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Abstract
Premature birth is associated with high rates of motor and cognitive disability. Investigations have described resting-state
functional magnetic resonance imaging (rs-fMRI) correlates of prematurity in older children, but comparable data in the
neonatal period remain scarce.We studied 25 term-born control infants within the first week of life and 25 very preterm infants
(born at gestational ages ranging from 23 to 29 weeks) without evident structural injury at term equivalent postmenstrual age.
Conventional resting-state network (RSN) mapping revealed only modest differences between the term and prematurely born
infants, in accordance with previous work. However, clear group differences were observed in quantitative analyses based on
correlation and covariancematrices representing the functional MRI time series extracted from 31 regions of interest in 7 RSNs.
In addition, the maximum likelihood dimensionality estimates of the group-averaged covariance matrices in the term and
preterm infants were 5 and 3, respectively, indicating that prematurity leads to a reduction in the complexity of rs-fMRI
covariance structure. These findings highlight the importance of quantitative analyses of rs-fMRI data and suggest a more
sensitive method for delineating the effects of preterm birth in infants without evident structural injury.

Key words: developmental neuroimaging, functional MRI, infant, prematurity, resting-state networks

Introduction

Resting-state functional magnetic resonance imaging (rs-fMRI)
has been used to study the development of functional systems
in children (for review, see Lee et al. (2013)) and to assess the
integrity of functional systems in adults (for review, see Fox
and Greicius (2010)). Accordingly, rs-fMRI provides ameans of in-
vestigating abnormalities in functional cerebral development
consequent to premature birth. This is an important clinical con-
sideration, as the incidence of neurodevelopmental disability in
preterm infants remains high; on the order of 15% for motor
deficits and over 50% for cognitive deficits (Holsti et al. 2002;
Marlow et al. 2005; Woodward et al. 2009). Several studies of

older children and adults have reported rs-fMRI abnormalities
attributable to prematurity (Gozzo et al. 2009; Damaraju et al.
2010; Myers et al. 2010; Constable et al. 2013). In contrast, relative-
ly little has been reported concerning rs-fMRI in prematurely
born infants studied during the neonatal period (for review see
Hoff et al. (2013)).

Resting-state networks (RSNs) have been shown to be present
in neonates, albeit in immature forms (Lin et al. 2008; Fransson
et al. 2009; Gao et al. 2009; Doria et al. 2010; Smyser et al. 2010;
Perani et al. 2011). These RSNs have also been studied in prema-
ture infants, with a predominant focus on RSN development as a
function of postmenstrual age (PMA) as opposed to abnormalities
attributable to prematurity (Doria et al. 2010; Smyser et al. 2010).
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Wepreviously reportednetwork-specific reductions of functional
connectivity in premature infants studied at term equivalent
PMA (Smyser et al. 2010). However, a similar study reported no
detectable rs-fMRI differences between term and premature in-
fants studied at comparable PMA (Doria et al. 2010). This discrep-
ancy may reflect the fact that rs-fMRI analysis techniques
designed to map the topography of RSNs, that is, spatial inde-
pendent component analysis (sICA) (Beckmann et al. 2005) and
seed-based correlationmapping (Biswal et al. 1995), are relatively
insensitive for the detection of pathology. Further, while the co-
horts studied in both investigations included preterm infants
with wide ranges of birth gestational age (23.3–34 weeks PMA
for Smyser et al. and 25.4–35.4 weeks PMA for Doria et al.), the
mean birth gestational age was ∼2 weeks earlier in our previous
study, possibly affecting thefindings.Moreover, different approaches
formultiple comparisons correctionwere employed in eachanalysis.
Thus, it is uncertainwhether the discrepancy in results reflects tech-
nical, clinical, and/or methodological considerations.

Here, we perform quantitative assessments of 7 well-described
RSNs to further examine the effects of prematurity during the neo-
natal period.We studied 25 term-born control infants (hereafter re-
ferred to as “term infants”) and 25 infants born at <30 weeks
gestationwithout cerebral injury on structuralMRI at term equiva-
lent PMA (hereafter referred to as “preterm infants”).We computed
conventional correlation matrices as well as covariance matrices.
Covariance preserves sensitivity to themagnitude of blood oxygen
level–dependent (BOLD) signal fluctuations, providing amore sen-
sitive measure than correlation for the detection of rs-fMRI abnor-
malities (Varoquaux et al. 2010; Pizoli et al. 2011; Smyser et al.
2013). We also employed dimensionality estimation to calculate
the number of independent processes represented in covariance
matrices (Cordes and Nandy 2006). Collectively, these approaches
extend conventional methods comparing RSN mapping results to
include innovative quantitative analyses of the differences in the
amplitude and complexity of intrinsic BOLD activity in infants
born prematurely.

Materials and Methods
Subjects

Preterm infants born prior to 30 weeks gestation were prospect-
ively recruited from the St Louis Children’s Hospital Neonatal
Intensive Care Unit (NICU). Term infants were recruited from
the Barnes-Jewish Hospital Newborn Nursery. All term infants
had no history of in utero illicit substance exposure and no evi-
dence of acidosis (pH <7.20) on umbilical cord or arterial blood
gas assessments during the first hour of life. In both groups, in-
fants were excluded if found to have chromosomal abnormality
or suspected or proven congenital infection (e.g., HIV, sepsis,
toxoplasmosis, rubella, cytomegalovirus, and herpes simplex
virus). Parental informed consent was obtained for each subject
prior to participation in the study.

AnatomicMR images and cranial ultrasounds (if available) for
all subjects were reviewed by a neuroradiologist (J.S.) and pediat-
ric neurologists (C.S., T.I.). Infantswere excluded from the study if
abnormalities including grade II–IV intraventricular hemorrhage,
cystic periventricular leukomalacia, moderate–severe cerebellar
hemorrhage, or lesions in the deep or cortical graymatter were de-
tected (Kidokoro et al. 2013). These inclusion criteriawere chosen to
provide a study population in which the effects of common forms
of neuropathology found in preterm infants were minimized. All
aspects of the study were approved by the Washington University
School of Medicine’s Human Studies Committee.

Demographic information concerning the studied infants is
provided in Tables 1 and 2 and Supplementary Table 1. The pre-
term group comprised 25 infants born prior to 30 weeks with
mean gestational age of 26.8 weeks (±1.8, range 23–29 weeks).
Twelve infants were female and 11 were white. The preterm in-
fants were scanned at a mean PMA of 38.1 weeks (±1.4, range
36–40 weeks). The timing of scan acquisition for these subjects
was determined by clinical status and medical course.

The term group included 25 infants without cerebral injury.
For this group, the mean gestational age at birth was 39.4
weeks (±1.1, range 37–41 weeks) with a mean PMA at scan of
39.5 weeks (±1.1, range 37–41weeks). Sixteen infants were female
and 8 were white.

Data Acquisition

Term infants underwent MRI within the first 4 days of life. Pre-
term infants underwent MRI at term equivalent PMA. Infants
were imagedwithout sedation during natural sleep or while rest-
ing quietly (Mathur et al. 2008). Noise protection during scanning
was provided by ear muffs (Natus Medical, Foster City, CA, USA).
Arterial oxygen saturation and heart rate were continuously
monitored throughout acquisition. A NICU staff member was
present in the scanner room throughout the study.

Imaging was performed using a Siemens Trio 3T scanner
(Erlangen, Germany) using an infant-specific, quadrature head
coil (Advanced Imaging Research, Cleveland, OH, USA). Struc-
tural images were collected using a turbo-spin echo T2-weighted
sequence (TR 8600ms; echo time 160ms; voxel size 1 × 1 × 1mm3;
echo train length 17 ms). rs-fMRI data were collected utilizing
a gradient echo, echo-planar image (EPI) sequence sensitized

Table 1 Demographic information for term-born subjects

Subject Sex Ethnicity GA at birth
(weeks)

Birth
weight (g)

PMA at scan
(weeks)

tc001 F White 39 3830 39
tc002 F AA 39 3390 39
tc003 M AA 39 3210 40
tc004 F AA 38 2635 39
tc005 M AA 40 2909 41
tc006 F White 40 3320 40
tc007 F White 41 3804 41
tc008 M White 40 3702 40
tc009 M White 41 3600 41
tc010 F AA 39 2640 39
tc011 M AA 39 3583 39
tc012 M White 39 3033 39
tc013 F AA 40 3195 40
tc014 F AA 39 3230 39
tc015 F White 40 4025 40
tc016 F AA 40 3290 40
tc017 F AA 38 2890 38
tc018 M AA 40 3715 40
tc019 F AA 37 2775 38
tc020 F White 39 3230 39
tc021 M AA 40 4054 40
tc022 M AA 41 3205 41
tc023 F AA 40 3685 40
tc024 F AA 37 3060 37
tc025 F AA 37 3230 37

GA, gestational age; PMA, postmenstrual age; F, female; M, male; AA, African-

American.
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to T2* BOLD contrast (TR 2910 ms; echo time 28 ms; voxel size
2.4 × 2.4 × 2.4 mm3; flip angle 90°). Whole-brain coverage was
obtained with 44 contiguous slices. Each fMRI run included 200
volumes (frames). Aminimum of one run (9.6 min) was obtained
in each infant. Additional runs were acquired in a subset of
participants depending on subject tolerance.

Data Analysis

rs-fMRI Preprocessing
rs-fMRI data were preprocessed as previously described (Smyser
et al. 2010). These procedures were implemented using the local
4dfp suite of tools (ftp://imaging.wustl.edu/pub/raichlab/4dfp_
tools/), but equivalent functionality is present in other image
analysis packages such as FSL (www.fmrib.ox.ac.uk/fsl/). Briefly,
this included correction for asynchronous slice timing and rigid
body correction of head movement. In addition, EPI distortions
in the infant data were corrected using the FUGUE module in
FSL (Jenkinson et al. 2012). Individual magnetization field maps
were not acquired in all subjects. Therefore, magnetization in-
homogeneity-related distortions were corrected using a mean
field map technique (Gholipour et al. 2008). Atlas transformation
was computed using infant templates (Smyser et al. 2010). Volu-
metric time series in adult Talairach atlas space (3 × 3 × 3 mm3

voxels) were generated, combining motion correction and atlas
transformation in a single re-sampling step.

Additional preprocessing to reduce artifact in preparation for
rs-fMRI analyses included removal by regression of nuisancewa-
veforms derived from rigid body motion correction, regions in
cerebrospinal fluid and white matter, plus the global signal aver-
aged over the whole brain. The data were passed through a

temporal low-pass filter retaining frequencies below 0.08 Hz
and spatially smoothed (6-mm full-width at half-maximum in
each direction). We employed rigorous frame censoring criteria:
frames corrupted by motion were identified by analysis of the
fully preprocessed volumetric time series (Power et al. 2012).
Frames affected by sudden change in head position (volume-to-
volume head displacement ≥0.25 mm) or root-mean-squared
BOLD signal intensity change (DVARS ≥0.3%) were excluded
from the rs-fMRI computations. A minimum of 5 min of fMRI
data, excluding censored frames, was required for subject inclu-
sion in the presently reported study.

Preterm subjects provided an average of 147 frames (±27,
range 102–188 frames) of low-motion fMRI data (corresponding
to 7.1 min). An average of 53 frames (26% of acquired data) was
censored. In the term infants, an average of 124 frames (±20,
range 100–178 frames) was included (corresponding to 6.0 min),
with 42% of acquired data censored.

ROI Selection
Regions of interest (ROIs) in 145 locations in the frontal, temporal,
parietal, and occipital cortices were selected based on prior par-
cellation of adult resting-state activity into 7 RSNs (Hacker et al.
2013). To optimize ROIs for studying neonates, correlation maps
were initially computed in term infants using 10.5-mm radius
spheres, masked to include only gray matter voxels, centered
on atlas coordinates derived from the adult study. Correlation
maps including all ROIs within the same RSN were averaged
within the term cohort to create neonate-representative RSN
topographies. The topographies for each RSN were then sub-
jected to peak search and thresholding to obtain a set of ROIs re-
presenting each RSN (Table 3). The boundary thresholds for each
RSN were adjusted to obtain a limited number of ROIs approxi-
mately matched in volume (100 ± 25 voxels). Each of the 7 RSNs
—language network (LAN), somatomotor network (SMN), visual
(VIS), default mode (DMN), dorsal attention (DAN), ventral atten-
tion (VAN), and frontoparietal control (FPC)—was represented by
4–6 ROIs providing a final set of 31 ROIs (Table 3 and Fig. 1).

Functional Connectivity Analyses
Correlation maps and ROI:ROI correlation coefficient matrices
were computed using the standard Pearson product-moment
formula (Biswal et al. 1995). Correlation coefficients were Fisher
z-transformed prior to statistical analysis (Jenkins and Watts
1968). In addition, time series covariance estimates were com-
puted for each ROI pair.

All time series in the present analyses were made zero-mean
during preprocessing. Thus,

1
T

Z T

0
fiðtÞdt ¼ 0; ð1Þ

where fi(t) is the time series at locus i and T is the period of obser-
vation. In conventional seed-based analysis, the functional con-
nectivity between 2 time series, fi(t) and fj(t), is defined in terms of
the Pearson product-moment formula (Box et al. 2008),

rij ¼
cijffiffiffiffiffiffiffiffiffiffiffi
σ2
i σ

2
j

q ¼ cij=σiσ j; where ð2Þ

σ2
i ¼ 1

T

Z T

0
f 2i ðtÞdt:

In Equation (2), σ2
i is the temporal variance of time series fi(t)

and cij is defined in Equation (3). The covariance measure

Table 2 Demographic information for preterm subjects

Subject Sex Ethnicity GA at birth
(weeks)

Birth
weight (g)

PMA at scan
(weeks)

te001 F AA 28 1155 36
te002 F White 28 940 38
te003 F AA 26 750 40
te004 F White 29 1150 36
te005 M White 29 1523 37
te006 M White 25 680 36
te007 M White 29 1490 36
te008 M White 26 770 37
te009 M AA 27 1040 36
te010 M AA 27 1110 39
te011 M AA 27 1100 37
te012 M AA 25 620 37
te013 M White 28 1290 37
te014 F White 24 800 38
te015 F AA 28 920 37
te016 M White 29 930 40
te017 M White 28 1120 38
te018 F AA 27 1140 39
te019 M AA 27 980 37
te020 F AA 25 850 37
te021 M AA 23 690 39
te022 F AA 24 810 39
te023 F AA 25 640 37
te024 F Asian 28 950 38
te025 F White 28 660 40

GA, gestational age; PMA, postmenstrual age; F, female; M, male; AA, African-

American.
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(Box et al. 2008) corresponding to correlation rij is

cij ¼
1
T

Z T

0
fiðtÞ fjðtÞdt: ð3Þ

Thus, correlation is a unit-less quantity defined as covariance
normalized by standard deviations (σ1 and σ1). Covariance has
units (fMRI signal)2, and, because it is not a normalized quantity,
retains sensitivity to signal magnitude. Covariance values are in-
terpretable, in this instance, because the BOLD data in each fMRI

run are intensity normalized to a whole-brain mode value of
1000.

Statistical Analysis

For each statistical measure, composite scores within each net-
work and between each network pair were computed to reduce
the dimensionality of the data space (Brier et al. 2012). Statistical
analysis was performed using SPSS version 22 (Chicago, IL, USA).

Table 3 Regions of interest

RSN ROI location Size (voxels) MNI center coordinates (x, y, z)

Language (LAN) Left inferior frontal 81 −48, 26, −2
Right inferior frontal 112 52, 28, 2
Left posterior temporal 95 −57, −34, 1
Right posterior temporal 104 61, −38, 5

Somatomotor (SMN) Left motor 120 −37, −22, 48
Right motor 111 30, −23, 53
Left supplementary motor 92 −13, −31, 60
Right supplementary motor 117 16, −31, 60

Visual (VIS) Left V1 112 −9, −86, 9
Right V1 107 7, −83, 11
Left extra-striate 100 −27, −87, 6
Right extra-striate 108 26, −84, 10

Default mode (DMN) Medial prefrontal 113 0, 48, 16
Posterior cingulate 88 −2, −51, 30
Left lateral parietal 106 −48, −65, 30
Right lateral parietal 92 48, −66, 40
Left lateral temporal 79 −58, −25, −13
Right lateral temporal 76 59, −16, −18

Dorsal attention (DAN) Left intraparietal sulcus 103 −37, −42, 48
Right intraparietal sulcus 90 31, −47, 52
Left frontal eye field 78 −27, −6, 52
Right frontal eye field 77 27, −3, 54

Ventral attention (VAN) Medial prefrontal 112 3, 25, 26
Left ventromedial frontal 86 −41, 19, 0
Right ventromedial frontal 100 45, 19, 5
Left temporoparietal junction 99 −57, −50, 32
Right temporoparietal junction 78 54, −47, 33

Frontoparietal control (FPC) Left parietal 104 −33, −60, 43
Right parietal 91 35, −58, 43
Left lateral prefrontal 95 −43, 15, 33
Right lateral prefrontal 78 45, 23, 33

Figure 1.Regions of interest (ROIs) used in present analyses. Axial, coronal, and sagittal planes are identified byatlas z, y, and x coordinates, respectively. Each resting-state

network is represented by 4–6 ROIs (Table 3). (A) language (LAN) network; (B) somatomotor network (SMN); (C) visual (VIS) network; (D) default mode network (DMN); (E)

dorsal attention network (DAN); (F) ventral attention network (VAN); (G) frontoparietal control (FPC) network. ROIs are overlaid on the neonate-specific, T2-weighted atlas

template.
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Group comparisons of Fisher’s z-transformed correlation co-
efficients (z(r)) were conducted using two-sample, two-tailed
t-tests. Because covariance estimates generally are not normally
distributed, statistical significance of group differences in the
covariance measures was evaluated using the Mann–Whitney
two-sample rank-sum U-test. For these analyses, the Bonferroni
multiple comparisons corrected threshold for significance level
of α = 0.05 was 0.007.

Covariance matrices were also subjected to principal compo-
nents analysis to estimate dimensionality, that is, number of in-
dependent (more strictly, orthogonal) processes represented in
the covariance structures. The covariance results were used to
generate scree plots (variance attributable to ordered eigenvec-
tors). Maximum likelihood dimensionality estimates then were
calculated for both groups (Minka 2001). Permutation resampling
was used to determine the significance of group differences. The
combined set of term and pretermmatrices (n = 50) was randomly
resampled, over repeated permutations, into 2 groups of 25 each.
In each permutation, 2mean surrogate covariancematrices were
computed and subjected to dimensionality estimation. The stat-
istical significance of the experimentally observed group differ-
ence was then assessed in terms of the cumulative distribution
of the surrogate group differences.

Results
Correlation Mapping

Correlationmaps corresponding to each of the investigated RSNs
were readily obtained using the ROIs derived for each network.
Figure 2 shows results for 2 primary RSNs (SMN and VIS) and
1 higher order RSN (LAN) obtained with the first seed listed in
Table 3. Similar results for each RSN were obtained using other
seeds (data not shown). Correlation maps in the term and pre-
term subjects were qualitatively similar. In both groups, these
maps are characterized by bilateral symmetry, indicating well-
developed homotopic functional connectivity. Intrahemispheric
correlations are present but quantitatively weaker. Seeds in pri-
mary somatomotor cortex show functional connectivity with
the supplementary motor area on the mesial surface. SMN
seeds uniquely exhibit strong functional connectivity with the
thalamus. Limited correlations are observed in the cerebellum.

Quantitative ROI Pair Results

Fisher’s z-transformed correlation coefficient (z(r)) matrices cor-
responding to all 31 × 31 pairs of seeds in Table 3 are shown in
Figure 3. The RSNs demonstrated in Figure 2 (LAN, SMN, and
VIS) are ordered first in the matrices (upper left corner). RSN-
dependent block structure along the diagonal is evident in both
groups. Warm hues within diagonal blocks indicate that ROIs
within RSNs aremutually correlated. Homotopic Fisher’s z-trans-
formed correlations within the SMN and VIS network (e.g., left-
SMA:right-SMA) exceeded 0.4 in both groups. Homotopic Fisher’s
z-transformed correlations within the LAN (e.g., left-temporal:
right-temporal) were lower, but still exceeded 0.2 in both groups.

Group difference z(r) matrices are shown in Figure 3C. Cells
showing maximum group contrast effect (two-sided t-test,
P < 0.05, uncorrected for multiple comparisons) are marked with
black stars. Which RSNs are most affected by prematurity is not
immediately apparent on inspection of Figure 3C. The question
is more clearly answered in terms of RSN composite z(r) scores
(Table 4 and Supplementary Table 2), which are averages over
the diagonal blocks shown in Figure 3. Averaging over ROI pairs

within RSNs suppresses sampling error (Brier et al. 2012). The
most significant group contrasts were observed in higher order
RSNs (namely LAN, FPC, and DMN); in contrast, primary RSNs
(SMN, VIS) were less affected by prematurity.

Figure 4 parallels Figure 3, but shows covariance rather than
correlation. Covariance, unlike correlation, retains sensitivity to
signalmagnitude as a factor in themeasure. The greater sensitiv-
ity of covariance for identifying group differences is evident on
comparison of Figures 3C and 4C. This difference is also mani-
fested in Table 5 (and Supplementary Table 3), in which the com-
posite covariance-based scores reveal more significant group
differences than the z(r)-based measures. Using this measure,
6 of the 7 RSN contrasts are significant.

Figure 5 shows the same data displayed in Figures 3 and 4,
with termversus pretermdifferences plotted versusmean values
over both groups. All (31 × 30/2) ROI pairs are represented. In both
Fisher’s z-transformed correlation (Fig. 5A) and covariance
(Fig. 5B) values, term minus preterm differences tend to exhibit
the same sign as the combined groupmean. This result indicates
that both positive andnegative functional connectivitymeasures
are predominantly weaker in the preterm group. Again, this rela-
tionship is more robust for the covariance measure. The line of
regression in Figure 5B (slope = 0.72) indicates that covariance
measures in the preterm group are, on average, approximately
onehalf of those in the termgroup (algebraically expressing, “term
− preterm= 0.72 times the term + preterm mean,” we obtain:
(t− p) = 0.72 × (t + p)/2. Rearranging gives p = [(1− 0.36)/(1 + 0.36)] × t,
or, p ≈ 0.47 × t)).

Additional quantitative results are presented in Figure 6.
Figure 6A shows group mean Fisher’s z-transformed correlation
coefficients from 12 homotopic cortical ROI pairs across the
7 RSNs. All 12 measures are lower in the preterm group. Scree
plots corresponding to the covariance matrices obtained in
both groups are shown in Figure 6B. Themaximum likelihood di-
mensionality estimates of the term and preterm covariance ma-
trices are 5 and 3, respectively. The statistical significance of this
group difference was determined by permutation resampling to
be P < 2 × 10−4 (two-sided).

Discussion
Summary of Findings

Conventional correlation mapping demonstrated comparable,
immature forms of RSNs in term and preterm infants studied at
term equivalent PMA, consistent with previous studies (Doria
et al. 2010; Smyser et al. 2010). In contrast, quantitative analyses
revealed clear termversus pretermdifferences. The predominant
manifestation of prematurity was reduced correlation magni-
tudes, an effect more prominent in covariance measures. In add-
ition, the estimated dimensionality of the covariance matrices
was significantly lower in the preterm group when compared
with the term group (3 vs. 5). This difference suggests that prema-
turity leads to a reduction in the complexity of intrinsic fMRI
activity, at least as assessed at term equivalent PMA.

Relation to Previous fMRI Studies of Preterm Infants
and Children

The adverse neurodevelopmental consequences of prematurity
are well documented (Marlow et al. 2005; Woodward et al.
2009). However, the literature on the effects of preterm birth on
rs-fMRI, evaluated in the neonatal period, remains scarce. As pre-
viously noted, Doria et al. (2010) mapped multiple RSNs in term
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and preterm infants and reported no group differences in RSN
topography. This outcome was obtained using sICA rather that
seed-based correlation mapping, but is consistent with the re-
sults shown herein (Fig. 2). We previously reported correlation
maps contrasting term versus preterm infants (Smyser et al.
2010). However, this analysis was restricted to investigations of
specific networks.

Task-based and rs-fMRI studies of preterm children evaluated
at older ages suggest that neural systems for language andmem-
ory are atypical in preterm children (Gimenez et al. 2005; Ment
et al. 2006; Gozzo et al. 2009). This atypicality includes increased
functional connectivity (a measure of functional relatedness,

defined as the correlation strength of fMRI time series fluctua-
tions) involving the supramarginal gyrus (Gozzo et al. 2009) and
sensorimotor cortex (Schafer et al. 2009). This finding was inter-
preted as suggesting the engagement of a broader set of neural
systems for language processing in preterm children. However,
the strength of the alternative functional connections, particu-
larly of the right supramarginal gyrus, was inversely related to
language performance, suggesting that these connections re-
flected a maladaptive consequence of premature birth (Myers
et al. 2010).

Dimensionality estimation provides an index of the complexity
of intrinsic brain activity. Equivalently, estimated dimensionality

Figure 2. Group mean rs-fMRI correlation maps illustrating the language (LAN), somatomotor (SMN), and visual (VIS) RSNs. The illustrated quantity is the Fisher’s z-

transformed correlation coefficient (z(r)), averaged and subjects; color threshold |z(r)| > 0.12. For all maps, the seed ROI is the first listed in Table 3. (A) Term infants; (B)

preterm infants studied at term equivalent postmenstrual age. Note the presence of both positive (warm hues) and negative (cool hues) correlations. Underlay image

and atlas plane labeling as in Figure 1.
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provides a quantitative index of RSN segregation (Sporns 2013).
Intrinsic activity dimensionality has been investigated in adults
on the basis of single-voxel time series (Cordes and Nandy
2006). Data from adult studies suggest that intrinsic brain activity
is hierarchically organized (Cordes et al. 2002; Doucet et al. 2011;
Boly et al. 2012; Lee et al. 2012), which indicates that dimension-
ality estimates are interpretable across studies only if theyare ob-
tained using identical analysis strategies. Adult data acquired in
our laboratory, analyzed using the same preprocessing pipeline
and ROI set, yielded a maximum likelihood dimensionality esti-
mate of 8. Accordingly, we propose that the complexity of intrin-
sic brain activity can be ordered as follows: adults > term
infants > preterm infants. We are unaware of similar prior di-
mensionality estimates in infants. However, Fransson et al.
(2011) used graph-theoretical analyses to demonstrate that de-
gree centrality at major cortical hubs (an index of RSN segrega-
tion) is higher in adults when compared with term infants, but
this analysis did not include preterm infants. In addition, Ball
et al. (2014) employed network analysis methods to analyze dif-
fusion tensor imaging data acquired in neonates, identifying dis-
ruptions in cortical hub architecture in prematurely born infants
compared with those born at term at term equivalent PMA.

Developmental Implications

Our results demonstrate that prematurity is associated with al-
terations of intrinsic brain activity that are detectable, at the
group level, using quantitative techniques. These disruptions
are most evident in covariance as opposed to correlation

measures. Thus, it appears that prematurity leads to a reduction
in the amplitude and complexity of phase-synchronous, infra-
slow (<0.1 Hz) cortical and subcortical neuronal activity within
and across RSNs. In contrast, RSN topography appears to be rela-
tively preserved. A detailed account of the pathophysiological
implications of this finding is limited by the incomplete under-
standing of the physiological significance of intrinsic brain activ-
ity. Nevertheless, there is evidence that intrinsic cortical and
subcortical neuronal activity is critical for brain development
(Katz and Crowley 2002), brain function in children (Pizoli et al.
2011), and brain plasticity in adults (Albert et al. 2009; Sami
et al. 2014). Thus, disruption of this activity during infancy may
have long-term effects on network architecture.

More pragmatically, the rs-fMRI literature suggests that loss of
correlated intrinsic activity generally indicates pathology (Fox
and Greicius 2010), for example, as in Alzheimer’s disease (Brier
et al. 2012). Similarly, in a series of infants with moderate to se-
vere white matter injury secondary to periventricular hemor-
rhagic infarction, also studied using the present methods, BOLD
signal correlationswere reduced in comparison to control infants
in a manner proportional to injury severity (Smyser et al. 2013).
Thus, the rs-fMRI changes detected in the present study may re-
flect brain injury and/or altered brain development not detect-
able by conventional MRI. However, these measures do not
allow us to distinguish whether subtle injury, altered develop-
ment or a combination of these 2 influences underpin our
observations.

The elements contributing to the differences in rs-fMRI mea-
suresmay be related to the perinatal and clinical factors towhich
the preterm infant is exposed. These include infection (Chau
et al. 2012), lung disease (Ball et al. 2010), and patent ductus arter-
iosus ligation (Padilla et al. 2014), all of which have been linked to
alterations in macro- and microstructural development. Investi-
gations have extended these effects to rs-fMRI measures, with
RSN-specific reductions at term equivalent PMA in prematurely
born infants who have high exposure to stressful and/or painful
procedures (Smith et al. 2011). The preterm infants included in
our investigation had typical rates ofmedical comorbidities com-
mon in this high-risk population (Supplementary Table 1). Thus,
it is reasonable to suspect this amalgam of common NICU expo-
sures potentially contributed individually or cumulatively to the
alterations in rs-fMRI measures observed in this group.

These alterations in RSNs may be related to the neurodeve-
lopmental and psychiatric deficits common in prematurely

Figure 3. Group mean Fisher’s z-transformed correlation coefficient matrices representing all ROI pairs. The block structure along the diagonal corresponds to RSNs. (A)

Term infants; (B) preterm infants; (C) termminus pretermdifference. Black stars in (C) denote cells with a significant (P < 0.05;multiple comparisons uncorrected) between

group difference on two-tailed t-test. Note similarity of block structure in (A) and (B).

Table 4 Compositemean Fisher’s z-transformed correlation values by
network for term and preterm subjects

Network Term Preterm Term versus preterma

LAN 0.25 0.15 P = 0.009
SMN 1.01 0.91 P = 0.139
VIS 0.44 0.47 P = 0.440
DMN 0.28 0.15 P = 7.44 × 10−5

DAN 0.25 0.28 P = 0.438
VAN 0.22 0.27 P = 0.238
FPC 0.31 0.16 P = 8.00 × 10−4

aResult from two-sample, two-tailed t-test between groups.
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born children. Clinical conditions including cerebral palsy
(Burton et al. 2009; Lee et al. 2011), attention deficit hyperactivity
disorder (Posner et al. 2014), and autism spectrum disorder
(Redcay et al. 2013) have been linked to network-specific disrup-
tions in RSN architecture. These findings have remained consist-
ent across investigations including older children and adults
despite differences in study populations and approaches to as-
sessment of cerebral connectivity. This constellation of findings
suggests that some of the clinical diagnoses known to occur with
greater incidence in prematurely born children may be attribut-
able to so-called disorders of cerebral connectivity, although
the timing and mechanisms of these disruptions remain unclear.
Additional investigations to define the clinical relevance of RSNs
and their relationship to early neurodevelopmental outcomes in
prematurely born children are underway.

Differential Impact of Prematurity on Functional Systems

It is generally assumed that RSN development is dependent on
establishment of structural connections (Mrzljak et al. 1992;
Petanjek et al. 2008). Formation of these connections begins
with subplate synaptogenesis and development of thalamo-
cortical connectivity early in gestation (Kostovic and Rakic 1984,
1990). Establishment of long-range cortical connections and re-
gression of the subplate follow, accompanied by axonal, dendrit-
ic, and glial proliferation. Ongoing synaptogenesis, concurrent
synaptic pruning, and programmed neuronal apoptosis foster
emergence of networks. Myelination also begins during this per-
iod, progressing in an orderly, regional fashion. Each of these

contributing developmental processes may be meaningfully
affected by endogenous and external stimuli (Huttenlocher
1979; Bourgeois et al. 1989). In addition, emerging spontaneous,
synchronized neuronal activity also shapes this early cortical
architecture (Shatz 1996). The complexity of these relationships
highlights the vulnerability of functional and anatomical devel-
opment during this period. Disruptions in development of
these cortical pathways in prematurely born infants may alter
RSN development.

The magnitudes of the RSN measures shown in Figure 6A are
remarkable as the values are ordered according to known rates of
corticalmaturation. In particular, motor and visual cortices show
the highest correlation coefficients and correspond to areas of
cortex that are known to mature early (Conel 1939; Meyer 1961).
The process of early cortical maturation outlined above radiate
outwards from the insula (Sidman and Rakic 1982). The finding
that correlation coefficients for the motor RSN are higher than
for the visual RSN is consistent with this ranking. In contrast,
areas of association cortex are known tomature relatively slowly,
and also have lower correlation coefficients in Figure 6A. While
these observations do not prove that correlation coefficients in-
crease with network maturation, they suggest that this is the
case. Further, the finding that correlation coefficients are lower
for preterm infants compared with term infants implies that
the networks in preterm infants are relatively less mature due
to disruptions in normative cortical development and/or injury.

Mechanisms Leading to Intrinsic Activity Dimensionality
Reduction Consequent to Premature Birth

One potential explanation for the effect shown in Figure 6B is
whitematter injury. In adult humans and experimental animals,
RSN topography can be related to the anatomy of white matter
tracts (Vincent et al. 2007; Damoiseaux and Greicius 2009;
Honey et al. 2010; van den Heuvel and Sporns 2013). In other
words, anatomically connected parts of the brain tend to exhibit
correlated intrinsic activity. As white matter pathology is among
the most well-documented consequences of prematurity (Volpe
2009; Ball, Boardman, et al. 2013), it follows that impaired devel-
opment of white matter potentially explains deficient RSN
segregation.

However, accounting for reduced dimensionality on the basis
of underdeveloped white matter tracts most likely represent an

Figure 4. Group mean covariance matrices representing all pairs of ROIs. The block structure corresponds to RSNs. (A) Term infants; (B) preterm infants; (C) term minus

preterm difference. Black stars in (C) denote cells with a significant (P < 0.05; multiple comparisons uncorrected) between group difference on two-tailed Mann–Whitney

U-test. Note similarity of block structure in (A) and (C). This similarity reflects roughly proportional down-scaling of positive and negative rs-fMRI covariance values in the

preterm group relative to the term group.

Table 5 Composite mean covariance values by network for term and
preterm subjects

Network Term Preterm Term versus preterma

LAN 0.38 0.14 P = 9.24 × 10−5

SMN 3.48 1.68 P = 3.99 × 10−4

VIS 1.22 0.55 P = 0.001
DMN 0.52 0.17 P = 4.89 × 10−6

DAN 0.37 0.30 P = 0.154
VAN 0.30 0.12 P = 4.81 × 10−5

FPC 0.52 0.13 P = 3.70 × 10−6

aResult from Mann–Whitney U two-sample rank-sum test between groups.
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oversimplification. First, the relationship between anatomical
and functional connectivity is not one-to-one. Thus, there exist
numerous examples of functional connectivity between regions
lacking direct anatomical connections (Vincent et al. 2007;
Uddin 2013). Second, functional connectivity is plastic. For ex-
ample, complete section of the corpus callosum leads to a mas-
sive reduction in homotopic functional connectivity in the
acute postoperative period (Johnston et al. 2008; O’Reilly et al.
2013), but this effect is significantly moderated over time
(Uddin et al. 2008). Additionally, experiments in adult humans
indicate that functional connectivity is subject to alteration by
intensive training (Lewis et al. 2009). These considerations
imply that a full understanding of how prematurity leads to
altered intrinsic activity requires taking into account how
postnatal experience leads to aberrant plasticity in an incom-
pletely developed brain (Bourgeois et al. 1989; Volpe 2009; Ball,
Srinivasan, et al. 2013).

Caveats and Limitations

Because of rigorous entry and data quality criteria, this investiga-
tion included a total of 25 preterm and 25 term infants. These co-
hort sizes are modest by adult rs-fMRI standards, for example
(Brier et al. 2012), but comparable with prior neonatal studies,
for example (Lin et al. 2008; Gao et al. 2009; Fransson et al.
2011). We also note that group-level results potentially inform
our understanding of the pathophysiological consequences of
prematurity, but do not necessarily translate into diagnostic
tests applicable to single infants. Reliable diagnostic tests in

individuals would require a substantial increase in the signal-
to-noise ratio of rs-fMRI.

Conclusions
We demonstrate differences between term- and prematurely
born infants scanned at comparable PMA in the statistics of rs-
fMRI time series. These disparities are most apparent in covari-
ance measures, which retain sensitivity to BOLD amplitude, as
opposed to correlation measures. They are also evident on mea-
sures of dimensionality, suggesting that networks in term in-
fants have greater complexity than those of preterm infants.
We confirm that RSN topography is relatively preserved in pre-
term infants. Correlation coefficient magnitudes correspond to
known rates of cortical maturation in both term and preterm in-
fants. Our results raise the possibility that rs-fMRImayultimately
be useful for identifying preterm infants at risk for neurodev-
elopmental disability, although such application would require
improvements in rs-fMRI methodology.

Supplementary Material
Supplementary Material can be found at http://www.cercor.
oxfordjournals.org/.
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