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a  b  s  t  r  a  c  t

Functional  magnetic  resonance  imaging  (fMRI)  research  with  infants  and  toddlers  has
increased  rapidly  over  the past  decade,  and provided  a unique  window  into  early  brain
development.  In  the  current  report,  we review  the  state  of  the  literature,  which  has  estab-
lished  the feasibility  and  utility  of task-based  fMRI  and  resting  state  functional  connectivity
MRI  (rs-fcMRI)  during  early  periods  of  brain  maturation.  These  methodologies  have  been
successfully  applied  beginning  in  the  neonatal  period  to increase  understanding  of  how  the
brain  both  responds  to  environmental  stimuli,  and  becomes  organized  into  large-scale  func-
tional  systems  that  support  complex  behaviors.  We  discuss  the methodological  challenges
posed  by  this  promising  area  of research.  We also  highlight  that despite  these  challenges,
early  work  indicates  a  strong  potential  for these  methods  to influence  multiple  research
Developmental neuroimaging
Early life stress
Developmental neuroscience

domains.  As  an example,  we  focus  on  the  study  of early  life stress  and  its  influence  on  brain
development  and mental  health  outcomes.  We  illustrate  the promise  of  these  methodolo-
gies for  building  on,  and  making  important  contributions  to,  the  existing  literature  in this
field.
©  2014  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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. The emerging field of fMRI with infants and
oddlers

Functional magnetic resonance imaging (fMRI) has
ecome a widely utilized tool to characterize brain func-
ion across multiple fields of inquiry, including cognitive
euroscience, developmental and clinical psychology, and
edical science (Biswal et al., 2010; Lee et al., 2013; Luna

t al., 2010; Mather et al., 2013; Matthews et al., 2006;
ddin et al., 2010). This methodology has provided a means
f non-invasively examining how brain systems efficiently
rocess and organize information. The use of this tool dur-

ng infancy and toddlerhood to characterize brain function
s a more recent, yet quickly expanding application of fMRI.
n the current report, we provide a critical review of the
urrent state of the literature employing fMRI with infants
nd toddlers during natural sleep. We  include the pros and
ons of utilizing task-based fMRI, as well as the benefits
nd considerations of using resting state functional con-
ectivity MRI  (rs-fcMRI) to study early brain development.
e argue that the research to date demonstrates the fea-

ibility of conducting both forms of fMRI with infants and
oddlers. The utility of these methods for increasing our
nderstanding of early periods of brain development will
e discussed.

We conclude our report by providing an example of an
rea of research in which task-based and rs-fcMRI in early
evelopment has potential to build on the existing litera-
ure and make a unique contribution. We  focus on the study
f early life stress (ELS) and its influence on mental health
utcomes across the lifespan. We  argue that the research to
ate employing task-based fMRI and rs-fcMRI with infants
nd toddlers indicates the potential for these methods to
uild on the existing, rich body of human and animal liter-

ture in this area by providing insight into the influence of
LS on early developing functional brain systems. We  high-
ight several specific ways in which infant fMRI can build on
xisting work in this area and make unique contributions.
. . . .  . .  .  .  . . .  . . .  . . . .  . . .  . . . . . . .  . . .  . . . . .  . . .  . . . .  . . .  . . . . . . . . . . .  .  .  .  .  . . . . 33

1.1. A brief history of and introduction to infant fMRI

The use of fMRI methods with infants and toddlers in
research settings is a relatively recent phenomenon. While
the earliest studies in the field were conducted over a
decade ago (Anderson et al., 2001; Dehaene-Lambertz et al.,
2002), only recently has infant functional imaging begun
to show marked growth across institutions. The reasons
for this delay relative to the use of fMRI in other special
populations are several. Collecting high quality MR images
typically requires a participant to remain still throughout
one or more scans, lasting 4–8 min  on average. In childhood
(including children as young as 4 years-of-age [Gabard-
Durnam et al., 2014; Tottenham et al., 2012]) and beyond,
this is accomplished by providing instructions, practice
and incentives. For infants, this is not an option. Early
on this barrier was  overcome with the use of sedation
(Souweidane et al., 1999; Yamada et al., 1997), which rel-
egated scanning to clinical settings, and likely produced
blunted functional responses (Qiu et al., 2008). Several
researchers then pioneered the technique of conducting
fMRI scans with infants during natural sleep (Anderson
et al., 2001; Dehaene-Lambertz et al., 2002; Redcay et al.,
2007). The success of studies utilizing the natural sleep
method has led to increasing utilization of fMRI with
infants in research contexts, resulting in over twenty cur-
rently published studies (Tables 1 and 2). Despite this
success, many important methodological issues require
careful consideration, including the effects of sleep on brain
signaling, and are discussed in Section 1.5.

The two  forms of functional MRI  employed in infant
studies are task-based fMRI and rs-fcMRI. While both
methods are based on the Blood Oxygen Level Depen-
dent (BOLD) signal (Fox and Raichle, 2007; Logothetis and

Wandell, 2004; Raichle and Mintun, 2006), they allow for
examining two critical aspects of healthy brain function-
ing. Task-based fMRI facilitates examination of the brain’s
response to specific aspects of the environment, including
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Table 1
Review of functional activation studies with infants and toddlers during natural sleep.

Article Population No of analyses No of excluded Stimuli Motion Atlas Statistical
threshold

Main findings

Anderson et al.
(2001)

Healthy term
and preterm
infants (M = 21
days), adult
males (M = 34
yrs)

9 Term, 5
Preterm, 4
Adults

6 infants for
motion or not
enough images

Tone 60–80 dB
(gradually
increased and
decreased to
prevent startle)

Frame removal: images
with >2 mm or 3
degrees; Scans
excluded: <50% of
images retained or SD
>1 for translation or
rotation

NA % Signal change (1) BOLD signal decrease to
auditory for 9 and increase
for 5 infants; (2) Signal
change in B superior
temporal regions

Blasi et al.
(2011)

Healthy infants
(M = 159 days)

21 24 sleep
difficulties

Nonvocal
(environmen-
tal);
Nonspeech
vocalizations
(Neutral,
Happy, Sad)

Rigid body transform
based on spin-history
correction

Infant DL
and trans-
formed to
Tal

p < 0.005
uncorrected,
cluster size ≥3
voxels

(1) Age + associated with L
STG activity to
Neutral > Nonvoice; (2) L
Insula and gyrus rectus
activity for Sad > Neutral

Dehaene-
Lambertz
et al. (2002)

Healthy infants
(M = 79 days)

20 (6 awake, 5
asleep, 9 both)

6 fussiness; 5
artifact or
problems with
experiment

Forward
speech
(children’s
stories);
Backward
speech
(reversed
forward)

Frame removal: visual
examination

Infant DL
and trans-
formed to
MNI

Voxel p < 0.01,
cluster p < 0.05
corrected for
multiple
comparisons

(1) All sounds > rest: L STG;
(2) Forward > Backward: L
angular gyrus and mesial
parietal lobe; (3)
Forward > Backward for
Awake > Asleep: R PFC

Dehaene-
Lambertz
et al. (2010)

Healthy infants
(M = 72 days)

7 (1 awake, 2
asleep, 4 both)

6 fussiness; 11
no activation to
sound > rest

Classical
music;
Mother’s
speech;
Stranger’s
speech; For
all-Repeated
and Varied

Frame removal: visual
examination; Adjusted
analysis to limit
influence of large
deviation in signal
(≥2.5 SD)

Infant DL Random-
effects: voxel
p < 0.01, cluster
p < 0.05
corrected;
Fixed-effects:
voxel p < 0.001,
cluster p < 0.05
corrected

(1) Repetition Suppression
Effect: L STG; (2) Laterality
effect speech > music in L
planum temporale for
music > speech in R planum
temporale; (3)
Mother > stranger in B
anterior PFC, L posterior
temporal and rest > mother
in R amygdala, R insula, R
STS, R occipital sulcus

Eyler et al.
(2012)

Typically
developing
(TD) children
(12–48 mo,
M = 32.0 mo);
Children with
current or
subsequently
confirmed ASD
diagnosis
(12–48 mo,
M = 25.6 mo)

80 (40 TD, 40
ASD)

10 TD and 12
ASD waking
before 2/3 scan
complete; 5
ASD not
confirmed; 4
various reasons

Simple forward
speech;
complex
forward
speech;
backward
speech (Redcay
et al., 2008)

AFNI software for
motion correction;
Subject removal:
visually apparent
residual motion on
>1/3 of images (none
excluded); Covary for
residual motion in
analyses

Tal p < .05 Monte
Carlo
correction for
multiple
comparisons
(t > 2.86 for
within group;
t > 2.42 for a
one-tailed
between-
group, at least
32 voxels)

(1) Each type of speech
stimuli > rest, TD > ASD: L
STG; (2) In ASD group, L
STG activation to simple
forward > rest is negatively
correlated with age; (3) In
TD group, left laterality to
forward speech in STG; (4)
In ASD group, right
laterality to forward
speech in anterior STG
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Table 1 (Continued)

Article Population No of analyses No of excluded Stimuli Motion Atlas Statistical
threshold

Main findings

Graham et al.
(2013)

Healthy infants
from families
reporting a
range of
interparental
conflict
(M = 8.33 mo)

20 15 for motion
or sleep
difficulties; 4
no activation to
sound > rest

Nonsense
speech with
varying
prosody (Very
Angry, Angry,
Happy and
Neutral)

Frame removal: visual
examination;
Maximum motion
remaining = 1.07 mm

Infant 8–11
MRI  NBD

Voxel p < 0.05,
cluster p < 0.05
corrected for
multiple
comparisons

(1) Higher conflict
associated with very
angry > neutral in rostral
anterior cingulate cortex,
hypothalamus, thalamus
and caudate; (2) Emotion
controlling for conflict:
Very Angry > Neutral: L
temporal Pole;
Angry > Neutral: None;
Happy > Neutral: lingual
gyrus, fusiform,
parahippocampal gyrus,
putamen, midcingulate,
SMA, SFG, MFG

Redcay and
Courchesne
(2008)

Children with
provisional
ASD (M = 34.9
mo), age- (CA;
M = 35.7 mo),
and mental age
(MA; M = 19.6
mo)  controls

13 ASD, 12 CA,
11 MA

8 sleep
difficulties; 1
motion; 2 did
not meet
criteria for ASD

Simple forward
speech;
complex
forward
speech;
backward
speech

Frame removal: Images
with sum of root mean
square of parameters
>0.4

Tal p < .01,
corrected at
960 mm3;
Trend level
p < .05,
corrected at
384 mm3

(1) Forward > rest, both
MA  > ASD and CA > ASD:
frontal, temporal, parietal,
occipital regions and
cerebellum; (2)
Forward > rest for
ASD > CA: right hemisphere
activation; (3) Receptive
language + correlated with
R frontal and temporal
region activation in ASD
group

Redcay et al.
(2007)

Healthy
children
(M = 45.8 mo)

19 (12 with
visual, 13 with
auditory)

Auditory: 2 for
motion and 6
for waking;
Visual: 9 for
waking

Vocal
(nonspeech);
Nonvocal
(environmen-
tal); Tones;
Flashing lights

Frame removal: Images
with sum of root mean
square of parameters
>0.4; Scans excluded:
>10% of images lost

Tal p < .005, cluster
corrected at
740 mm3

(1) Nonvocal > vocal:
frontal, temporal (R STG),
occipital (B lingual gyrus)
and cerebellum; (2)
Tones > Vocal: frontal,
temporal (R STG), and
parietal and cerebellum;
(3) Rest < visual: B cuneus,
B lingual gyrus, L superior
occipital gyrus

Redcay et al.
(2008)

Healthy
toddlers
(M = 21 mo)
and 3-yo’s
(M = 39 mo)

10 toddlers; 10
3-yo’s

5 sleep
difficulties; 1
experimenter
error; 2 did not
attend

Simple forward
speech;
complex
forward
speech;
backward
speech

Summed distance of
translational and
rotational parameters
>0.3

Tal Voxel p < .01,
cluster p < .05
(cluster
volume = 960
mm3); Relaxed
for certain
contrasts to
voxel p < .05

(1) Forward > rest for
3-yo’s > toddler: B STG,
frontal, parietal and
occipital regions; (2)
Forward > rest for
toddler > 3-yo’s: Frontal,
parietal, occipital and
subcortical regions (no
temporal regions)

Note. Studies with sedation not included. All experiments conducted during natural sleep with the exception of Dehaene-Lambertz et al. (2002), Dehaene-Lambertz et al. (2010), in which infants were scanned
awake  and during natural sleep. Atlas abbreviations: Infant DL = Template created by Dehaene-Lambertz et al. (2002); Infant 8–11 MRI  NBD = 8–11 month version of atlas from MRI  Study of Normal Brain
Development (Fonov et al., 2009, 2011); Tal = Talairach & Tournoux. Other abbreviations: wks = weeks; mo = months; yrs = years; yo’s = year olds; B = Bilateral; L = left; R = right; STG = superior temporal gyrus;
SFG  = superior frontal gyrus; MFG  = middle frontal gyrus; SMA = supplementary motor areas; ASD = Autism Spectrum Disorder.
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Table 2
Review of resting state functional connectivity studies with infants and toddlers during natural sleep.

Article Population No of analyses No of excluded Analysis type Motion Atlas Statistical
threshold

Findings

Alcauter et al.
(2013)

Healthy
singleton and
twin (only one
twin per pair)
neonates
(M = 33 days),
1-yo’s (M = 397
days), 2-yo’s
(M = 762 days);
Longitudinal
≥2 time points

112 neonates,
129 1-yo’s, 92
2-yo’s

No information
provided, data
identified from
previous
studies

Insula segmentation
based on adult atlas; K
means clustering with
correlation matrix of
insula voxels; Whole
brain seed-based
correlation with insula
clusters; ROIs based on
2 yo’s whole brain
connectivity map;
Graph theory metrics

Frame removal:
DVARs <.5% signal
change and FD
<.5 mm

Individual
Infant and then
MNI

For cluster
confirmation:
validity
indicator and
cluster
consensus
measures,
bootstrapping
method (% of
consistent
cluster
membership
for each voxel
based on 1000
samplings);
p < .05, FDR
corrected for
tests with
connectivity
maps

(1) Two clusters for all ages with
high consistency of voxel
assignment to anterior or
posterior based on bootstrapping
(range of consistency = 74–95%
for all insula voxels and each age
group); (2) Dissociable whole
brain connectivity for clusters
across ages: AI connectivity with
ACC, medial temporal lobe,
thalamus, orbitofrontal cortex,
dlPFC; PI connectivity with
superior temporal sulcus, middle
cingulate, motor and
somatosensory cortices; (3)
Change with age: AI = decreased
local and increased long range;
PI = increases and decreases for
local and long range; greatest
change 0–1 yo for mean
connectivity strength and graph
theory metrics

Alcauter et al.
(2014)

See Alcauter
et al. (2013)

See Alcauter
et al. (2013)

See Alcauter
et al. (2013)

Adult ROIs (Smith
et al., 2009) to identify
9 cortical networks;
Non-overlapping
network masks based
on “winner-takes-all”;
Thalamus ROI from
Harvard-Oxford atlas;
Thalamus subdivided
by partial correlations
of voxels with network
masks and
“winner-takes-all”;
Longitudinal analysis
with mixed-effect
regression models

Frame removal:
DVARs <.5% signal
change and FD
<.5 mm;  Remaining
FD as covariate;
Subject removal:
≤90 frames
remaining

Individual
Infant and then
MNI

p < .05 FDR for
whole brain
seed-based
connectivity
maps; r ≥ .1 to
create masks of
cortical
networks

(1) In neonates, sensorimotor
network connectivity to large
central thalamic cluster and
salience networks to anterior
thalamus; (2) In 1-yo’s,
medial-visual network
connectivity to posterior lateral
thalamus and default to central
posterior thalamus; (3) 2-yo’s
show similar thalamic
parcellations to 1-yo’s; (4) 1-yo’s
thalamus-salience connectivity
predicted visual-spatial working
memory and Mullen Early
Learning Composite Score at 2
yrs

Dinstein et al.
(2011)

Toddlers with
autism (M = 29
mo), language
delay (LD;
M = 19 mo), and
typically
developing
(M = 28 mo)

29 with autism,
13 with LD, 30
typical

No information
provided, data
from previous
studies

Regressed out stimuli;
Anatomically defined
ROIs; Whole brain
seed-based
correlations

Frame removal:
criteria not
specified

Tal r > .3 for whole
brain seed
correlations;
Two-tailed
t-test p < .05 for
group
differences

(1) Weaker interhemispheric
connectivity for IFG and STG in
autism; (2) Autism classification
based on connectivity: 21/29
correctly and 7/43 incorrectly
identified; (3) IFG connectivity
+associated with expressive
language and − associated with
autism severity
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Table 2 (Continued)

Article Population No of analyses No of excluded Analysis type Motion Atlas Statistical
threshold

Findings

Fransson et al.
(2009)

Healthy infants
delivered by
cesarean
(M = 40 wks
GA)

19  2 for motion Probabilistic approach
to ICA (PICA)

Frame removal:
criteria not
specified; Scans
excluded: criteria
not specified

Infant DL p < .05
(activation
versus null
across whole
brain and time
series)

(1) 6 networks identified (%
variance explained): medial
occipital (1.63%), B
sensorimotor (3.18%), B
temporal (0.70%), parietal
(4.78%), anterior PFC (1.60%), B
basal ganglia (0.1%); (2)
PCC/precuneus to bilateral
parietal connectivity observed

Fransson et al.
(2011)

Healthy infants
from Fransson
et al. (2009);
Healthy adults
(M = 29 yrs)

18 Infants, 18
Adults

See Fransson
et al. (2009)

Voxel-based graph
theoretical analysis;
Whole brain
seed-based
correlations of hub
regions

For infants see
Fransson et al.
(2009)

Neonatal
(Kazemi et al.,
2007)

Peak Z-values
>15 mm apart
for hubs;
p < .0005 for
seed-based
connectivity;
Networks at
0.20 < r < 0.40,
iteratively

(1) Infants: hubs and networks
in sensory and motor cortices
except for DLPFC, insula and
parietal lobule; (2) Adults:
hubs and networks in
heteromodal cortex especially
in default and frontoparietal
attention networks; (3)
Small-world network
organization in infants

Fransson et al.
(2013)*

Healthy infants
from Fransson
et al. (2009);
Healthy adults
(M = 29 yrs)

18 Infants, 17
adults

See Fransson
et al. (2009)

Spherical ROIs based
on adult and infant
atlas coordinates;
Power analysis

For infants see
Fransson et al.
(2009)

Neonatal
(Kazemi et al.,
2007)

NA (1) Infants > adults for average
power-law exponent; (2) For
adults power-law exponents
higher in associative networks
and for infants higher in
primary sensory networks

Gao et al.
(2009)

Healthy
neonates
(M = 24 days),
1-yo’s (M = 13
mo), 2-yo’s
(M = 25 mo)
and adults
(M = 30 yrs)

20 neonates, 24
1-yo’s, 27
2-yo’s, 15
adults

22 for motion
or medical
problem (e.g.
preterm birth)

ICA; graph theory Frame removal:
Criteria not
specified, but based
on screening
unpreprocessed
images for abrupt
BOLD signal
changes

Individual
Infant and then
MNI

For default
network
definition: z > 1
to determine
voxel-wise
connectivity;
For correlation
matrices p < .05
FDR corrected

(1) # default regions identified:
Neonates 6; 1 yo’s 10, 2 yo’s
13; (2) MPFC and PCC
identified in all groups with
volume of cluster – associated
with age; (3) Nonlinear
development of default
network; (4) PCC as default
network hub in neonates
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Table 2 (Continued)

Article Population No of analyses No of excluded Analysis type Motion Atlas Statistical
threshold

Findings

Gao et al.
(2011)

Healthy
neonates
(M = 23 days),
1-yo’s (M = 13
mo), and 2-yo’s
(M = 24 mo)

51 neonates, 50
1-yo’s, 46
2-yo’s

51 for motion
or medical
problem (e.g.
preterm birth)

ROIs from adult atlas
based on sulcal
patterns; graphy
theory

Frame removal:
Screening
unpreprocessed
images for abrupt
BOLD signal
changes (criteria
not specified)

Individual
Infant and then
MNI

Whole brain
analysis: p < .05
FDR; Regional
analysis: p < .05
uncorrected

(1) Connection density
increases from neonate to 1 yo,
but stable from 1yo’s to 2 yo’s;
(2) Strength of connectivity for
anatomically distant nodes
increases with age; (3) Increase
in small-worldness with age;
(4) B insula consistent hub
across age groups

Gao et al.
(2013)

See Gao et al.
(2011)

See Gao et al.
(2011)

See Gao et al.
(2011)

Adult ROIs based on
Fox et al. (2005);
Whole brain
seed-based
correlations;
Additional ROIs based
on 1yo connectivity
map; nonparametric
rank-sum test for age
differences

Frame removal:
Criteria not
specified, but based
on screening
unpreprocessed
images for abrupt
BOLD signal
changes

Individual
Infant and then
MNI

p < .05 FDR,
cluster size >10
voxels

(1) Default (PCC seed) and
dorsal attention networks (IPS
seed) show adult-like topology
in  1yo’s (with exception of
frontal eye fields in dorsal
attention); (2) Greater change
from 0 to 1yo and less from
1yo to 2yo for both networks;
(3) Increasing connection
strength within each network,
and increasing segregation
between networks over time
(less overlap and negative
correlations seen in 1 yo’s and
2  yo’s)

Gao et al.
(2014b)

See Alcauter
et al. (2013)

See Alcauter
et al. (2013)

See Alcauter
et al. (2013)

ICA; Spatial correlation
to match components
to 9 adult networks;
voxel-wise
“winner-takes-all” to
define functional
regions based on ICA;
Growth models of
mean inter-regional
connectivity, network
connectivity and
inter-regional
connectivity between 2
networks

Frame removal:
DVARs <.5% signal
change and FD
<.5 mm,  and
examined results
with thresholds of
<.3% and <.2 mm;
Remaining FD as
covariate

Individual
Infant and then
UNC Infant

p < .05 FDR for
connectivity

(1) Adult-like topology in
neonates for medial visual and
sensorimotor networks; (2)
Adult-like topology for all
networks in 1 yos (medial
visual, sensorimotor, occipital
pole, lateral visual, default,
auditory/language, salience,
frontoparietal) with ≥.40
spatial correlation between 1
yo component and adult
network; (3) Network
structure in 2 yo’s consistent
with 1 yo’s; (4) Significant
non-linear growth of
inter-regional connectivity for
all networks with greater
change from 0 to 1 yo’s (except
medial visual, sensorimotor,
occipital pole); (5)
Inter-network connectivity
decreased over time; (6)
Greater growth in
frontoparietal connectivity
from 0 to 2 yo’s for boys vs girls
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Table 2 (Continued)

Article Population No of analyses No of excluded Analysis type Motion Atlas Statistical
threshold

Findings

Gao et al.
(2014a)

Healthy infants
scanned
longitudinally
(<1-mo, 3-mo,
6-mo, 9-mo,
12-mo);
Healthy adults
(27–40 yrs)

65 infants (45
<1-mo, 34
3-mo, 33 6-mo,
29 9-mo, 35
12-mo); 19
adults

Retrospectively
identified from
larger
longitudinal
sample

Adult ROIs (Smith
et al., 2009); Whole
brain seed-based
correlations; t-tests to
compare networks;
network matching
score = mean
connectivity within
adult network mask –
mean conn outside
mask; longitudinal
modeling of network
matching score

Frame removal:
DVARs <.5% signal
change and FD
<.5 mm;  Subject
removal for >1/3
volumes removed;
Remaining FD and
volumes removed
as covariates

Individual
Infant and then
MNI

p < .05 FDR (1) Network specific growth
periods: most pronounced
changes in V1, V2, default,
salience and frontoparietal in
1 st 3 months; (2) Over 12
months, significant log-linear
growth in network matching
score (except sensorimotor and
auditory networks) with
fastest growth in following
order: visual, default, salience,
frontoparietal; (3)
Sensorimotor and auditory
show significant decreases in
outside network connectivity;
(4) Higher SES (income and
maternal education) associated
with greater sensorimotor
(higher matching score and
within network conn) and
default (lower outside network
conn) development at 6
months. SES results did not
survive correction for multiple
comparisons

Gao et al.
(2014c)

Healthy
singleton
neonates
(M = 22 days),
1-yo’s (M = 378
days), 2-yo’s
(M = 741 days);
Healthy
monozygotic
(MZ) twin
neonates
(M = 46 days),
1-yo’s (M = 410
days), 2-yo’s
(M = 766 days);
Healthy
dyzgotic (DZ)
twin neonates
(M = 36 days),
1-yo’s (M = 402
days), 2-yo’s
(M = 779 days)

Singletons: 36
neonates, 46
1-yo’s, 26
2-yo’s; MZ
pairs: 31
neonates, 18
1-yo’s, 18
2-yo’s; DZ
pairs: 40
neonates, 25
1-yo’s, 19
2-yo’s

Identified from
larger
longitudinal
sample
(Alcauter et al.,
2013)

Whole brain
voxel-wise
connectivity maps;
Variability map  = one
minus correlation
between
corresponding columns
of correlation matrix
for twin pairs and age
matched singleton
pairs; Network
variability maps based
on masks from Smith
et al. (2009);
Percentage of shared
genes (0%, 50%, 100%)
and environment (0, 1,
1) as predictors of
similarity between
twin and singleton
pairs (voxel-wise
regression)

Frame removal:
DVARs <.3% signal
change and FD
<.2 mm;  Remaining
FD as covariate;
Subject removal:
<75 frames
remaining

Individual
Infant and then
MNI

p < .005, 13
voxels, based
on 3dClustSim
in AFNI

(1) At all ages, greater
intersubject variability in
association areas vs primary
functional areas (similar to
adults); (2) Increasing
similarity to adult spatial
variability pattern with age; (3)
U shaped growth in
intersubject variability from 0
to  2 yrs; (4) Greater
intersubject variability
associated with more long
range connectivity (similar to
adults); (5) Higher percentage
shared genes predicts lower
intersubject variability; (6)
Genetic effects on connectivity
vary by brain region and by
age; (7) Genetic effects grow
stronger from 0 to 1 yr and
weaker from 1 to 2 yrs; (8)
Weaker effects of shared
environment in contrast to
genetic effects
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Table 2 (Continued)

Article Population No of analyses No of excluded Analysis type Motion Atlas Statistical
threshold

Findings

Lin et al. (2008) Healthy
neonates
(Range = 2–4
wks), 1-yo’s,
and 2-yo’s

16 neonates, 12
1-yo’s, 7 2-yo’s

18 for motion;
14 premature
birth, medical
problems, or
parent disorder

Manually drawn ROIS;
whole brain
seed-based
correlations

Frame removal:
Criteria not
specified, but based
on screening
unpreprocessed
images for abrupt
BOLD signal
changes

Individual
infant

z < 1; p < .05
corrected for
t-test
comparison of
the 2 ROIs and
for ANOVA of
the 3 groups

(1) Difference between
maximum and minimum signal
intensity: 2-yo’s > neonates; (2)
Average strength of
connectivity and brain volume
evidencing connections to
visual and sensorimotor
regions increases with age

Liu et al. (2008)
Healthy infants
(M = 12.8 mo)

11 From larger
structural MRI
study with 63%
scan success

PICA; Bold time series
and power spectra
computed for each
component

Frame removal:
Images with >1 mm
or >1 degree of
motion

Infant DL NA (1) 16–36 spatially
independent components for
each subject with 3 in
sensorimotor area; (2) More
intra- versus interhemispheric
connectivity

Smith et al.
(2011)

Preterm infants
<30 wks
(Range = 36–44
wks  PMA  for
scan); Healthy
term infants

Preterm: 10
low and 10
high stress; 10
term

Significant
cerebral injury
(N not
reported)

Whole brain
seed-based
correlations (ROIs not
specified); Group maps
compared qualitatively

Frame removal:
criteria not
specified

Not reported Qualitative
comparisons
for rs-fcMRI
maps

(1) Interhemispheric
correlations with R temporal
lobe in low stress and term
infants, but not high stress
infants; (2) Total brain
injury + associated with stress;
(3) R temporal lobe
anisotropy – correlated with
stress

Smyser et al.
(2010)

Preterm infants
scanned
longitudinally;
Term infants
(Range = 2–3
days)

28 preterm
with
longitudinal
data, 10 term

8 for
prominent
neuropathol-
ogy; 10 for
motion

Spherical ROIs based
on adult atlas
coordinates; Whole
brain seed-based
correlations

Frame removal:
Software used to
identify frames
with motion based
on signal change;
Scans excluded:
<4 min

Individual
Infant and then
Tal

For t-tests of
correlation
maps z > 1.65,
p < .05;
Correlations
between
connectivity
and age p < .05

(1) Increasing interhemispheric
connectivity with age; (2)
Term infants > term age
preterm infants: local, long
range and interhemispheric
connectivity; (3) Connectivity
between MPFC and PCC in half
of  term control infants, but not
in preterm infants
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Table 2 (Continued)

Article Population No of analyses No of excluded Analysis type Motion Atlas Statistical
threshold

Findings

Smyser et al.
(2013)

Preterm infants
<30 wks with
moderate to
severe white
matter injury
(WMI;
Range = 36–39
wks  PMA for
scan); Preterm
infants <30 wks
with mild
white matter
injury (PT;
Range = 36–40
wks  PMA for
scan); Healthy
term infants
(HT;
Range = 37–41
wks  PMA for
scan)

14 WMI;  25 PT;
25 HT

10 from WMI
group for not
meeting data
quality
standards

ROIs based on Brier
et al. (2012) and
manually adjusted for
anatomic variation due
to injury; Correlations
and covariances
between ROI pairs
(homotopic
counterparts, PCC to
MPFC); t-tests to
compare correlations

Frame removal:
DVARs <.3% signal
change and FD
<.25 mm;  Subject
removal: <100
frames remaining

Individual
Infant and then
Tal

Bonferroni
multiple
comparison
correction for
t-tests and
rank-sum tests

(1) WMI  group < both control
groups for connectivity
between homotopic regions
(motor cortex, visual cortex,
medial cerebellum) and
between motor cortex and
thalamus; (2) WMI  group < HT
only for connectivity between
other homotopic regions
(thalamus, auditory cortex)
and PCC to MPFC (but
PCC-MPFC did not survive
Bonferroni); (3) For WMI
group, reduced connectivity
more pronounced in injured
hemisphere; (4) In motor
cortex and thalamus (regions
usually close to injury), greater
injury severity associated with
reduced connectivity

Note: Studies with sedation not included. All experiments conducted during natural sleep with the exception of Smyser et al. (2010), in which infants were scanned awake and during natural sleep. Atlas
abbreviations: Infant DL = Template created by Dehaene-Lambertz et al. (2002); Tal = Talairach & Tournoux; Individual Infant = template based on single infant with longitudinal data; UNC Infant = Template
created  by Shi et al. (2011). Other abbreviations: wks  = weeks; mo  = months; yrs = years; yo’s = year olds; ICA = Independent component analysis; PMA = postmenstrual age; GA = gestational age; B = Bilateral; L = left;
R  = right; AI = anterior insulal; ACC = anterior cingulate cortex; DLPFC = dorsolateral prefrontal cortex; MPFC = medial prefrontal cortex; IFG = inferior frontal gyrus; PCC = posterior cingulate cortex; PI = posterior
insula;  STG = superior temporal gyrus.
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cues known to be important for infant development. These
include tactile stimulation, and smells or sounds associ-
ated with caregivers. Rs-fcMRI provides information about
how the brain is intrinsically functionally organized. It is
this organization, which likely allows for proper stimulus
response, as well as complex mental processes necessary
for cognitive, emotional and social functioning (Raichle,
2010). Both of these methods rely on the capacity of fMRI to
index brain functioning in specific cortical and subcortical
regions throughout the brain. In Section 1.4, we  will high-
light the unique advantages of fMRI in the context of other
functional neuroimaging techniques employed in develop-
mental research.

1.2. Task-based fMRI with infants and toddlers

Implementing task-based fMRI with infants is unques-
tionably challenging. It requires infants to sleep through
the excessive noise of the MRI  during data acquisition,
as well as the sensory stimulation of the paradigm.
Despite these challenges, nine studies successfully using
this methodology with participants ranging from seven
days postnatal (Anderson et al., 2001) to four years-of-age
(Redcay et al., 2007) have now been reported (Table 1).
The sample sizes and findings reported in these studies
(Table 1) indicate the feasibility of using this methodology
with infants and toddlers to collect adequate amounts of
data to address study aims.

Beyond the feasibility of data collection, another impor-
tant issue is whether sleeping infants process stimuli
presented during task-based paradigms, and whether they
do so in a manner captured by BOLD fMRI. Auditory stimuli
are most commonly used in infant fMRI research. Posi-
tive BOLD response in sleeping infants and toddlers has
been observed in auditory processing brain regions (audi-
tory cortex and auditory processing regions of the middle
temporal gyri) in response to tones, nonvocal naturalis-
tic sounds, vocal sounds and speech (Blasi et al., 2011;
Dehaene-Lambertz et al., 2002; Graham et al., 2013; Redcay
et al., 2007). However, it appears that this response may
be decreased from baseline in very young infants during
presentation of non-naturalistic stimuli (a tone; Anderson
et al., 2001). (See Section 1.5.6 for further discussion about
employing the BOLD signal as an index of neural activ-
ity beginning in infancy.) In addition to basic sensory
processing of auditory stimuli, research to date provides
evidence for differentiation between distinct types of audi-
tory stimuli during natural sleep. Redcay and colleagues
reported distinct patterns of brain activation in sleeping
toddlers (two to four years-old) during presentations of
tones versus nonvocal naturalistic sounds or vocal sounds
(Redcay et al., 2007). By establishing the capacity to charac-
terize neural processing of stimuli at a basic sensory level,
this work provides a foundation for using natural sleep
fMRI to examine additional aspects of stimulus process-
ing.

Several studies have demonstrated the utility of natu-

ral sleep fMRI for examining early language and emotion
processing. Patterns of brain activation in sleeping infants
indicate registration of speech and vocal properties.
For example, Dehaene-Lambertz and colleagues (2002)
ive Neuroscience 12 (2015) 12–39

observed greater activation in the left angular gyrus and
precuneus in response to forward versus backward speech
in sleeping two to three month-old infants. In adults, these
regions have been associated with differentiating between
words and non-words (Binder et al., 2000) and with mem-
ory retrieval of verbal information (Krause et al., 1999;
Nyberg et al., 2002) respectively. These results were repli-
cated in a study of two year-old children during natural
sleep, which further identified developmental changes in
speech processing from two  to three years-of-age (Redcay
et al., 2008). In comparison to two  year-olds, three year-
olds demonstrate greater engagement of brain regions in
line with speech processing in adults, such as the superior
temporal gyrus, in response to forward versus backward
speech (Redcay et al., 2008). Recent findings also indicate
differential brain processing of vocal non-speech sounds
(e.g. crying or laughing) based on emotion category for
three to seven month-old infants during natural sleep.
Specifically, during sad versus neutral vocalizations, infants
demonstrate greater activation in the insula and part of the
orbitofrontal cortex (Blasi et al., 2011). These studies indi-
cate the capacity for natural sleep fMRI to lead to increased
understanding of how the brain processes language and
emotion beginning in infancy.

An important consideration for fMRI with sleeping
infants was raised by Dehaene-Lambertz and colleagues
(2010) in their examination of BOLD responses to sen-
sory stimuli on an individual subject level. The authors
reported that less than half of sleeping two-month-old
infants in their sample demonstrated activation in audi-
tory brain regions when contrasting stimulus presentation
to no sound (at a statistical threshold of alpha less than
.05 uncorrected for multiple comparisons). They suggest
that developmental characteristics of the BOLD signal at
this early age (discussed in Section 1.5.6) may  account for
the lack of observed activation in auditory regions for some
infants. However, there are multiple factors that may  influ-
ence whether or not a BOLD response is captured during
acquisition. These factors might include sleep state, devel-
opmental stage, scanner noise and statistical power (these
issues will be discussed in more detail in Section 1.5).
Thus, it seems appropriate to consider this larger context
when interpreting the presence or absence of activation
within an individual subject. Including or excluding a sub-
ject based on the presence or absence of activity can only
be considered in this context, and should be explained and
justified.

1.3. Resting state functional connectivity MRI with
infants and toddlers

In contrast to task-based fMRI, rs-fcMRI allows for
examination of intrinsic correlated brain activity in the
absence of a specific task or external stimulus. Rs-fcMRI
typically involves examining changes in brain signal over
the course of a scan lasting between 5 and 10 min, or
more. During the scan, older children and adult partici-

pants rest with eyes open or closed, while infants or toddler
participants are asleep. Rs-fcMRI focuses on correlating
fluctuations in the brain signal between a region and all
other voxels in the brain, or between specific brain regions
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Biswal et al., 1995). Low frequency changes in brain sig-
al observed in the absence of stimuli presentation likely
eflect endogenous neural activity (Murayama et al., 2010;
chölvinck et al., 2010; Shmuel and Leopold, 2008). Corre-
ations between spontaneous brain activity over time are
osited to represent connectivity between brain regions.
ecent findings provide support for this conceptualiza-
ion, with patterns of functional connectivity frequently in
ine with direct or indirect structural connectivity between
rain regions (Damoiseaux and Greicius, 2009; Greicius
t al., 2009; Honey et al., 2009; Miranda-Dominguez et al.,
014; Shmuel and Leopold, 2008).

Rs-fcMRI data can be characterized at three levels of
nalysis (Churchland and Sejnowski, 1990). At the first
evel of analysis (circuit level), connections between brain
egions are defined by the strength of the correlation
etween their signals. The second level of analysis (net-
ork level) characterizes functional brain networks as a
hole instead of as individual connections within the sys-

em. Examples of functional brain networks that have been
haracterized with rs-fcMRI include the default network, a
roup of brain regions that demonstrate higher levels of
ctivity in the absence of specific external tasks (Greicius
t al., 2003; Raichle et al., 2001), and networks underlying
pecific aspects of cognitive control, such as the fronto-
arietal and cingulo-opercular networks (Dosenbach et al.,
007, 2008). The third level of analysis (global topology)
ocuses on interactions within and between functional net-
orks (Rubinov and Sporns, 2010). All three of these levels

f analysis provide information about the functional orga-
ization of the brain that have been shown to be relevant
o mental health and specific aspects of cognitive and emo-
ional functioning (Fair et al., 2010, 2012; Power et al.,
010; Stevens et al., 2012).

For developmental research, rs-fcMRI has the distinct
dvantage of documenting coordinated brain functioning
cross the whole brain in the absence of tasks, which are
hallenging to adjust appropriately for a wide age range
Casey et al., 2005; Uddin et al., 2010). Moreover, research
ith adults has indicated that while a particular paradigm

mployed in task-based fMRI may  only activate a subset
f regions involved in a broad domain of functioning, such
s memory, rs-fcMRI can yield a more complete represen-
ation of the network of brain regions involved (Fox and
aichle, 2007; Vincent et al., 2006). This is particularly rel-
vant for infant fMRI. Because scans are conducted during
atural sleep, there are even more limitations on the types
f stimuli and tasks that can be used in the scanner, decreas-
ng the chances of activating the full set of regions involved
n a behavioral domain of interest.

Investigations using rs-fcMRI have indicated the utility
f this methodology for studying the functional develop-
ent of brain networks across a wide age range (Fair et al.,

007, 2008, 2009; Grayson et al., 2014; Supekar et al., 2009,
010). For example, several reports have documented a
attern of developmental changes in the functional con-
ectivity of brain networks from childhood to adulthood

hat is characterized by increasing long-range connectiv-
ty (between anatomically distant regions) and decreasing
hort-range (or localized) connectivity (Fair et al., 2007,
008, 2009; Kelly et al., 2009; Supekar et al., 2009). A similar
ive Neuroscience 12 (2015) 12–39 23

pattern has been observed across the first two years-of-life
(Gao et al., 2009, 2011, 2013, 2014b). Changes across this
earlier age range occur at an extremely rapid rate, such
that from two-weeks to one year-of-age, the number of
regions overlapping with the adult default network that
evidence significant functional connectivity during natu-
ral sleep increases from six to thirteen (Gao et al., 2009).
Development does not appear to be linear, with many
measures (including the number of connections showing
statistically significant changes in strength) indicating less
change across the second year-of-life in comparison to the
first (Gao et al., 2011, 2013, 2014; Fig. 1).

Both environmental input and normative changes
within the developing brain, such as myelination, are
posited to account for the observed changes in connectivity
during development (Fair et al., 2009) with different pro-
cesses likely at work depending on the age range of interest
(Gao et al., 2011). These changes are described as reflecting
increasing connectivity among regions within a network
(integration) and increasing segregation between regions
in distinct networks (segregation; Fair et al., 2007, 2009;
Gao et al., 2013). This demonstration of the development
of large scale, dissociable functional networks has led to
increased understanding of how information is efficiently
processed and integrated to support a range of complex
behaviors (Power et al., 2011).

Recent work has drawn attention to the effects of
subject “micro-movements” on developmental rs-fcMRI
results (Fair et al., 2012; Power et al., 2012; Satterthwaite
et al., 2012, 2013; Van Dijk et al., 2012). This issue and the
proposed solutions will be discussed in more detail in the
next section. However, it should be noted that this work
focuses on the biasing effects of motion in research span-
ning childhood to adulthood, during which time motion
decreases systematically with age. The potential for con-
founding motion effects and developmental changes in
studies of sleeping infants and toddlers will likely be dif-
ferent, as movement during scanning is not expected to
track with age in the same manner during this time frame.
Specifically, while an awake middle-aged adult is expected
to have greater self-control and therefore move less than
a child during scanning, there is no reason to expect that a
sleeping two-year-old will move less than a sleeping one-
year-old during scanning (indeed the opposite may  be true;
Gao et al., 2014c).

In addition to capturing developmental changes in the
functional organization of the brain, rs-fcMRI with infants
allows for examination of functional brain networks that
support higher order cognitive and emotional processes,
which cannot be reliably assessed at a behavioral level
during infancy. For example, although the functional sig-
nificance of the default network is not definitively known,
variability in default network connectivity has repeatedly
been associated with higher order cognitive skills (includ-
ing executive functioning [EF]) and related mental health
disorders in children and adults (e.g. Attention Deficit
Hyperactivity Disorder; Castellanos et al., 2008; Fair et al.,

2010, 2012; Kelly et al., 2008). In addition to the default net-
work, rs-fcMRI with infants has been used to characterize
the early development of the dorsal attention network (Gao
et al., 2013; Fig. 1), which underlies goal driven selective
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etwork
t, yellow
Fig. 1. Functional connectivity maps for the default and dorsal attention n
composite maps of default and dorsal attention networks (green = defaul
(Gao et al., 2013).

and sustained attention in adults (Corbetta et al., 2008), as
well as the salience and frontoparietal networks (Gao et al.,
2014b). Advances in behavioral assessment have allowed
for reliable measurement of higher order cognitive skills
beginning at two years-of-age (Beck et al., 2011). However,
rs-fcMRI makes it possible to examine the development of

relevant functional brain networks beginning at birth, prior
to the emergence of complex behaviors, potentially allow-
ing for earlier identification of individual differences that
may  confer risk or resiliency.
s in (a) neonates, (b) 1 year-olds, (c) and 2 year-olds. Right column shows
 = dorsal attention, overlap = red). Color bar indicates correlation values

1.4. fMRI in the context of other developmental
neuroimaging methods

The primary methods used to date to study brain func-
tioning in infants are functional near infrared spectroscopy
(fNIRS) and electroencephalography (EEG). These methods

have been widely utilized such that even the more recent
of these techniques, fNIRS, has now been used to examine
infant brain functioning in nearly 100 studies (Lloyd-Fox
et al., 2014). The specific advantages and disadvantages



l Cognit

o
e
i
o
E
e
t
(
e
s
e
u
t
m
o
l
f
p
c
o
p
i
r

o
a
r
a
u
i
i
d
c
f
s
n
a
s
b
s
i
a
h
s
c
a
d
n
i
s
d
c

1

1

b
m
a
t

A.M. Graham et al. / Developmenta

f fMRI are complementary to these other methods. For
xample, EEG and fNIRS have superior temporal resolution
n comparison to fMRI and can be conducted in settings
f reduced noise (in contrast to noisy fMRI sequences).
EG and fNIRS can also be conducted with awake infants
ngaged in a variety of tasks, which allows for results
hat may  generalize more readily to real world contexts
Lloyd-Fox et al., 2009, 2010). In addition, fNIRS facilitates
xamining aspects of brain metabolism that are not pos-
ible to differentiate with fMRI (Boas et al., 2003; Dunn
t al., 2003). Due to this capacity it has contributed to our
nderstanding of the BOLD signal during infancy (see Sec-
ion 1.5.6; Liao et al., 2010). fMRI complements these other

ethods by providing higher spatial resolution through-
ut the brain. The specific location of brain activity at the
evel of millimeters across the cortex is only possible with
MRI. It is also unique among these techniques in that it
rovides the capacity to index functioning of specific sub-
ortical brain regions, which are not accessible by these
ther methods. In the concluding section of this review we
rovide examples of how infant fMRI can build on the exist-

ng body of EEG and fNIRS research in the context of ELS
esearch.

Structural MRI  (sMRI) is another important devel-
pmental neuroimaging tool that provides information
bout brain morphology not captured by functional neu-
oimaging methods. fMRI and sMRI methods can be seen
s complementary in several ways. First, they provide
nique sources of information regarding typical and atyp-

cal courses of brain development. For example, preterm
nfants without prominent pathology in sMRI scans show
ifferences in how various brain regions are functionally
onnected (Smyser et al., 2010). It has been suggested that
unctional signal examined with BOLD fMRI may  be more
ensitive to individual differences, or atypical brain orga-
ization, in comparison to the structural phenomenon we
re currently able to characterize with sMRI. For this rea-
on, it may  be possible to use fMRI to identify differences in
rain functioning at early stages of development that sub-
equently manifest as morphological changes observable
n older age groups (Tottenham and Sheridan, 2010). sMRI
lso represents a complementary methodology because
igh resolution sMRI scans are necessary for aligning fMRI
cans with a common brain space to conduct statisti-
al analysis and localize activity. Thus, the two measures
re well suited to be used in tandem to examine brain
evelopment from multiple perspectives. As with other
euroimaging techniques, the level of complexity involved

n fMRI methods is extremely high, allowing for multiple
ources of error in measurements. Thus, convergent evi-
ence across modalities (e.g. Fransson et al., 2013) will be
rucial for advancing the field.

.5. Methodological and ethical considerations

.5.1. Successful scan completion
Despite this promising foundational work with task-
ased fMRI and rs-fcMRI during natural sleep, significant
ethodological challenges and considerations require

ttention. As noted earlier, these methods require infants
o sleep in a novel environment with the loud noises
ive Neuroscience 12 (2015) 12–39 25

of the MRI  machine. Potential sleep disturbances arising
from stimuli in task-based fMRI are a concern as well.
Several procedures have been implemented to improve
scan success, and warrant consideration by research teams.
To prepare for a scan, families can be provided with a
CD of scanner noises to acclimate an infant to sleeping
with scanner noises in the background (Redcay et al.,
2007). Additionally, research staff can put caregivers and
infants at ease through good communication about what
to expect prior to the scan, and demonstrations of patience
and confidence throughout the scan appointment. The
scanning environment can be set up to facilitate sleep
by keeping the room relatively dark, and providing an
MRI  compatible rocking chair, crib and weighted blan-
kets.

In order to reduce disturbance of sleep due to the sounds
of the MRI  machine, researchers often use MRI  compati-
ble head phones small enough to fit an infant or toddler
(Blasi et al., 2011; Dehaene-Lambertz et al., 2010; Redcay
et al., 2007). Neonatal ear shields (“Minimuffs,” Natus Med-
ical Inc., San Carlos, CA; Anderson et al., 2001; Blasi et al.,
2011) or foam ear plugs (Redcay et al., 2007) can be used as
additional sound protection under headphones (Blasi et al.,
2011; Redcay et al., 2007), or in conjunction with a vac-
uum pillow that molds to an infant’s head and provides
additional noise protection (Lin et al., 2008). Several groups
have also added sound shielding foam to the inside of the
scanner bore to reduce the noise of scan sequences (Blasi
et al., 2011; Dehaene-Lambertz et al., 2002). Additionally, a
scan sequence with a lower volume or less jarring quality of
sound can be presented at the beginning of an experiment
to help infants gradually adjust to the noise of the scanner
(e.g., a proton density weighted scan). Finally, to avoid wak-
ing infants due to sudden changes in volume when a scan
sequence ends, researchers can play consistent background
noise (Blasi et al., 2011), or minimize time between scan
sequences. Due to the challenging nature of this method-
ology, systematic study of malleable factors likely to impact
scan success is warranted.

Individual differences, such as age, temperament and
health, may impact scan success, and bias results due
to exclusion of highly sensitive infants. In studying fac-
tors that impact scan success, it will be important to
take into account such individual differences as different
approaches may  be more or less effective depending on
the population being studied. For example, approaches
that increase scan success rate in neonates may be less
effective, or even counter-productive, for obtaining good
data with one-year-old infants. However, this issue is not
unique to fMRI with infants, and also applies to behav-
ioral and physiological measures (e.g. Azak et al., 2012).
Moreover, successful use of task-based fMRI with toddlers
with ASD (reviewed by Pierce, 2011), which is often asso-
ciated with sensory sensitivity (Lane et al., 2010), provides
support for the potential utility of this method even with
highly sensitive infants and toddlers. See Tables 1 and 2
for a review of successful scans included in analyses

(‘N Analyses’) and scans lost due to sleep difficulties,
motion or other reasons (‘N Excluded’) in published stud-
ies employing fMRI or rs-fcMRI with infants during natural
sleep.
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1.5.2. Effects of sleep on brain signaling
Another important issue involves understanding effects

of sleep and variations in sleep stage on brain signal.
Methodological challenges have thus far prevented simul-
taneous use of EEG and fMRI in infants and toddlers to allow
for tracking sleep state during scans with this age group
(although this work is likely soon to appear as such research
has been conducted in adults; Boly et al., 2012; Czisch et al.,
2002; Horovitz et al., 2008; Kaufmann et al., 2006; Larson-
Prior et al., 2009; Portas et al., 2000; Sämann et al., 2011;
Tagliazucchi et al., 2012). While this confound will need to
be addressed in future work, there is evidence that com-
parable, albeit not identical, neural processing of auditory
stimuli (i.e. infant EEG and fMRI) and rs-fcMRI occurs dur-
ing sleep and wake states (Czisch et al., 2002; Horovitz
et al., 2008; Larson-Prior et al., 2009; Portas et al., 2000).
For example, one ERP study revealed similar processing of
auditory stimuli during sleep and wake states with preser-
vation of response amplitude and latency across different
sleep stages (Martynova et al., 2003). Moreover, it appears
that learning involving auditory and basic somatosensory
stimuli occurs during sleep for infants (Cheour et al., 2002;
Fifer et al., 2010; Reeb-Sutherland et al., 2011), suggesting
that these stimuli are processed beyond a basic, sensory
level during sleep.

Patterns of brain activation involved in distinguishing
between different types of auditory stimuli (in particular,
a subject’s name versus a tone) also demonstrate simi-
larities across sleep and wake states (Portas et al., 2000).
These results are in line with findings of sleeping infants
and toddlers showing distinct patterns of brain activation
in response to different types of auditory stimuli (Redcay
et al., 2007) and different emotional tones (Blasi et al., 2011;
Graham et al., 2013). Finally, simultaneous EEG and fMRI
studies with adults indicate a potentially reduced spatial
extent of activation in the auditory cortex during sleep
versus wakefulness, but consistent amplitude of activation
across sleep stages (Czisch et al., 2002; Portas et al., 2000).

Combined rs-fcMRI and EEG research with adults indi-
cate functional connectivity within higher order brain
networks, including the default network (Horovitz et al.,
2009), an attention network, and a cognitive control net-
work (Larson-Prior et al., 2009), remains consistent across
the transition from an awake state to light sleep (non-
slow wave and non-rapid eye movement [non-REM] sleep,
respectively). Rs-fcMRI with sleeping infants has demon-
strated functional connectivity between default network
regions (Gao et al., 2009, 2011; Smyser et al., 2010) and
patterns of negative correlations (also referred to as anti-
correlations) between default and dorsal attention network
regions (Gao et al., 2013). These patterns are in line with
those observed in adults in an awake state (Fox et al., 2005;
Fransson, 2005). Taken together this work indicates the
potential for capturing the functional architecture of multi-
ple higher order brain networks with rs-fcMRI during sleep.

Despite these similarities, differences in task-based
fMRI and rs-fcMRI results during sleep versus wake, or
across different sleep stages have also been observed.

For example, in an fMRI study with adults, deactivation
in the visual cortex during presentation of an auditory
stimulus was observed during sleep stages 1 and 2, and
ive Neuroscience 12 (2015) 12–39

interpreted as a potential sleep protective mechanism (or
a process that prevents waking despite sensory stimula-
tion; Czisch et al., 2002). Lower levels of activation during
sleep in higher level processing regions have also been
observed, including reduced parietal, prefrontal and cingu-
late activation to auditory stimuli during sleep versus wake
(Portas et al., 2000). With regard to rs-fcMRI, simultaneous
use of EEG and rs-fcMRI has revealed preserved func-
tional connectivity between cortical regions, during light
sleep, but decreased connectivity during slow wave sleep
(Spoormaker et al., 2010). Although connectivity among
default network regions is generally preserved across sleep
stages, there is also evidence for region specific differences,
such as decreased posterior cingulate cortex (PCC) connec-
tivity with other default regions during light sleep (stages
1 and 2; Sämann et al., 2011), and decreased medial pre-
frontal cortex (MPFC) connectivity with default network
regions during slow wave sleep (Horovitz et al., 2009;
Sämann et al., 2011). These findings indicate the impor-
tance of continued efforts to characterize variation in fMRI
and rs-fcMRI results due to sleep stage. However, these
issues are not unique to rs-fcMRI and fMRI during sleep
as variation in attention (Sander et al., 2005) and arousal
(Logothetis, 2008; Tagliazucchi et al., 2012) impacts results
in studies conducted during awake states.

1.5.3. Motion
As noted previously, subject motion constitutes an

important methodological consideration in developmen-
tal fMRI and rs-fcMRI studies. Two  key issues include
violation of assumptions underlying traditional motion
correction strategies, and the potential for small amounts
of motion (i.e. “micro-movements”) to have systematic
biasing effects on results (Fair et al., 2012; Power et al.,
2012; Satterthwaite et al., 2012; Van Dijk et al., 2012; Yan
et al., 2013). Although these issues are pertinent to all
fMRI and rs-fcMRI work, they are particularly important
in developmental samples typically characterized by larger
amounts of motion. Recent work indicates that parameters
calculated with traditional motion correction strategies are
not tightly linked to changes in signal due to motion (Fair
et al., 2012; Power et al., 2012; Satterthwaite et al., 2012;
Van Dijk et al., 2012), and that the association between
motion and signal change is not necessarily linear (Fair
et al., 2012; Van Dijk et al., 2012). Traditional motion cor-
rection methods thus leave substantial amounts of motion
related signal unaccounted for. Motion related signal has
been found to have a specific effect on rs-fcMRI data
that is particularly problematic for developmental stud-
ies. Motion appears to bias results toward fewer/weaker
long range connections and more/stronger local connec-
tions (Fair et al., 2012; Power et al., 2012; Satterthwaite
et al., 2012; Van Dijk et al., 2012; Yan et al., 2013). Although
averaging across multiple trials may  diminish effects of
motion to some degree in task-based fMRI compared to rs-
fcMRI, similar efforts to understand confounds of motion
are critical for all types of fMRI research (Power et al., 2012;
Recent work has outlined improved strategies to
account for effects of motion on brain signal. First, exami-
nation of motion from frame to frame (known as framewise
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isplacement; FD), as opposed to a single reference frame,
rovides an index more closely related to motion induced
hanges in brain signal (Power et al., 2012). In addition,
xamination of frame to frame changes in BOLD signal
llows for differentiation of motion versus biologically
ased signal due to magnitude (Power et al., 2012; Smyser
t al., 2010). These two measures can be used for removal
f individual frames (“scrubbing”; Power et al., 2012), and
s regressors to account for motion (Fair et al., 2012; Van
ijk et al., 2012). Other aspects of data processing rele-
ant for motion effects on rs-fcMRI include the number
f confound regressors, regression of global whole brain
ignal and selection of frequencies to include (band pass
ltering) (Satterthwaite et al., 2013). Studies utilizing these
ew procedures indicate attenuated strength of previously
eported associations between age and increasing long
ange and decreasing short range functional connectivity,
lthough the pattern of results remains (Fair et al., 2012;
atterthwaite et al., 2012).

Patterns of motion may  be markedly different for sleep-
ng infants and toddlers compared to awake children and
dolescents. Sleeping infants have been noted to star-
le at the beginning of a new scan sequence and settle
own as the scan progresses, although efforts have been
ade to reduce startle by playing consistent background

canner noise (Blasi et al., 2011; Dehaene-Lambertz et al.,
002). A sleeping infant may  also have one or two large,
ircumscribed movements while adjusting sleeping posi-
ion during a scan. Proactive approaches to reducing such

otion during infant scans include swaddling infants prior
o scanning (Anderson et al., 2001; Blasi et al., 2011;
ehaene-Lambertz et al., 2002), and use of a vacuum pil-

ow fixation device around the body and head (Blasi et al.,
011), or the head only (Lin et al., 2008). Further investiga-
ion of the optimal approach for handling motion in fMRI
nd rs-fcMRI research with sleeping infants and toddlers
ill be necessary to understand potential advantages and
isadvantages of different methods. However, the methods
utlined for older developmental samples provide a solid
ramework and powerful tools for this work.

.5.4. Atlas space
Aligning each participant into a common coordinate

ystem or common stereotaxic space is critical for group
tudies, but is a particular challenge for infant studies. Most
lgorithms to align a brain to an atlas rely on gray and
hite matter contrast. Because that contrast is weak in

he newborn (due to reduced myelination), using tradi-
ional means to register the infant brain is problematic.
he other difficulty is brain size. By the time children
each school age the brain is approximately 90% the size
f the adult brain (Lenroot and Giedd, 2006). Thus, reg-
stering children and adult brains to similar atlas space
e.g. Talairach – see below) is relatively straightforward.
owever, the neonatal brain is approximately one-half the
olume of the adult brain (Knickmeyer et al., 2008), mak-
ng accurate registration to an adult atlas more challenging.

everal approaches have been taken thus far. The adult
alaraich atlas (Talairach and Tournoux, 1988) has been
sed in studies of toddlers (Dinstein et al., 2011; Eyler
t al., 2012; Redcay and Courchesne, 2008; Redcay et al.,
ive Neuroscience 12 (2015) 12–39 27

2008). The authors provide evidence for similar within
group variability for toddlers and adults with regard to cen-
tral sulcus alignment of individual structural images with
the atlas (Redcay et al., 2008). However, coordinates of
the Talaraich atlas do not accurately indicate specific brain
regions in toddlers, necessitating the use of anatomical
landmarks to identify location of fMRI signal (Redcay et al.,
2008). This registration procedure also involves stretch-
ing infant brain images to fit an adult atlas. As an infant
brain image is composed of fewer voxels, this can lead to
less independence among voxels. The use of infant specific
atlases, discussed below, represents a potential solution to
this issue. However, direct comparison across age groups
requires transformation to a common stereotaxic space,
and therefore reintroduces this problem. Ongoing efforts
are needed to establish an optimal solution for direct com-
parison of fMRI results across a wide age span.

The use of an adult or even a pediatric atlas with infant
brain images (including those of neonates, one and two
year-olds) can also lead to misclassification of brain tissue
(Altaye et al., 2008; Kazemi et al., 2007; Shi et al., 2011),
which is improved by using an age-appropriate infant atlas
(Altaye et al., 2008; Kazemi et al., 2007; Shi et al., 2011).
Some investigators have created an atlas based on one sub-
ject in the age range of interest for the particular study
(Alcauter et al., 2013; Gao et al., 2009, 2011, 2013). This
approach facilitates focus on the age range of interest and
does not require stretching to an adult size brain. However,
creating an atlas based on one or two  individuals can lead
to biases based on the particular morphology of an indi-
vidual brain. Moreover, continued use of different atlases
across studies may  lend to difficulties in synthesizing the
literature as the field grows.

High quality atlases for infants within various age
ranges have recently become publicly available (Fonov
et al., 2009; Sanchez et al., 2012; Shi et al., 2011). One
of these is particularly noteworthy for age-appropriate
atlases (for the neonatal period through adulthood), and
conversion algorithms for coordinates corresponding to
frequently used adult atlases (Fonov et al., 2011, 2009).
Even with these advancements, the best solution for mak-
ing comparisons across age groups remains unclear. Due to
rapid early brain development (Knickmeyer et al., 2008),
researchers have suggested using fine grained atlases for
each three month period or greater during the first year-
of-life (Almli et al., 2007; Sanchez et al., 2012). It may
therefore be most appropriate to register to a specific atlas
for each age group in a study and then transform to a com-
mon  child or adult atlas for making comparisons across
ages. However, research into the effects of such transfor-
mations will be important. Finally, it will be necessary to
take into account variation in the number of voxels for spe-
cific atlases and how this impacts correction for multiple
comparisons.

1.5.5. Types of stimuli for task-based fMRI
Auditory stimuli have been most frequently used in
task-based fMRI with infants. This work has focused on
basic differentiation among different types of sounds
(Redcay et al., 2007), as well as language (Dehaene-
Lambertz et al., 2002; Redcay and Courchesne, 2008;
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Redcay et al., 2008), and emotion processing (including
vocal non-speech emotional stimuli [Blasi et al., 2011] and
emotional prosody of speech [Graham et al., 2013]). Audi-
tory stimuli specific to the infants’ caregiving environment
have also been employed in a study in which Dehaene-
Lambertz and colleagues examined processing of maternal
voice in 2 month-old infants (Dehaene-Lambertz et al.,
2010). Visual stimuli have been employed in infant fMRI
in one study, which examined response to flashing lights
during natural sleep (Redcay et al., 2007).

Conducting scans during natural sleep creates some
limitations for task-based fMRI as only passive stimuli pre-
sentation can be employed, and stimuli of greater intensity
may  wake infants. However, within these limitations there
are a great range of possible stimuli, which are relevant to
infants’ social, emotional and cognitive development. For
example, adult fMRI work has employed hand holding to
examine response to social somatosensory cues (Coan et al.,
2006). Response to touch by caregivers and other forms of
somatosensory stimulation can be similarly examined with
infants’ during natural sleep scans. Additional variations on
auditory stimuli involving personally relevant social and
emotional cues, such as parents’ calling an infant’s name or
engaging in conflict with one another, have also yet to be
explored in the infant fMRI literature. Research with infants
documenting basic learning with auditory and somatosen-
sory stimuli during natural sleep (Cheour et al., 2002; Fifer
et al., 2010; Reeb-Sutherland et al., 2011), also suggests the
intriguing possibility of studying the neural basis of early
learning with fMRI. At present, the range of potential stim-
uli for task-based fMRI studies with sleeping infants and
toddlers remains largely unexplored.

1.5.6. Other methodological considerations
With the limited gradient capability, the spatial reso-

lution of task-based fMRI is normally limited to 2 × 2 × 2
millimeters. While this spatial resolution is generally ade-
quate for adult studies, with the small size of the infant
brain, it imposes limitations for detailed separation of
specific brain regions. Furthermore, preprocessing of task-
based fMRI and rs-fcMRI data typically involves spatially
smoothing images prior to group level analyses, fur-
ther worsening spatial resolution. It may  be beneficial to
skip this spatial smoothing step in analysis of fMRI data
with infants, particularly when trying to localize signal
to smaller brain regions, such as the nucleus accumbens
and amygdala. Although improved signal to noise ratio
associated with spatially smoothing fMRI data has been
demonstrated (Strother et al., 2004; Van Dijk et al., 2010),
recent work indicates that the effects on both task-based
results and rs-fcMRI correlations are minimal (Molloy et al.,
2014). In the case of examining small brain structures, it
can even be detrimental. If researchers choose to employ
spatial smoothing it is important to consider that due to
dramatic brain volume growth across infancy and early
childhood, effective voxel size (relative to the whole brain
volume) changes over time (given the same absolute voxel

size). One potential remedy is to use adaptive smoothing
strategies (e.g., using brain size normalized smoothing ker-
nels) to reduce the impact of different “relative voxel sizes”
inherent in developmental studies (Gao et al., 2014b).
ive Neuroscience 12 (2015) 12–39

Standard analysis methods for both task-based fMRI
and rs-fcMRI can be directly applied to infant studies.
However, developmental considerations and the relative
paucity of existing literature should be taken into account
when selecting an analytic method. This is especially true
for rs-fcMRI since there are a multitude of different analysis
methods. One example is the choice between seed-based
analysis and more data-driven independent component
analysis (ICA). While seed-based analysis requires identi-
fying a priori brain regions of interest for analysis, ICA can
be used to examine signal from voxels across the whole
brain and to categorize voxels into networks based on sta-
tistically identified shared variance. ICA has been utilized
in initial infant studies to examine putative precursors of
adult functional brain networks without biasing results by
anchoring networks in regions identified in adult research
as part of specific brain networks (Fransson et al., 2009;
Gao et al., 2009; Liu et al., 2008). However, ICA results
can be biased due to decisions about how many compo-
nents to incorporate into the model, and how to interpret
which components represent functional brain networks
(Fox et al., 2007). Both types of analyses have strengths
and weaknesses (Fox and Raichle, 2007; Hagmann et al.,
2012), and there is some evidence for convergent results
across these methodologies. Such evidence has been pro-
vided through direct comparison of results in healthy adult
subjects (Rosazza et al., 2012), and through consistent find-
ings regarding the emergence of functional networks in
infant studies that utilize seed-based analytic techniques
(Gao et al., 2011, 2013) and ICA (Gao et al., 2009, 2014b).

Finally, both task-based fMRI and rs-fcMRI rely on the
BOLD signal as an index of brain functioning. It is therefore
very important to take into account potential develop-
mental changes in neurovascular coupling, which refers to
the relationship between neural activity and the ratio of
oxygenated to deoxygenated hemoglobin (oxyhemoglobin
and deoxyhomoglobin) – the source of the BOLD sig-
nal. For example, some studies suggest differences in the
BOLD signal between older and younger adults may  be
attributable to aging-related changes in non-neuronal fac-
tors (D’Esposito et al., 2003), such as resting cerebral blood
flow (Ances et al., 2009). In contrast, developmental fMRI
research provides evidence for consistency in the associ-
ation between neural activity and the BOLD signal among
children and adults (Kang et al., 2003; Wenger et al., 2004),
and among children with and without neurodevelopmen-
tal disabilities (Feczko et al., 2012). This work provides
support for interpreting differences in the BOLD signal
between these groups as reflective of differences in neural
activity.

However, this work has been conducted in children, and
unique aspects of brain vasculature during early infancy
warrant attention, as divergent patterns of neurovascular
coupling may  exist (see Hagmann et al., 2012). Findings
with animals and humans have indicated potential dif-
ferences in the latency, amplitude (Arichi et al., 2012;
Colonnese et al., 2008), and direction (Kozberg et al., 2013)

of the BOLD response to stimulus in early infancy compared
to later developmental stages. More direct evidence from
fNIRS studies with infants reveals a pattern of response to
stimuli (increasing oxy- and decreasing deoxyhomoglobin)
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hat is qualitatively similar to the adult pattern of neurovas-
ular coupling (Karen et al., 2008; Liao et al., 2010; Taga
t al., 2003; Watanabe et al., 2008). However, additional
esearch in this area is needed as fNIRS studies have also
ielded some mixed evidence (Bortfeld et al., 2007; Fava
t al., 2013; Kusaka et al., 2004; Meek et al., 1998). Perhaps
ost importantly, functional neuroimaging modalities that

o not depend on the BOLD signal, including EEG and dif-
use optical tomography, have demonstrated consistency
ith fMRI findings in neonates (Fransson et al., 2013; White

t al., 2013). Thus, although additional research into devel-
pmental differences in the link between neural activity
nd the BOLD signal will be of great importance, the find-
ngs to date provide support for the capacity of infant fMRI
o meaningfully characterize early brain functioning.

.5.7. Ethical considerations
In addition to methodological considerations, impor-

ant ethical issues in conducting fMRI research with infants
nd toddlers warrant attention. Many of these issues, while
ighly relevant to research with infants, are not unique
o fMRI, and are beyond the scope of the present review
see Axelin and Salanterä, 2008; Diekema, 2009). Ethical
onsiderations specific to infant fMRI research include the
eed to adequately explain the fMRI procedure to care-
ivers with varying levels of education, and from different
ultural backgrounds, to allow them to give informed con-
ent. As part of this process, caregivers need to have a good
nderstanding of safety protocols related to fMRI, includ-

ng fMRI contraindications (Downie and Marshall, 2007;
inton, 2002). As an additional safety measure for infants,
re-screening for fMRI contraindications should include
aregivers and the primary care physician to ensure that
here is no reason an fMRI protocol would pose a risk to a
articular infant.

Beyond ensuring safety, the extent to which an fMRI
rotocol may  be distressing to an infant is an important
thical consideration. First, it should be noted that because
nfants are sleeping during the protocol it has potential
o be less distressing than common behavioral paradigms
sed in research with infants to illicit stress responses (for

 review see Gunnar et al., 2009). However, infants often
ake up during scans and may  experience distress due to

he novel surroundings and fMRI scan noises. These issues
an be addressed by the use of high quality sound protec-
ion throughout scanning (as discussed in Section 1.5.1),
nd careful monitoring throughout the scan. Careful mon-
toring involves having a researcher in close proximity to
he infant throughout the scan, and use of various tech-
iques to monitor infant wakefulness (including infrared
ameras in darker settings or strategically placed mirrors
n lighter settings that allow for viewing the infant’s face in
he scanner). Through careful monitoring, researchers can
bserve and respond quickly to any signs of wakefulness
r distress. Contingent response to distress by caregivers,
r researchers experienced in working with infants, is an
mportant component of ensuring that infant fMRI proto-

ols don’t serve as a significant source of stress to infants.
s with the methodological factors discussed previously,
ystematic study of these issues will add to researchers’
bility to make informed decisions about the best protocols
ive Neuroscience 12 (2015) 12–39 29

to employ. For example, peripheral measures of the auto-
nomic nervous system or neuroendocrine stress response
system could be employed to assess physiological arousal
before and after different scanning protocols.

2. Application of infant fMRI to build on current
approaches for studying early life stress (ELS)

The foundational work employing fMRI with infants
during natural sleep indicates the potential utility of this
method for advancing research in multiple areas. How-
ever, at present, few domains of study have harnessed this
potential. As a notable exception, investigators examining
the etiology of autism have successfully employed infant
fMRI to identify early biological markers of autism, and
provide a model for the early neurodevelopmental trajec-
tory of this disorder (Eyler et al., 2012; Pierce, 2011). In
the remainder of this article we provide an example of one
area of research that has yet to take full advantage of the
potential contributions of infant fMRI, but seems partic-
ularly well poised to benefit from this methodology. We
focus on the study of ELS, and specifically research into
the effects of ELS on functional brain development with
implications for subsequent mental health. The guiding
theoretical principles and extensive empirical work in this
area involving fMRI with older children and adults, and
other imaging approaches with infants, set the stage for
infant fMRI research to make a significant contribution.
While it is beyond the scope of this article to provide a
thorough review of the research examining effects of ELS
on brain development and mental health (for reviews see
Loman and Gunnar, 2010; Lupien et al., 2009; Shonkoff and
Garner, 2012; Tottenham and Sheridan, 2010), we  highlight
aspects of this literature that illustrate the potential role of
infant fMRI in advancing the state of this field.

2.1. Typical development and developmental
programming

The concept of developmental programming represents
a guiding theoretical principle in the study of ELS on brain
development. This concept suggests that during times of
rapid growth, systems are more vulnerable to disorganiz-
ing influences (Buss et al., 2012b; Gluckman and Hanson,
2004; Seckl, 2008). During the prenatal period, brain devel-
opment proceeds from the basic foundational level of
neural tube formation, to the migration of neurons, the ini-
tial myelination of axons and the formation of synapses
(reviewed by Fair and Schlaggar, 2008; Lenroot and Giedd,
2006). Rapid brain development continues during infancy
with frontal and primary sensory cortex showing 70–80%
increases in synaptic density over the first year and half of
life (Huttenlocher and Dabholkar, 1997), and brain volume
increasing four-fold from birth to four years of age, accom-
panied by a rapid decline in the ratio of gray to white matter
volume (indicative of increasing myelination; Courchesne
et al., 2000). During these periods of rapid change, the brain

is sensitive to environmental input, which is both necessary
for healthy development, and potentially harmful depend-
ing on multiple factors, including the nature and timing
of the input (Fox et al., 2010; Knudsen, 2004). In order
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to understand healthy or maladaptive patterns of brain
development, it has been suggested that examination of
brain systems begin as early as possible to tease apart envi-
ronmental influences from development of compensatory
strategies or psychopathology (Lenroot and Giedd, 2006).

2.2. Building on the dominant functional neuroimaging
techniques used with infants to study ELS

To date, fNIRs and EEG have been the most com-
mon  functional neuroimaging methodologies used to study
effects of ELS on brain functioning in infancy. fNIRs and
EEG studies have shed light on infants’ neural processing
of a range of stimuli highly relevant to experiences of ELS
and the caregiving environment including touch (Kida and
Shinohara, 2013), human vocalization (Grossmann et al.,
2010), emotional tone of voice (Grossmann et al., 2005;
Santesso et al., 2007), maternal voice (Saito et al., 2009)
and breast milk odor (Aoyama et al., 2010). This work has
been conducted in normative samples, as well as in infants
exposed to ELS and at risk for poor outcomes. Infant fMRI
has potential to contribute to this literature by increasing
capacity to localize neural processing of stressor relevant
stimuli, and to identify emerging differences in specific
brain systems relevant to mental health outcomes.

2.2.1. Application of infant fMRI to preterm birth and
experiences of pain in the NICU

Infants born prematurely are a population at increased
risk of exposure to ELS, as well as poor mental health and
neurodevelopmental outcomes (Grunau, 2013; Johnson
and Marlow, 2014). This phenomenon has been well stud-
ied with fNIRS and EEG. For example, fNIRS has been used
to shed light led on preterm infants’ neural processing of
routine, painful medical procedures (e.g. heel stick) in the
neonatal intensive care unit (NICU). This work has identi-
fied cortical involvement in pain processing beginning at 25
weeks postmenstrual age (Bartocci et al., 2006; Slater et al.,
2006). Additional fNIRS and EEG research with preterm
infants has indicated heightened sensitivity of the neonatal
brain (compared to term infants) to painful stimuli (Slater
et al., 2010), and limited capacity to distinguish painful
stimuli from other forms of somatosensory stimulation
prior to 35 weeks gestational age (Fabrizi et al., 2011). This
cortical involvement in pain processing and heightened
sensitivity is proposed to impact developing brain systems,
and contribute to long term differences in pain perception,
and other neurodevelopmental outcomes (Fabrizi et al.,
2011; Grunau, 2013; Slater et al., 2010). However, the spe-
cific brain regions and systems involved, and how these
systems are implicated in mental health outcomes known
to be impacted by preterm birth, remain unknown.

The examination of preterm infants with fMRI during
natural sleep has the potential to fill this void. Rs-fcMRI
studies with preterm infants have demonstrated the fea-
sibility and sensitivity of this method for examining brain
functioning in this population. Specifically, preterm birth

has been associated with decreased connectivity among
two key default network regions (Smyser et al., 2010).
Other work has shown that a high number of cumulative
medical procedures from birth until term age equivalent
ive Neuroscience 12 (2015) 12–39

predicts decreased inter-hemispheric connectivity in the
temporal lobe (Smith et al., 2011). The association between
preterm birth and emerging default network connectivity
may  be relevant for subsequent mental health, as connec-
tivity of this network has repeatedly been associated with
mental health outcomes in children and adults (Berman
et al., 2011; Fair et al., 2010, 2012; Fox and Greicius, 2010;
Uddin et al., 2010; Whitfield-Gabrieli and Ford, 2012).
Future studies can build on this initial work by examin-
ing functional brain systems implicated in pain processing
or in aspects of cognition and emotion often impacted by
preterm birth.

In addition to lending insight into cumulative effects
of preterm birth and medical procedures on brain func-
tioning, infant fMRI can likely contribute to understanding
the immediate neural sequelae of processing pain and
somatosensory stimuli. Although it would not be possi-
ble to conduct fMRI with infants simultaneous to painful
medical procedures (as in the EEG and fNIRS research),
scans conducted soon afterwards may  identify residual
effects of stress on functional brain systems. This possibil-
ity is suggested by rs-fcMRI work in adults demonstrating
alterations in functional connectivity among brain regions
important for processing stress following the conclusion
of a stress induction paradigm (van Marle et al., 2010).
Task-based fMRI can also contribute information about
specific cortical and subcortical brain regions involved in
processing of somatosensory stimuli, which will likely be
relevant for understanding preterm infants’ processing of
pain (Fabrizi et al., 2011). This work will be important for
building on the extant EEG and fNIRS research to increase
understanding of preterm infants’ experiences in the NICU
that may  contribute to differences in neurodevelopmental
and mental health outcomes.

2.2.2. Application of infant fMRI to understanding effects
of moderate, common forms of familial stress

Preterm birth and medical procedures represent rela-
tively extreme forms of ELS. fMRI with infants can also
build on the extant literature focused on functional brain
development in the context of more normative variation
in the early environment, or moderate forms of ELS. EEG
work with infants has indicated that normative variation
in maternal caregiving behaviors (e.g. maternal sensitiv-
ity and intrusiveness during feeding and changing) during
the first year of life is associated with differences in brain
activity. For example, lower quality maternal caregiving at
9 months has been associated with infants showing greater
right frontal EEG asymmetry at a concurrent assessment
(Hane and Fox, 2006) and at 3 years of age (Hane et al.,
2010). Frontal EEG asymmetry is of interest for research
into the effects of ELS on development due to associations
of this measure with temperament (Fox et al., 1995, 2001;
McManis et al., 2002) and internalizing and externalizing
behaviors in young children (Smith and Bell, 2010), and
symptoms of depression and anxiety in adults (Stewart

et al., 2010; Thibodeau et al., 2006). However, frontal EEG
asymmetry is a broad measure of brain functioning that
does not distinguish among the contributions of specific
frontal or subcortical brain regions.
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Fig. 2. Association between interparental-conflict scores and brain reactivity to very angry relative to neutral speech (p < .05, family-wise-error corrected
for  multiple comparisons) displayed on the group mean structural image. The image in (a) shows activation in the rostral anterior cingulate cortex (rACC;
infant-atlas: x = 3, y = 29, z = 13; MNI: x = 4, y = 36, z = 17). The images in (a) and (b) show activation in a subcortical cluster including hypothalamus, caudate,
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nd  thalamus (infant-atlas: x = 3, y = −1, z = 1; MNI: x = 4, y = −1, z = 1), in w
o  neutral speech. The scatter plots (c and d; with best-fitting regression l
or  these two regions (Graham et al., 2013).

Recent work in adults has demonstrated the utility of
MRI to localize asymmetry to the functioning of specific
rontal brain regions in order to increase understanding of
he associations between asymmetry and behavioral out-
omes and psychopathology (Miller et al., 2013; Herrington
t al., 2010). Miller reviews evidence suggesting that
nconsistencies in the associations between frontal EEG
symmetry and behavioral outcomes can be addressed to
ome extent by taking advantage of information about
istinct roles for different parts of the frontal cortex in cog-
itive and emotional functioning. Along these lines, fMRI
esearch in infants has potential to build on the rich founda-
ion of frontal EEG asymmetry research to examine effects
f ELS on functional asymmetry within specific frontal and
ubcortical brain regions. While frontal asymmetry has
ot yet been examined with infant fMRI, existing work
as demonstrated the capacity for infant fMRI to reveal
n association between a moderate form of ELS and func-
ioning of specific regions of the frontal cortex (Graham
t al., 2013). Specifically, higher levels of nonphysical con-
ict between parents appear to be associated with 6–12
onth-old infants showing greater reactivity of the ros-

ral anterior cingulate cortex (rACC; along with subcortical
egions including the thalamus and hypothalamus) to very

ngry tone of voice (Graham et al., 2013; Fig. 2). Although
his study did not identify a lateralized prefrontal region,
t demonstrates the sensitivity of infant fMRI to identify
n association between a moderate source of ELS and the
gher conflict scores predicted greater neural response to very angry than
llustrate the association between conflict score and parameter estimates

functioning of a specific prefrontal brain region implicated
in mental health outcomes at later developmental stages.

2.3. Building on the fMRI literature in children to study
ELS

Research with children old enough to comply with
instructions for scanning while awake has taken advantage
of the greater spatial resolution of fMRI to study effects
of ELS on the functioning of specific brain systems. Dif-
ferences in brain functioning in school-aged children and
adolescents have been associated with various forms of ELS
ranging from more severe (e.g. maltreatment [Bruce et al.,
2013; McCrory et al., 2013; Mueller et al., 2010] and insti-
tutionalized rearing [Mehta et al., 2010; Tottenham et al.,
2011]) to more moderate (e.g. differences in socioeconomic
status [Muscatell et al., 2012; Sheridan et al., 2012]). These
differences in brain functioning are evident in the con-
text of tasks targeting multiple domains relevant to mental
health, and cognitive and emotional functioning more
generally, such as inhibitory control (Bruce et al., 2013;
Mueller et al., 2010), reward processing (Mehta et al., 2010),
encoding of social information (Muscatell et al., 2012) and
emotion processing (Gee et al., 2013; McCrory et al., 2011,

2013; Suzuki et al., 2014; Tottenham et al., 2011). Mul-
tiple cortical and subcortical brain regions appear to be
involved in mediating effects of ELS on functioning in these
domains, including among others, the amygdala (McCrory
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et al., 2011, 2013; Muscatell et al., 2012; Tottenham et al.,
2011), rACC (Gee et al., 2013; Suzuki et al., 2014), dorsal
ACC (Bruce et al., 2013; Mueller et al., 2010), and stria-
tum (Mehta et al., 2010). Rs-fcMRI research in adolescents
also indicates associations between ELS and coordinated
functioning of the amygdala and MPFC in the absence of a
specific task (Burghy et al., 2012; Herringa et al., 2013).

This work suggests widespread effects of ELS involving
multiple brain systems both at rest and during engage-
ment in a range of cognitive, social and emotional tasks. In
addition, this research has provided an important bridge to
the extensive animal literature documenting the particular
sensitivity of certain brain regions, such as the amygdala,
to ELS (Malter Cohen et al., 2013; Sánchez et al., 2001;
Tottenham and Sheridan, 2010; Tottenham, 2014). Extend-
ing this work down to infancy with natural sleep fMRI can
facilitate investigation of several topics that are challeng-
ing to examine at older ages. First, infant fMRI has potential
to address unanswered questions about the effects of tim-
ing of ELS on functional brain systems. Second, infant fMRI
may  be used to hone in on initial, core effects of ELS that
precede a more widespread impact on multiple brain sys-
tems and behavioral domains. In a related line of inquiry,
this tool will likely be helpful for distinguishing between
aspects of brain functioning that precede ELS exposure and
confer risk for poor outcomes, versus aspects of brain func-
tioning that are particularly malleable in the context of ELS.
Investigation of such topics with infant fMRI has potential
to increase understanding of the heterogeneous outcomes
associated with ELS, and the methods to best support opti-
mal  outcomes.

2.3.1. Potential for infant fMRI to examine timing effects
of ELS

Due to the rapid pace of brain development during
the pre- and postnatal periods, the timing of exposure to
ELS has important implications for how brain systems and
mental health will be impacted. This has been demon-
strated repeatedly in the animal literature (Sánchez et al.,
2001; Tottenham and Sheridan, 2010; Uchida et al., 2010;
Vázquez et al., 1996), and to some extent in the human lit-
erature (Buss et al., 2012a; Rutter, 1998; Tottenham et al.,
2010). However, basic questions regarding effects of timing
remain unanswered in the human literature. For exam-
ple, potentially distinct effects of pre- versus postnatal
stress on functional brain development are poorly under-
stood. As stressful environments are not usually confined
to the postnatal period, this is an important area of inquiry.
Because infant fMRI can characterize neural response to
environmental stimuli and intrinsic functional brain net-
works shortly after birth, it increases the capacity to isolate
potential effects of the prenatal environment. Moreover,
neonatal brain functioning can be used as a baseline to
examine effects of postnatal stress on functional brain
development over time. Importantly, the animal literature
has shown that pre- and postnatal stress can have oppos-
ing effects on biological systems (Lehmann et al., 2000;

Love and Williams, 2008; Vallée et al., 1999). Thus, exam-
ining brain functioning with fMRI beginning in childhood,
or even late infancy, may  obscure opposing effects of stress
at different time points.
ive Neuroscience 12 (2015) 12–39

Although only experimental manipulations with animal
models can distinguish causal effects of pre- versus postna-
tal stress, and specific effects of timing within the pre- and
postnatal periods, infant fMRI can move human research
closer to this foundational work. Infant fMRI studies begin-
ning in the neonatal period cannot feasibly be conducted in
certain settings, such as in the context of institutionalized
rearing. However, such work is possible in other samples
at risk for exposure to ELS. For example, previous study
designs have involved recruitment of mothers with psy-
chopathology during pregnancy, and scanning of infants
beginning in the neonatal period (e.g. Gilmore et al., 2010;
Shi et al., 2012).

2.3.2. Infant fMRI to increase understanding of the initial
impact of ELS on core brain regions and networks

Related to the issue of timing of ELS, is the timing
of emerging differences in brain functioning following
exposure to ELS. Infant fMRI has potential to increase
understanding of the core, initial effects of ELS on func-
tional brain systems. Different brain regions and networks
will be more vulnerable to the impact of ELS at different
stages of development (Knudsen, 2004; Le Grand et al.,
2003; Tottenham and Sheridan, 2010). However, environ-
mentally induced changes affecting one aspect of brain
functioning are likely to have a ripple effect as brain regions
and networks function in concert to support higher level
emotional and cognitive processes (Fox et al., 2010; Le
Grand et al., 2001). The fMRI work in children suggests
a widespread impact of ELS on multiple brain systems.
However this work has not addressed whether altered
functioning in certain brain regions or networks repre-
sents a core feature of the initial impact of ELS, which
precedes broader effects. fMRI research with infants begin-
ning within a proximal time frame of ELS provides an
opportunity to examine the initial impact of ELS on brain
functioning, and subsequent potential ripple effects. For
example, a recent rs-fcMRI study with infants demon-
strated effects of low socioeconomic status within the first
year of life on the connectivity of the default mode network,
but not on later developing functional networks involved in
cognitive control (Gao et al., 2014b). Continued longitudi-
nal work with such a sample could examine whether these
initial differences in the strength of default network con-
nectivity predict subsequent differences in other functional
networks, and in cognitive and mental health outcomes of
interest.

2.3.3. Preexisting aspects of brain functioning that confer
risk

Similarly, there is a lack of clarity regarding preexist-
ing aspects of brain functioning that predispose infants
to maladjustment following stress exposure (i.e. risk fac-
tors), versus aspects of brain functioning impacted by ELS
that confer risk for poor outcomes. Research with adults
demonstrates how longitudinal fMRI studies can begin to
shed light on this issue. For example, in adult combat

paramedics, preexisting high levels of amygdala reactivity
(prior to deployment) predict emergence of stress related
symptoms following deployment, while changes in reac-
tivity and functional connectivity of the hippocampus over
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he course of deployment are associated with increases in
tress related symptoms (Admon et al., 2009). Additional
ork suggests that greater preexisting amygdala reactiv-

ty (prior to deployment) in combination with decreased
ucleus accumbens activity over the course of deploy-
ent is a particularly strong predictor of increases in stress

ymptomatology (Admon et al., 2012). It remains unknown
hether mental health outcomes associated with ELS are

imilarly influenced by preexisting activity in certain brain
egions and plasticity in the functioning of others. Infants
ith certain neural risk factors may  require additional sup-
ort to avoid poor outcomes even if only exposed to very
ild levels of ELS, while infants without such risk factors
ay  thrive even when exposed to higher levels of ELS.

nfant fMRI is the only methodology that allows for exam-
ning the early functioning of specific subcortical brain
egions that are likely to be important for understanding
aladaptive and adaptive responses to ELS.

.4. Relevance of infant fMRI for intervention related to
LS

Application of infant fMRI to the study of ELS has
otential to inform prevention and intervention efforts
uring early developmental periods when such services
re likely to be most impactful for establishing healthy
evelopmental trajectories. First, increased understanding
f individual differences which contribute to vulnerability
r resilience to ELS can contribute to targeted prevention
ork. Although fMRI scans do not represent a feasible
eans of identifying at-risk infants and toddlers, such
ork can lead to an increasingly in depth understand-

ng of risk and resilience, and more readily identifiable
ehavioral or physiological markers. Second, prevention
ork can be informed by associations between sources

f ELS during specific time frames, and changes in brain
unctioning associated with later developing behavioral
ymptoms. Identification of early changes in brain func-
ioning may  provide a link between specific sources of
LS and behavioral symptoms that emerge later when the
omplexity of behavioral repertoires and environmental
emands increase. These methods additionally provide a
eans of examining neural mechanisms underlying effec-

ive intervention for children exposed to ELS. Targeted
revention and intervention strategies based on this work
an facilitate efficient use of resources.

. Conclusion

The use of fMRI during natural sleep represents a
romising methodology for advancing understanding of
unctional brain development. Research employing task-
ased and rs-fcMRI methods with infants during natural
leep has become increasingly popular to the extent that a
oundational literature has been established. This founda-
ional work demonstrates the feasibility and utility of these

ethods for examining how the infant brain responds to

nvironmental stimuli, and how it becomes organized into
unctional networks that facilitate efficient communica-
ion among brain regions. Considered in the context of

ore widely used functional neuroimaging methods for
ive Neuroscience 12 (2015) 12–39 33

infants (including EEG and fNIRs), fMRI has great poten-
tial to complement and advance the existing literature
due to its unique advantage with regard to spatial resolu-
tion. Indeed, convergent evidence across modalities will be
essential for deepening the current understanding of early
brain development.

The methodological challenges associated with task-
based fMRI and rs-fcMRI with infants and toddlers during
natural sleep necessitate careful consideration and further
study. However, progress has already been made in under-
standing and addressing these challenges. Moreover, the
literature to date documenting the approaches of various
research groups provides a framework to inform careful
decision making about methodological issues. We  hope
that the increasing use of sleep fMRI, and systematic study
of methodological questions will lead to further insight into
the best means of addressing these challenges. Some of
the challenges may  also highlight aspects of brain develop-
ment that receive little attention. For example, increasing
study of the issues regarding sleep state may  draw atten-
tion to the sensitivity of the infant brain to environmental
conditions even during sleep.

Despite the methodological challenges, task-based fMRI
and rs-fcMRI during natural sleep have potential to advance
research across multiple domains. The literature examining
effects of ELS on brain functioning and associated mental
health difficulties is a prime example of an area that stands
to benefit from the application of infant fMRI. The research
to date in this area indicates an important role for spe-
cific brain systems in mediating effects of ELS on mental
health outcomes. The use of infant fMRI allows for examin-
ing these systems within a proximal time frame of ELS, and
within the window of rapid brain development and height-
ened vulnerability to disorganizing influences. The wide
ranging effects of ELS on multiple domains of functioning
may  be understood through a new lens by examining early
emerging effects on developing brain systems and their
potential to subsequently influence additional aspects of
brain functioning. Comprehensive developmental models
stemming from such work are needed to increase under-
standing of how brain development proceeds under a
variety of environmental conditions.
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