the shape of the hemodynamic response reported in the
developmental literature between cortical regions

The infant fNIRS and fMRI literature shows that the shape of the
hemodynamic response changes with age in different brain areas (and
perceptual or cognitive tasks). Canonical (i.e. statistically significant3

increase in HbO and decrease in HbR as compared to baseline, as de-
picted in Fig. 3A) and inverted (statistically significant decrease in HbO
and increase in HbR as compared to baseline, Fig. 3B) reponses have
both been reported in the literature. Some studies also report statisti-
cally significant HbO and HbR changes in the same direction.

Non-canonical responses, especially the inverted response, are not
straightforward to interpret, because when absolute measures are
taken, a decrease in oxygenation beyond a critical point is a signature of
stroke, ischemia or other vascular problems. Most systems commonly
used for research purposes only measure relative concentrations, i.e.
concentration change. It is, therefore, difficult to understand the phy-
siological and functional meaning of a relative decrease in oxygenation.
Such a response pattern arises as a result of decreasing activation
compared to a previously higher level of brain activity. This might
occur for several possible reasons, e.g. when an inappropriately chosen
baseline triggers more activation than the actual experimental stimulus,
when habituation occurs, when a region is inhibited (Mullinger et al.,
2014; Shmuel et al., 2002), due to reduced compensatory vascular
mechanisms or indeed trauma. Do these factors also play a role in
atypical hemodynamic responses observed in infants?

The inverted response is often observed in young infants and new-
borns. Peak latency (i.e. time to reach the maximum of the hemody-
namic response) has also been reported to decrease through infancy
(Lloyd-Fox et al., in press). The hemodynamic response also varies with
the measured cortical region, and thus the tested sensory modality or
cognitive function, and the arousal state of the participants (i.e. asleep
vs awake). We provide examples of this variability across development
and sensory modalities in Appendix A in Supplementary materials. For
each age and sensory modality/brain region, we report the shape of the
hemodynamic response measured along with the stimuli and experi-
mental design used, focusing on studies with unsedated infants, as se-
dation may impact neurovascular coupling. In the section below, we
discuss in detail the potential role of these factors on the variability of
the hemodynamic response, in sensory processing as well as in higher-
level cognitive functions, such as language processing and social cog-
nition.

We argue that with the maturation of the brain, the hemodynamic
response increasingly often takes on a canonical shape. The hemody-
namic response relies on a complex interaction between the vascular
system, neurons and glial cells, all of which undergo considerable
maturation throughout infancy and childhood. However, because brain
maturation is not homogenous between cortical regions, the hemody-
namic response may vary from one brain area to another. Below (and in
Appendix A in Supplementary materilas), we thus review hemodynamic
response variability separately for each sensory/cognitive function and
its corresponding cortical areas.

In the temporal cortex, infant studies investigating auditory

3 In the infant literature, it is sometimes the case that only one species of Hb shows a
significant response, typically HbO, and the other fails to reach significance, although it
shows change. As is common practice in infant work, we therefore adopt this looser
definition of the canonical and inverted response shapes in our review, since it is often
simply a matter of statistical analysis/power that one Hb species doesn’t reach sig-
nificance.
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perception have demonstrated both inverted and canonical responses
(Telkemeyer et al., 2009). At birth, both canonical and inverted re-
sponses were observed in the temporal cortex in response to speech and
non-speech sounds between participants within the same condition
(Sakatani et al., 1999), and within participants between conditions
(Abboub et al., 2016; Issard and Gervain, 2017; Telkemeyer et al.,
2009). Later in infancy, from 3 months onwards, infants’ temporal
cortex increasingly often shows a canonical response, even in infants
born preterm (Emberson et al., 2017a,b), although inverted responses,
with increasing HbR have also been reported as late as 7–9 months in
response to complex speech stimuli (Wagner et al., 2011). It is possible
to obtain a canonical hemodynamic response in the temporal cortex to
various auditory stimuli (tones, vocal and non-vocal sounds) in dif-
ferent states of alertness, including sleep, as canonical responses have
been reported in sleeping newborns as well as sleeping (non-sedated) 3-
month-old infants (Taga et al., 2011).

In the posterior temporo-parietal region, the hemodynamic response
to social stimuli (i.e faces and ostensive, infant-directed speech) has

also been intensively investigated across development. Response to the
same stimuli can vary with age. At 4 months of age, infants display a
delayed but canonical response, and this response becomes faster
during the first two years of life, as depicted in Fig. 4 (Lloyd-Fox et al.,
2018 Lloyd-Fox et al., in press). But inverted responses have also been
observed at similar ages in similar ROIs. At 5–6 and 7–8 months, a
series of different faces presented from different points of view evoked a
canonical response, whereas a series of the same face presented from
different points of view evoked an inverted response (Kobayashi et al.,
2011) (Fig. 5).

Inverted hemodynamic responses have also been reported in the
occipital lobe at specific time points in development. In sleeping new-
borns, a flickering light (projected through the eyelids) evoked a ca-
nonical response. Between 0–3 months, a checkerboard reversal evoked
an increase both in HbO and HbR in awake infants (Meek et al., 1998).
Later in development, between 2 and 4 months, awake infants showed a
canonical response to a checkerboard reversal, but an inverted response
to a face-like pattern with blinking eyes (Taga et al., 2003a,b). Inverted

Fig. 3. Canonical (A) and inverted (B) responses as observed in
newborn infants in our laboratory. Red: HbO, blue: HbR.
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responses in the occipital cortex were also observed in 4-month-old
infants with pictures of faces compared to unstructured images, but in
this study unstructured images also evoked inverted responses (Csibra
et al., 2004). At 6 months, checkerboard pattern reversals evoked a
canonical response, but unpatterned visual stimuli evoked an inverted
response (Watanabe et al., 2012). The developmental trajectory of the
hemodynamic response in the occipital cortex thus seems to be non-
linear, varying with stimulus category.

Finally, the shape of the hemodynamic response in the frontal lobe
depends on the sensory modality of the stimuli, the role the frontal lobe
plays in their processing and the age of participants. For speech stimuli,
the frontal lobe is typically recruited as it is part of the speech/language
network (e.g. Broca’s area), whereas for visual perception it often plays
a more general role related to attention. At birth, canonical responses to
structured speech sounds were observed in left and right frontal cortices
(Ferry et al., 2016; Gervain et al., 2008). At 3 months, both awake and
sleeping infants showed a canonical hemodynamic response to speech
sounds in bilateral frontal cortices (Homae et al., 2006; Homae et al.,
2014). These results were replicated at 10 months (Homae et al., 2007).
In the visual domain, a canonical response was measured to dynamic
faces with mutual or adverted gaze at 4 months of age (Grossmann
et al., 2008). In 5–7-month-old infants, a canonical response was ob-
served to static faces, but only when the same face was repeatedly
displayed during trials (Emberson et al., 2017a,b). By contrast, images
of fruits didn’t elicit significant responses in the same frontal area. Fi-
nally, an increase in HbO was observed in the orbito-frontal cortex in
response to the smell of colostrum and vanilla in newborns (Bartocci
et al., 2000).

On the basis of these examples, a great diversity of hemodynamic
response shapes can be observed across development, showing an in-
teraction between the age of participants and the cortical areas mea-
sured. The temporal cortex seems to present canonical responses earlier
than the occipital and frontal cortices, and follows a more linear de-
velopmental trajectory than the occipital cortex. This latter shows a
canonical response at birth, but an inverted response later in infancy.
Finally, the frontal cortex shows more variable responses, depending on
stimulus complexity and age of participants. Social stimuli, such as
speech and faces, elicit canonical responses earlier than non-social sti-
muli (such as fruits or flashing lights).

2.2. The factors influencing the hemodynamic response

In addition to the variability over developmental time and brain
areas, the hemodynamic response seems to be further influenced by the
complexity of the stimuli used, the development of the cognitive pro-
cesses tested, and the experimental design, even within the same age or
brain area.

Using blood oxygenation as a measure of neuronal activity relies on
the assumption that the amount of change in oxygenation reflects the
amount of neuronal activity. In cognitive neuroscience paradigms,
changes in oxygenation in response to experimental conditions are ty-
pically compared between one another or to a baseline. The usual in-
terpretation of this difference in hemodynamic response amplitude (or
localization) is that it reflects differences in processing effort. It is,
therefore, relevant to compare NIRS results, at least briefly, to models
of processing effort based on behavioral measures (for a more detailed
and not NIRS-specific comparison of behavioral and brain imaging
studies in infants, see Turk-Browne et al., 2008). In this perspective, it
can readily be explained that factors such as stimulus complexity, fa-
miliarity or the infants’ developmental state all shape the hemodynamic
response.

In developmental psychology, the effect of stimulus complexity/
familiarity on infants’ behavior, such as looking time, has received
much attention (Goldowsky and Newport, 1993; Kidd et al., 2012,
Hunter and Ames 1988). Although the factors influencing infants’
looking behavior are not fully understood, one model (Kidd et al.,

Fig. 4. Hemodyamic response in the temporo-parietal junction as a function of age.
Adapted from Lloyd-Fox et al. (2018).
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2012) holds that the probability for infants to look away from a sti-
mulus is a U-shaped function of stimulus complexity. If stimuli are too
simple or too complex, infants disengage (Kidd et al., 2012). While a
systematic investigation of whether such a U-shaped function may also
characterize NIRS responses when stimulus complexity is systematically
varied is still lacking, the review of the NIRS literature we presented
above suggests that parallels may exist. NIRS responses are often ca-
nonical in shape and largest in amplitude when stimuli are in the
middle range of complexity, while overly complex or too simple stimuli
more often evoke atypical responses.

Another model (Hunter and Ames, 1988), focusing on the impact of
familiarity, predicts that when initially exposed to some stimuli, infants
will show a preference for them for a period of time, as they are still in
the process of exploring, encoding or learning them. Once encoding,
memorization or learning is completed, infants’ interest in the familiar
stimulus decreases, and they readily show interest in novel stimuli.
During the transition between these two periods, it is hypothesized that
infants show no preference as they are equally attracted by the familiar
and the novel stimuli (Hunter and Ames, 1988). This behavioral fa-
miliarization/habituation pattern also shows some similarities with the
hemodynamic response, especially when experimental designs based on
repeated exposure to the same stimuli are used (neural habituation).
We discuss studies based on such experimental designs below.

Another relevant question is how different degrees of complexity or
familiarity may change the type of processing mechanisms triggered.
One relevant developmental model is the « less is more » hypothesis
(Goldowsky and Newport, 1993), which states that learners with lim-
ited memory capacity, such as infants, may use generalization, rule
learning or categorization mechanisms to reduce the memory demand
of highly variable or highly complex input, whereas learners with
greater memory capacity tend to memorize or rote learn the input set. A
change in stimulus complexity might thus trigger a qualitative rather
than a quantitative change in cognitive processing, resulting in an en-
tirely different pattern of responses in the NIRS data. The link between
qualitatively different cognitive processing mechanisms and their
neural signatures is not straightforward and remains unknown for most
cognitive tasks, especially in development.

To the extent that the fNIRS response is indeed a measure of cog-
nitive effort, it is important to take into account factors such as stimulus
complexity, cognitive and physiological development and experimental
design, when interpreting NIRS results, especially non-canonical ones.
In the next sections, we discuss how these three factors modify cogni-
tive effort and the hemodynamic response.

3. Modulation of the hemodynamic response by complexity

3.1. Variation due to stimulus complexity

The complexity and the familiarity of the stimuli are two potential
factors that impact the hemodynamic response. Below, we provide
examples for three different patterns of results that infant studies have
found between their experimental conditions, and discuss to what ex-
tent these differences are attributable to stimulus complexity and/or

familiarity.
First, some studies found canonical reponses in all conditions, with a

significant difference in amplitude across conditions. Familiarity plays a
clear role in such differences. For instance, in the auditory domain,
monolingual and bilingual newborns were presented with tone pairs in
which the members differed along an acoustic dimension (pitch,
duration or intensity) that either matched or did not match the acoustic
cues carrying prosodic prominence in the language(s) the infants heard
in utero (Abboub et al., 2016). The newborns’ left temporo-parietal and
right temporal cortices responded more to sound patterns that were
inconsistent with the patterns found in the infants’ native language, i.e.
were unfamiliar, as compared to patterns that were consistent with it,
i.e. were familiar, suggesting that processing unfamiliar melodic pat-
terns often requires extra effort, resulting in a larger hemodynamic
response. In the olfactory modality, vanilla smell evoked a larger re-
sponse than the mother’s colostrum in newborns’ frontal cortex
(Bartocci et al., 2000). Actually, responses to the mother’s colostrum
negatively correlated with the infants’ age (0–200 h after birth). In
older infants, the frontal region responded increasingly less to colos-
trum, probably due to the gradual replacement of colostrum with
breastmilk and the decreasing relevance/familiarity of its smell. By
contrast, vanilla was a new odor, which infants didn’t encounter outside
the testing sessions and to which all infants responded with a large
hemodynamic response independently of age. Stimulus complexity also
modulates the amplitude of the hemodynamic response. In an artificial
grammar learning study with newborns, for example, trisyllabic se-
quences containing a repetition (e.g. “mulele”) evoked a larger hemo-
dynamic response than sequences containing no repetition (e.g. “mu-
levi”) in the frontal and temporal regions (Gervain et al., 2012; Gervain
et al., 2008). In this case, the presence of a repetition created an un-
derlying abstract structure, absent from the random sequences, and
triggering a larger hemodynamic response. As another example of the
role of complexity, at 3 months, both natural and sine wave speech
induced a greater response than complex tones in the left posterior
temporal and the right temporo-parietal cortex and the left frontal
cortex (Homae et al., 2014). Natural speech and its sine wave equiva-
lents are both acoustically more complex than tones, leading to a larger
hemodynamic response. Differences in stimulus complexity also pro-
duce canonical responses of different amplitudes in the visual domain.
In 3-month-old infants, for example, videos of mobile objects elicited a
significantly greater hemodynamic response than checkerboard pattern
reversal in both frontal and occipital regions (Watanabe et al., 2008).
Mobile objects were visually more complex than the checkerboard,
containing more colors and a motion pattern more sophisticated than
the reversal. Similarly, during live social interaction, the frontal cortex
of 7-month-old infants showed larger responses to direct than to
averted gazes, direct gazes being more engaging than averted gazes
(Urakawa et al., 2015). When stimuli evoke canonical responses,
complexity produces larger responses both in the visual and auditory
domains.

Second, another pattern of results often observed in infant studies is
a significant hemodynamic response in one condition, compared with a
null response in some other condition. Differences in familiarity

Fig. 5. Alternating/non-alternating design with numerous variable
stimuli within conditions. Adapted from Gervain et al. (2012).
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between conditions have been observed to play a role. For instance,
comparing the responses to forward (FW) speech, backward (BW)
speech, and silence in neonates, forward speech produced a classical
canonical hemodynamic response in the left temporal cortex, but no
significant response was measured during silence and backward speech
(Pena et al., 2003). FW and BW speech are of the same complexity, as
BW speech is the time-reversed version of FW speech, but BW speech is
less familiar than FW speech, and may thus not be processed by the
speech/language network of the newborn brain. Importantly, the lan-
guage used in this study was the one the infants heard prenatally
(Italian). Follow-up studies the contrasted responses to the native lan-
guage with an unfamiliar language, both played forward and backward.
Interestingly, one study found a larger response to forward speech and
no significant response for silence and backward speech in the left
temporo-parietal cortex of neonates, but only for the neonates’ native
language, Japanese. For English, the unfamiliar language, a bilateral
temporal response was found with no difference between FW and BW
speech (Sato et al., 2012). Comparing responses to FW and BW English
and FW and BW Spanish in English-exposed newborns, the same un-
familiar Spanish stimuli evoked diminished non-significant responses in
the fronto-temporal region when contrasted with English, the native
language, but a larger FW-selective response when paired with Silbo
Gomero, a Spanish based whistled language, therefore a non-speech-
like but linguistic sound (May et al., 2017). These results suggest that
familiarity shapes the observed hemodynamic response, but also that
familiarity itself may be modulated by contextual effects. The un-
familiarity of the stimuli has been observed to trigger the absence of a
significant hemodynamic response at even more fine-grained levels in
speech processing. Phonologically possible words, allowed by language-
universal constraints on syllable structure, evoked a significant re-
sponse, but no significant response was found for words violating these
constraints (Gómez et al., 2014). In the social visual domain, the oc-
cipital cortex of 4-month-old infants exhibited an inverted response to
pictures of faces, but no response to unstructured images constructed
from the same spatial frequencies and color distribution (Csibra et al.,
2004).

Third, yet other studies observed canonical responses in some
conditions and inverted ones in others. Comparing the native language
with a non-native language in a paradigm similar to those used in the
previously mentioned studies, but using low-pass filtered, thus less
complex speech stimuli, a canonical, direction-insensitive hemody-
namic response to the native language, English, was observed, as well
as to the unfamiliar language, Tagalog, played backwards, but an in-
verted hemodynamic response was observed to FW Tagalog (May et al.,
2011). These results suggest that stimulus complexity interacts with
familiarity when modulating the hemodynamic response. Canonical
and inverted responses can also be observed within the same study
when complexity alone is manipulated. At birth, for instance, canonical
responses were observed to normal and moderately time-compressed
speech (Issard and Gervain, 2017), but highly time-compressed speech
produced an inverted response. For visual stimuli, a checkerboard re-
versal pattern evoked a canonical response in the occipital cortex of 3-
month-olds, but a blinking face evoked an inverted response (Taga
et al., 2003a,b). Similarly, at 6 months, unpatterned visual stimuli
evoked an inverted hemodynamic response, while checkerboard pat-
tern reversals evoked a canonical hemodynamic response (Watanabe
et al., 2012). For social stimuli, at 5 months faces with direct gaze and
the participant’s own name evoked a canonical response in the left
frontal cortex, but faces with averted gaze or another name evoked
inverted hemodynamic responses (Grossmann et al., 2010a,b).

Together, these results suggest that the hemodynamic response is
highly modulated by the presented stimuli within the same sensory
modality, cognitive ability and age group. In line with the idea that the
hemodynamic response is a reflection of cognitive effort, more complex
and thus more demanding stimuli often elicit a larger hemodynamic
response than simpler stimuli. However, the effects of stimulus

complexity and familiarity are non-linear: when stimuli become overly
complex or demanding, null or inverted responses can appear.

3.2. Variation related to developmental changes

Brain maturation and the developmental stage of the tested cogni-
tive function also modulate how the experimental stimuli are responded
to.

At the neurobiological level, the immaturity of the vascular system
in infants has been argued to play a role in the appearance of inverted
responses. Indeed, they could be the result of insufficient cerebral blood
flow (Meek et al., 1998). In young infants, the cerebral blood flow may
sometimes be insufficient. In this case, HbR would not be fully elimi-
nated, leading to an increase in HbR and a decrease in HbO. Infants’
immature vascular system may insufficiently respond to the metabolic
demand of the neural population. Indeed, in the somato-sensory cortex
of preterm neonates, blood flow has been shown to increase im-
mediately after stimulus onset and to return to baseline prior to HbR
and HbO. Arterial to venous transit time was found to be longer than in
adults (Roche-Labarbe et al., 2014). This increased transit time is
consistent with an immaturity of the brain vasculature in infancy
(Norman and O’Kusky, 1986). The capillary bed increases during the
first months of life followed by a process of remodeling the vascular
network as a function of local neural activity (Kozberg and Hillman,
2016).

The hypothesis of an occasional decoupling between the vascular
and the neural part of the neuro-vascular system is further confirmed by
EEG-NIRS co-registration studies in infants. In highly premature new-
borns, a change in a single consonant in French syllables elicited larger
electrophysiological and hemodynamic responses than no change,
whereas a change of voice from male to female elicited a larger elec-
trophysiological response, but a smaller hemodynamic response than no
change (Mahmoudzadeh et al., 2013, 2017). This confirms that the
relationship between neural and vascular activity is not linear in the
developing brain.

In parallel with biological maturation, perceptual, cognitive and
learning skills also develop, and their developmental stage impacts how
stimuli are processed. In social cognition, for instance, 4 different age
groups ranging from 4 to 24 months all showed a canonical hemody-
namic response to social stimuli such as peek-a-boo videos and social
sounds, with the peak latency decreasing over developmental time
(Lloyd-Fox et al., in press). This may reflect infants’ increasing expertise
in social stimuli during the first two years of life. Similarly, when
comparing activity evoked by social auditory stimuli in 0–2-month-olds
and 4–8–month-olds, the same authors reported a larger and more ty-
pical response in the older group. Interestingly, it has been shown that
specialization for the human voice occurs between 4 and 7 months: the
left and right superior temporal cortices showed increased responses to
the human voice when compared to non-vocal sounds at 7, but not at 4
months (Grossmann et al., 2010a,b). This supports the hypothesis that
infants present a larger response when they master the targeted cog-
nitive skill, for instance when they specialize for the processing of the
human voice as the most important social sound. Similarly in visual
social stimuli, 5–6 and 7–8-month-old infants presented with pictures of
the same or different faces showed a decrease in HbO in the right
temporal area for different faces at 5–6 months, but an increase in HbO
for the same stimuli at 7–8 months. This confirms the hypothesis that
mastery of a cognitive skill leads to greater responses.

Similar developmental trends can be observed in the speech per-
ception domain. For instance, a developmental change was found in
response to the native dialect vs. another dialect: 3-month-old Parisian
infants showed a similar canonical response to both Parisian and
Quebecois French talking faces, while 5-month-olds showed an ad-
vantage for the Parisian stimuli in the left temporal areas (Cristia et al.,
2013). Similarly, in a pitch accent discrimination task, Japanese 4-
month-olds showed canonical activation bilaterally, while 10-month-
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olds already exhibited left-lateralized, i.e. language-specific responses
to the same stimuli, i.e. a null response in the right hemisphere (Sato,
Mazuka et al., 2010). In the same vein, 6–7-month-olds present a
greater hemodynamic response to across-category than within-category
phonemic changes, mirroring behavioral data. By contrast, the re-
sponses to the two conditions are similar at 10–11 months, as the
phonological system undergoes reorganization, attuning to the native
language. Then the response to across-category phonemic change be-
comes larger again with a left hemisphere advantage at 13–14 and
25–28 months (Minagawa-Kawai et al., 2007). Perceptual narrowing,
i.e. attunement to the native language, brings about a reorganization,
whereby infants switch from an auditory to a linguistic processing of
speech sounds and shape their phonological space to better match the
phoneme contrasts found in the native language during the second half
of the first year of life. This changes the nature and efficiency of the
underlying cognitive processing, and therefore its metabolic costs.

Together, these data suggest that development has a considerable
impact on how the infant brain processes the same stimuli. As sensory
and cognitive functions develop, the newly emerging cognitive or
perceptual skills often lead to additional, higher level steps of proces-
sing, for instance because a novel, more abstract representation is
formed or because a category is learned or reshaped, and might thus
evoke a larger hemodynamic response. By contrast, for cognitive
functions where processing becomes more automatic and/or faster with
development, a smaller hemodynamic response is observed. Therefore,
similarly to the U-shaped developmental curves observed in several
perceptual and cognitive domains at the behavioral level, develop-
mental change may not be linear in direction at the neural level either,
with increases in hemodynamic response amplitude early in develop-
ment and decreases later.

4. Modulation of the hemodynamic response by experimental
design

Specific experimental designs can have an effect on the hemody-
namic response, as they modify the context of stimulus presentation by
adding another level, that of local and global stimulus arrangement/
context. Below we discuss how this can influence the shape of the he-
modynamic response.

4.1. Simple event-related or block designs

The simplest and most commonly used design in infant NIRS studies
is the presentation of stimuli belonging to different experimental con-
ditions in an interleaved, random order, where one long (in event-re-
lated designs) or several shorter (in block designs) stimuli from the
same condition are presented (for a duration of several seconds to allow
for the hemodynamic response to build up). Both canonical (Homae
et al., 2007; Taga et al., 2003a,b) and inverted (Telkemeyer et al., 2009;
Watanabe et al., 2012) responses have been observed in such designs,
as shown in many of the studies reviewed above.

In this design, the order of stimuli or blocks is randomized. Any
interaction between consecutive stimuli is, therefore, random, and
should not influence the hemodynamic response in a systematic way.
Rather, the measured hemodynamic response is expected to be influ-
enced only by the properties of the stimuli.

4.2. Repetition effects

Repetition effects might arise when stimuli or blocks from the dif-
ferent conditions are not intermixed, but rather grouped together by
condition, resulting in a large number of repetitions of the same sti-
mulus type.4 Repetitions can influence the neural and hence the

hemodynamic response by producing either enhancement, or suppres-
sion. Repetition suppression can be defined as a decrease of neural
activity in response to the repeated presentation of the same stimulus or
stimulus category. Initially shown in non-human primates at the single
cell level, this effect was later demonstrated at the level of the hemo-
dynamic response in humans, first in adults (Buckner and Koutstaal,
1998) and more recently in infants (Nakano et al., 2009). Repetition
enhancement can be defined as an increase of neural activity in re-
sponse to repeated presentation of the same stimulus or stimulus ca-
tegory. Both repetition enhancement and suppression effects have been
found in adults depending on experimental parameters, especially sti-
mulus complexity and quality. Suppression is more common. Repetition
enhancement is mainly assumed to occurs when stimuli are degraded,
masked or when participants do not have a stable memory re-
presentation of the stimuli (Henson and Rugg, 2003; Henson et al.,
2002; Henson et al., 2000; Naccache and Dehaene, 2001; Segaert et al.,
2013).

Similarly to adults, both repetition suppression and enhancement
have been found in developmental populations. Indeed, several studies
have found an increase of the hemodynamic response when a condition
or a stimulus was repeated. Bouchon et al. (2015) presented newborns
with trisyllabic sequences following either an ABB (e.g. “mulele”) or an
ABC pattern (e.g. “mulevi”), following-up on Gervain et al. (2008). In
contrast to Gervain et al. (2008), however, who presented blocks in an
interleaved, random order, Bouchon et al. (2015) grouped together all
blocks of the same condition. Gervain et al. (2008) found an increas-
ingly greater response over the course of the experiment for the ABB
patterns as compared to the ABC ones, whereas Bouchon et al. (2015)
showed a repetition enhancement effect during the time course of the
ABC condition. The grouped vs. interleaved presentation modes may
have contributed to these differences, although it needs to be noted that
the two studies also differed in stimulus complexity, as Gervain et al.
(2008) used 280 unique trisyllabic sequences, each of which occurred
only once, whereas Bouchon et al. (2015) used 24 different sequences,
each repeated 6 times.

Repetition suppression effects were also found in infants. At 3–4
months, the frontal cortex showed reduced hemodynamic response over
time to the repetition of the same syllable 15 times (Nakano et al.,
2009). Similarly, 5–7-month-olds showed a reduced hemodynamic re-
sponse in the frontal cortex when hearing the same word 8 times in a
block as compared to blocks containing 8 different words (Emberson
et al., 2017a,b).

What factors determine whether enhancement or suppression is
observed? The two studies that showed a repetition suppression effect
both repeated the exact same physical stimuli within each condition
(Emberson et al., 2016; Nakano et al., 2009), whereas in the studies
that found enhancement, repetition occurred at a more abstract,
structural level (e.g. in Gervain et al. (2008) and Bouchon et al. (2015)
different trisyllabic sequences were presented, but they all shared a
common ABB pattern). Repetition enhancement might thus reflect the
ongoing effort to build a representation of the stimulus category,
whereas repetition suppression may typically occur when the category
is encoded in a more stable way (see Nordt et al., 2016 for a discussion).

The repetition suppression effect serves as a basis to create powerful
experimental designs for functional studies of the cortex, namely the
habituation/dishabituation design, and it has been suggested that the
neural mechanisms might be analogous to the cognitive mechanisms
underpinning behavioral habituation paradigms (Turk-Browne et al.,

4 Strictly speaking, simple block designs also take advantage of repetition effects as

(footnote continued)
they present several stimuli from the same condition to elicit a larger response than event
related designs. However they don’t measure the effect of the repetition on the response
to individual stimuli within a block, but rather the overall response to the whole block.
For this reason, we discuss the simple block design together with event-related designs,
and separately from designs with a large number of block repetitions, the aim of which is
to specifically probe the repetition effect.
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2008). In these experiments, a stimulus is repeated several times to
produce neural suppression, followed by the presentation of a test sti-
mulus, different from the repeated stimulus along the tested dimension
(Grill-Spector and Malach, 2001). This design provides a powerful tool
to show differential encoding of two stimulus categories. Specifically, a
rebound of activity is observed when a novel test stimulus is presented,
as the suppression effect subsides. If the two types of stimuli were
presented in a simple randomized fashion, activity could be similar for
both. This design is widely used in adult fMRI as well as in adult and
infant EEG studies. In infant EEG studies, the habituation effect is re-
vealed by a response suppression when the test stimulus is preceded by
stimuli from the same category as compared to stimuli preceded by a
different-category item (e.g. Friedrich and Friederici, 2004; Gliga and
Dehaene-Lambertz, 2007; Jeschonek et al., 2010; Torkildsen et al.,
2009).

Habituation designs have recently been adapted for infant NIRS
studies to reveal fine-grained discrimination abilities. For instance,
newborns were familiarized with repeated words and the hemodynamic
response to a change in consonant or vowel was measured in the test
phase. A rebound of the hemodynamic response was observed in the
right frontal cortex in response to a consonant change (Benavides-
Varela et al., 2012). Here, the suppression effect reveals a subtle dis-
crimination ability, namely that of the consonant/vowel distinction.

4.3. Alternating presentation

Alternating/non-alternating designs are often used in develop-
mental NIRS studies to show subtle discrimination. This design was
originally developed for behavioral paradigms to “offer a more sensitive
measure than the between-trial comparisons” (Best and Jones, 1998).
Two types of blocks are presented: homogeneous or non-alternating
blocks composed of stimuli from the same experimental condition, and
alternating blocks composed of stimuli from two different conditions in
alternation.

One of the first NIRS studies using this design presented 4- and 10-
month-old infants with disyllabic words containing either a high-low or
a low-high pitch accent, typical of Japanese, or pure tone pairs corre-
sponding to the pitch contours of the words. In each of these two
conditions, half of the blocks contained only one of the two contours,
the other half contained an alternation between the two. The alter-
nating blocks elicited a larger response in the word condition than in
the pure tone condition in the 10-month-old infants (Sato et al., 2010).
Another example for the use of alternating/non-alternating designs
comes from the field of number perception. 6-month-old infants were
presented with blocks of 10 different images containing either 8 or 16
dots varying in size, color and spatial position. Half of the blocks con-
tained images of 8 dots only, the other half contained alternating
images of 8 and 16 dots. Alternating blocks elicited a larger response
than non-alternating blocks in the right parietal region (Edwards et al.,
2016). In newborns, experiments that used an alternating/non-alter-
nating design have sometimes found a greater response to non-alter-
nating than to alternating blocks (Gervain et al., 2012; Gervain et al.,
2016; Issard and Gervain, 2017). In newborns and infants, auditory
short-term memory is less developed than in adults or children, esti-
mated between 800 and 1500ms for newborns (Cheour et al., 2002).
This estimation is much shorter than the interblock interval required for
the hemodynamic response to decline, but is similar to the delay typi-
cally used between items within blocks. If the two conditions are pre-
sented side by side as is the case within alternating blocks, then it may
be easier for newborns to remember the previous stimulus, compare it
to the current stimulus, and potentially discriminate between the two.

5. Conclusions: the hemodynamic response as a reflection of
cognitive effort

In this paper, we reviewed a wide variety of studies in which fNIRS

is used with typical and clinical developmental populations of various
ages in different perceptual and cognitive tasks. Experimental results
suggest that in addition to the variability over developmental time and
brain areas, the hemodynamic response seems to be further influenced
by the complexity of the stimuli used, the development of the cognitive
processes tested, and the experimental design, even within the same age
or brain area. Each of these factors has a different impact on the he-
modynamic response, and they interact with one another.

Stimulus complexity seems to influence the hemodynamic response
in a non-linear fashion. Based on the existing literature, we have argued
that when stimuli are too simple, they evoke smaller responses than
when stimuli are of middle-range complexity. Overly complex stimuli
lead to null or inverted responses.

Cognitive development can modulate the hemodynamic response
within the same cortical area. When a cognitive function is more de-
veloped, a canonical response is more likely to be observed. In ex-
periments testing a less developed function (i.e. younger participants),
a larger response may be interpreted as a signature of more efforts to
process the stimuli. When the stimuli are particularly difficult for the
tested developmental stage, inverted responses can more often be ob-
served.

Experimental design can also influence the hemodynamic response:
a repeated presentation of identical or similar stimuli might lead to a
reduction of the hemodynamic response (i.e. habituation), while de-
signs in which conditions alternate might evoke different hemodynamic
response amplitudes between alternating and non-alternating blocks.

The influence of these modifying factors may be best understood in
a common framework combining behavioral and neural mechanisms in
which the hemodynamic response is interpreted as processing effort.
For an a priori prediction of expected effects and an appropriate in-
terpretation of NIRS results, it is essential to have an operational model,
behavioral and/or neural, of the processing mechanisms involved, and
how the different factors manipulated in a given study might modulate
processing effort.
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