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Abstract

Cortical resting state networks have been consistently identified in infants using resting state-functional connectivity
magnetic resonance imaging (rs-fMRI). Comparable studies in adults have demonstrated cerebellar components of well-
established cerebral networks. However, there has been limited investigation of early cerebellar functional connectivity.
We acquired non-sedated rs-fMRI data in the first week of life in 57 healthy, term-born infants and at term-equivalent
postmenstrual age in 20 very preterm infants (mean birth gestational age 27 + 2 weeks) without significant cerebral or
cerebellar injury. Seed correlation analyses were performed using regions of interests spanning the cortical and subcortical
gray matter and cerebellum. Parallel analyses were performed using rs-fMRI data acquired in 100 healthy adults. Our results
demonstrate that cortico-cerebellar functional connectivity is well-established by term. Intra- and cortico-cerebellar
functional connectivity were largely similar in infants and adults. However, infants showed more functional connectivity
structure within the cerebellum, including stronger homotopic correlations and more robust anterior-posterior
anticorrelations. Prematurity was associated with reduced correlation magnitudes, but no alterations in intra- and cortico-
cerebellar functional connectivity topography. These results add to the growing evidence that the cerebellum plays an
important role in shaping early brain development during infancy.
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Introduction

The cerebellum plays an increasingly recognized role in brain
function and development (Steinlin 2007; Stoodley 2012;
Buckner 2013). Beyond its well-established involvement in
motor function and coordination, the cerebellum contributes
to higher cognitive functions including executive control, lan-
guage, visuospatial reasoning, social cognition, and working
memory (for a review, see Stoodley and Schmahmann 2009).
Recent investigations of the cerebellum have increasingly
included resting state-functional connectivity magnetic resonance

imaging (rs-fMRI), a neuroimaging modality that measures the
temporal correlation of spontaneous, low frequency fluctuations
of the blood oxygen level dependent (BOLD) signal (Fox and
Raichle 2007). In adults, rs-fMRI has consistently revealed multi-
ple resting state networks (RSNs) incorporating both cerebellar
and cortical regions, the topography of which corresponds to the
known representation of function across the brain. For example,
motor and somatosensory RSNs are represented in the anterior
cerebellum, while RSNs associated with “higher-order” func-
tions, e.g., the default mode network (DMN) and the salience
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network (SAL), are represented in posterior cerebellar lobes
(Habas et al. 2009; O'Reilly et al. 2010; Buckner et al. 2011,
Bernard et al. 2012). Similar findings have been obtained in older
children and adolescents (Khan et al. 2015; Bernard et al., 2016;
Wang et al. 2016). However, little is known regarding cerebellar
RSNs in infants.

The basic morphology of the cerebellum is established
around 20 weeks of gestation. Major volumetric expansion and
surface foliation develop over the last trimester of pregnancy
(Rakic and Sidman 1970; Volpe 2009; Leto et al. 2015). The cere-
bellum is particularly vulnerable to injury during this later
period, potentially leading to impaired structural and func-
tional development (Volpe 2009; Poretti et al. 2016). Multiple
studies have shown that prematurity predisposes to structural
cerebellar injury, with risk progressively increasing as gesta-
tional age decreases (Limperopoulos et al. 2005a, 2005b, 2007;
Volpe 2009). Several recent studies have shown strong associa-
tions between cerebellar injury and under-development of the
contralateral supratentorial hemisphere (Limperopoulos et al.
2005a, 2005b, 2010). Further, domain-specific motor and cogni-
tive deficits are associated with cerebellar injury and impaired
development in both term- and preterm-born populations
(Castellanos et al. 2002; Allin et al. 2005; Messerschmidt et al.
2008; Nicolson and Fawcett 2011; Bolduc et al. 2012; Stoodley
and Stein 2013; Limperopoulos et al. 2014; Brossard-Racine
et al. 2015; Poretti et al. 2016). Taken together, these findings
indicate that evaluating the cerebellum during the neonatal
period is necessary in order to fully understand its role in early
brain development and function.

rs-fMRI has been used to study functional cerebral develop-
ment in pediatric populations during infancy and early child-
hood (De Asis-Cruz et al. 2015; Smyser and Neil 2015). Despite
differing acquisition and analysis techniques, these investiga-
tions have consistently demonstrated canonical RSNs through-
out the brain in infants with strong similarity to adult RSNs
(Fransson et al. 2007; Doria et al. 2010; Smyser et al. 2010, 2016;
Toulmin et al. 2015). These studies have shown RSN develop-
mental patterns often parallel known rates of cortical matu-
ration based upon histological investigation. Furthermore,
quantitative group- and individual-level alterations in RSN
architecture attributable to premature birth suggest that func-
tional network architecture undergoes a critical developmental
period prior to term-equivalent postmenstrual age (PMA; 3741
weeks; Fransson et al. 2007; Doria et al. 2010; Smyser et al. 2010).
Some studies have demonstrated interhemispheric correlation
between homotopic regions of the cerebellum (Fransson et al.
2007; Doria et al. 2010; Smyser et al. 2010). However, the ana-
tomic specificity of cerebellar RSNs and their relationship to cor-
tical RSNs have not been studied in the neonatal period.

In this study, we used rs-fMRI to explore the intrinsic cere-
bellar and cortico-cerebellar functional organization of the
developing brain in 57 full-term born (FT) infants. A group of 20
very preterm-born infants (VPT; born at <30 weeks gestation)
were studied at term-equivalent PMA to evaluate the effects of
prematurity on early cerebellar RSN development. In addition,
a group of 100 healthy adults were studied to assess the effects
of later development on cerebellar RSNs. Low-motion rs-fMRI
data were available for all subjects. Equally sized regions of
interest (ROIs), spanning the entire cerebellum and cortical and
subcortical gray matter, were used as seeds to delineate the
cerebellar RSNs and cortical and subcortical gray matter struc-
tures in each group. We hypothesized that 1) multiple intrinsic
cerebellar functional networks with distinct cortico-cerebellar
rs-fMRI patterns are identifiable during the neonatal period in

FT infants, 2) prematurity manifests as altered functional con-
nectivity in VPT infants scanned at comparable PMA, and 3) a
similar intrinsic cerebellar and cortico-cerebellar functional
connectivity architecture is present in adults, though with
network-specific differences in comparison to neonates.

Materials and Methods
Subjects

Fifty-seven FT infants (31 females, gestational age at birth
37-41 weeks) were recruited from the Barnes-Jewish Hospital
Newborn Nursery. All infants had no evidence of cerebral injury
on MRI and no history of in utero illicit substance exposure or
evidence of acidosis (pH < 7.20) on umbilical cord or arterial
blood gas assessments during the first hour of life. Twenty VPT
infants (9 female, gestational age at birth 23-29 weeks) were
prospectively recruited from the St. Louis Children’s Hospital
Neonatal Intensive Care Unit (NICU). VPT infants were excluded
if the following structural abnormalities were noted on MRI in
reviews by a neuroradiologist (J.S.S.) and pediatric neurologist
(C.D.S.): grade II-1V intraventricular hemorrhage, cystic periven-
tricular leukomalacia, lesions in the cortical or deep nuclear
gray matter, and any hemorrhagic lesions in the cerebellum
(Kidokoro et al. 2013). These criteria were chosen to provide a
study population in which the effects of common forms of neu-
ropathology found in VPT infants, including cerebellar injury,
were minimized. Infants were also excluded if found to have
chromosomal abnormality or suspected or proven congenital
infection (e.g., HIV, sepsis, toxoplasmosis, rubella, cytomegalo-
virus, herpes simplex virus). Demographic information for both
groups is provided in Table 1. Parental informed consent was
obtained for each subject prior to participation. All aspects of
the study were approved by the Washington University School
of Medicine’s Human Studies Committee.

In addition, data for a group of 100 clinically healthy adults
(56 female, age at scan 18-35 years, mean age 21.4 + 2.4 years)
studied through the Harvard-MGH Brain Genomics Superstruct
Project were included in the analyses (sample described in Yeo
et al. 2011). Adult participants provided written informed con-
sent in accordance with the guidelines set by the institutional
review boards of Harvard University or Partners Healthcare.

MRI Data Acquisition

FT infants were scanned within the first 4 days of life (mean
PMA at scan 39 + 1 weeks). VPT infants were scanned at term-
equivalent age (mean PMA at scan 38 + 2 weeks). All imaging
data were acquired on a Siemens Trio 3T scanner (Erlangen,
Germany) using an infant-specific quadrature head coil
(Advanced Imaging Research, Cleveland, OH, USA). All infants
were scanned during natural sleep or while resting quietly with-
out the use of sedating medications (Mathur et al. 2008). For a
description of procedures used to prepare infants for scanning,
please see Smyser et al. (2010).

Structural images were acquired using a T2-weighted
sequence (TR = 8600 ms, TE = 160 ms, voxel size 1mm?, echo
train length 17ms). rs-fMRI data were collected using a
gradient-echo echo planar image (EPI) sequence sensitized to
T2* BOLD contrast (TR = 2910ms, TE = 28ms, voxel size
2.4mm?, flip angle 90°). Whole brain coverage was obtained
with 44 contiguous slices. Each fMRI run consisted of ~200
volumes (9.6 min), and a minimum of one run was obtained in
each infant. Additional runs were acquired in a subset of parti-
cipants depending on subject tolerance.
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Table 1 Demographic information for term and preterm infants

Clinical variable Preterm infants (N = 20) Term infants (N = 57) P-value
Gestational age at birth (weeks)—mean standard deviation (SD) 27 (2) 39 (1) <0.001?
Female—N (%) 9 (45%) 31 (54%) 0.470°
African-American—N (%) 10 (50%) 37 (65%) 0.239°
Postmenstrual age at scan (weeks)—mean (SD) 38 (2) 39 (1) 0.022
Birthweight (g)—mean (SD) 1008 (206) 3315 (417) <0.001%
Multiple gestation—N (%) 7 (35%) 0 (0%) <0.001°
Antenatal steroids—N (%) 18 (90%)

Inotropic support—N (%) 5 (25%)

Postnatal steroids—N (%) 3 (15%)

Inbutated/ventilated—N (%) 15 (75%)

Total ventilator days—mean (SD) 9 (16)

Total parenteral nutrition (days)—mean (SD) 20 (17)

Patent ductus arteriosus treated medically—N (%) 6 (30%)

“Results from two-sample, two-tailed t-test.
YResults from chi-square test.

Adult data were downloaded from the Harvard-MGH Brain
Genomics Superstruct Project (http://neuroinformatics.harvard.
edu/gsp/). These data were collected on Siemens Trio 3T scan-
ners (Erlangen, Germany) using a 12-channel phased-array
head coil. Structural data were acquired using a high-resolution
multiecho T1-weighted magnetization-prepared gradient-echo
sequence (TR = 2200ms, TI = 1100 ms, TE = 1.54 ms for image
1 to 7.01 for image 4, voxel size 1.2 mm?). Functional data were
collected using a gradient-echo EPI sequence sensitized to T2*
BOLD contrast (TR = 3000 ms, TE = 30 ms, voxel size 3 mm?, flip
angle 85°). Whole brain coverage was obtained with 47 inter-
leaved slices with no gap between slices. Two fMRI runs with
124 volumes per run (6.2 min) were acquired per subject; for
more details on the rs-fMRI acquisition, please see Yeo et al.
(2011).

Functional MRI Preprocessing

Infant rs-fMRI data were preprocessed as previously described
(Smyser et al. 2010). These procedures were implemented using
the 4dfp suite of tools (ftp://imaging wustl.edu/pub/raichlab/
4dfp_tools/). Preprocessing included correction of asynchro-
nous slice timing and rigid body correction of head movement.
EPI distortions in the BOLD data were corrected using the
FUGUE module in FSL (Jenkinson et al. 2012). Magnetization
inhomogeneity-related distortions were corrected using a
mean field map technique (Gholipour et al. 2008). Following
completion of these procedures, atlas transformation was com-
puted using a PMA-specific infant target (Smyser et al. 2010).
The volumetric time series were resampled to a representative
adult 711-2B (Talairach) atlas space target (subject —» PMA-
specific infant atlas target — adult Talairach atlas space), com-
bining motion correction and atlas transformation in a single
re-sampling step. Thus, the atlas transformation applied to
each volume (frame) of infant fMRI was computed by transform
composition: frame — individual fMRI data mean — PMA-specific
target — adult target, producing 3mm isotropic voxels. The
resampled rs-fMRI data were intensity scaled to obtain a whole
brain mode value of 1000 (one constant applied to all voxels and
all volumes for each rs-fMRI run; Smyser et al. 2010). For each
subject, registration of the structural and functional images was
manually inspected to ensure accuracy of registration, including
the cerebellum.

Figure 1. Cortical and subcortical gray matter and cerebellar cubes used for
seed correlation analysis of resting state-functional connectivity MRI data.

rs-fMRI preprocessing additionally included removal by
regression of nuisance waveforms derived from retrospective
motion correction, sampling regions in white matter and cere-
brospinal fluid, and the global signal averaged over the whole
brain. The data were low-pass filtered retaining frequencies
below 0.08 Hz and spatially smoothed (6 mm full-width at half-
maximum in each direction). Volumes corrupted by head
motion (volume-to-volume head displacement >0.5 mm) were
identified by analysis of the fully preprocessed data and subse-
quently excluded from functional connectivity measures
(Power et al. 2012). A minimum of 5 min of low-motion rs-fMRI
data was required for inclusion in the present analysis.

Adult rs-fMRI data were preprocessed comparably to the
infant data except that the temporal high-pass limit was 0.1 Hz
(as opposed to 0.08 Hz). Additional preprocessing details regard-
ing the adult data are provided in Hacker et al. (2013).

Cerebellar, Cortical, and Subcortical Gray Matter ROIs

ROIs were defined in an infant brain template image in 711-2B
atlas space, the representative adult template used at the
Washington University Neuroimaging Laboratory (Smyser et al.
2010). This target is based on data from 12 normal individuals
and conforms to the Talairach atlas (Talairach and Tournoux
1988) as defined by spatial normalization procedure (Lancaster
et al. 1995). All supratentorial gray matter and the cerebellum
of the template were divided into ROIs consisting of (6 mm)*
cubes (Fig. 1). The template was created by averaging T2-
weighted images acquired in 66 healthy, term-born infants
(42 females; GA at birth 39 + 1, 37-41 weeks; PMA at scan 39 +
1, 37-41 weeks) satisfying the current inclusion criteria.
The T2-weighted images were individually segmented in a
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Figure 2. (A) Full-term infant group mean Fisher’s z-transformed correlation coefficient matrix depicting relationships between ROI pairs covering the entire brain.
Warm colors indicate positive correlation coefficients, while cool colors represent negative correlation coefficients. The matrix is sorted into 7 cortical, 1 subcortical,
and 4 cerebellar RSNs with hierarchical clustering applied for within network sorting of ROIs. Block structure along the diagonal corresponds to networks and black
lines denote borders between networks. LAN = language network; SMN = somatomotor network; DMN = default mode network; DAN = dorsal attention network;
VAN = ventral attention network; FPN = frontoparietal network; VIS = visual network; SCGM = subcortical gray matter; CER inf = inferior cerebellum; CER post = pos-
terior lateral cerebellum; CER med = medial cerebellum; CER sup = superior cerebellum/vermis. (B) Localization of cerebellar networks identified by hierarchical clus-
tering of cerebellar ROIs in the full-term infant group overlaid on an infant atlas brain in sagittal, coronal, and axial views. Planes are identified by atlas x, y, and z
coordinates. Blue = inferior cerebellum; Red = posterior lateral cerebellum; Yellow = medial cerebellum; Green = superior cerebellum/vermis.

semi-automated fashion using Advanced Normalization Tools
(ANTs) software (http://www.picsl.upenn.edu/ANTS) followed
by manual correction using ITK-Snap software tools (http://
www.itksnap.org/). The segmented images were averaged to
create probabilistic and subsequently binarized masks of corti-
cal and subcortical gray matter. The cerebellum was cubed as a
whole because insufficient gray/white matter contrast resulting
from immature myelination during the neonatal period precluded
segmentation. ROIs with mean BOLD fMRI intensities outside the
typical range for gray matter in either the FT or VPT groups due
to individual differences in susceptibility inhomogeneity-related
signal voids (or incomplete coverage) were excluded from further
analyses. Thus, functional connectivity was assessed in a total of
1810 ROIs (1311 cortical ROIs, 201 subcortical ROIs, 298 cerebellar
ROIs).

To enable comparisons between infants and adults in a com-
mon atlas space, the adult 711-2B space atlas-representative
template was registered to the infant 711-2B space atlas-
representative template using the linear image registration
tool (FLIRT) in FSL (FMRIB’s Linear Image Registration Tool;
Jenkinson and Smith 2001; Jenkinson et al. 2002). Owing to
the relative under-development of the neonatal cerebellum,
the infant-to-adult 711-2B space template registration was
computed separately for the infra- and supratentorial com-
partments (compare Fig. 2 and S1). The ROIs defined in the
infant 711-2B space template were then resampled in adult
711-2B space to enable accurate between group comparisons.

Functional Connectivity Analyses

BOLD rs-fMRI time series were extracted from all 1810 ROIs.
Pearson correlations were then computed for all ROI pairs
(excluding censored volumes). These results were then Fisher
z-transformed and averaged over subjects to generate mean
z(r) correlation matrices. Sorting strategies were applied to the
ROIs in the correlation matrix: probability maps of 7 RSNs were
used to sort cortical ROIs (Hacker et al. 2013) and subcortical

Table 2 Number of ROIs per RSN

RSN ROI

Cortical
Language (LAN) 131
Somatomotor (SMN) 221
Default mode (DMN) 284
Dorsal attention (DAN) 157
Ventral attention (VAN) 244
Frontoparietal control (FPN) 120
Visual (VIS) 154
Subcortical gray matter (SCGM) 201

Cerebellar
Inferior 40
Posterior lateral 111
Medial 77
Superior/vermis 70

ROIs were identified based on their anatomical location using
the automated anatomical labeling (AAL) map from the UNC
Infant 0-1-2 atlas (Shi et al. 2011). To identify networks in the
cerebellum, hierarchical clustering using Matlab’s clustergram
function (Bioinformatics Toolbox; 2015a; MathWorks, Natick,
MA, USA) was applied to the correlation matrix of the cerebellar
ROIs (Fig. 2; Table 2). This function was applied to FT, VPT, and
adult groups separately with similar network topography evi-
dent in all groups. For subsequent analyses, the sorted results
obtained from the FT group were used (see Supplementary
Figs. S1-3 for adult and VPT data sorting results).

Statistical Analyses

Across-group comparisons were conducted at the RSN level
using the composite score strategy described in Brier et al.
(2012). Thus, the z(r) values were aggregated over the matrix
blocks illustrated in Figure 2 to obtain within-RSN (diagonal
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blocks) and across-RSN (off-diagonal blocks) composite scores.
This strategy reduces the dimensionality of the data space,
thereby increasing the power of statistical comparisons
between groups. Statistical analyses were performed using
SPSS version 23 (Chicago, IL, USA). First, localization and func-
tional connectivity patterns of the cerebellar networks in the
FT group were identified using descriptive statistics. Next, inde-
pendent sample t-tests were used for FT to adult comparisons
to assess the effects of later development. Finally, a multivari-
ate analysis of covariance (MANCOVA), controlling for PMA at
scan, and subsequent ANCOVAs were conducted for FT to VPT
group comparisons to assess the effect of prematurity on early
cerebellar RSN development. For these analyses, the Bonferroni
multiple comparisons corrected threshold for a significance
level of a = 0.05 was 0.005.

Results
Intrinsic Cerebellar Functional Connectivity in FT Group

Hierarchical clustering of the cerebellar ROIs in the mean corre-
lation matrix for FT infants produced 4 bilateral symmetric net-
works with distinct intrinsic and cortico-cerebellar correlation
patterns. The location of the ROIs assigned to each network
revealed an anterior-posterior and lateral-medial segregation
(Fig. 2). Network 1 (40 ROIs) was located in the inferior cerebel-
lum with an anterior to lateral sorting of the ROIs. ROIs in the
posterior lateral cerebellum were assigned to network 2 (111
ROIs). Network 3 (77 ROIs) included the medial cerebellar
regions most likely covering the cerebellar nuclei. Network 4
(70 ROIs) combined regions of the superior cerebellar hemi-
spheres and vermis.

Examination of correlation values between cerebellar net-
works showed that, overall, inferiorly located network 1 was
positively correlated with posteriorly located network 2 (z(r) =
0.08); however, of note, the anterior portions of network 1 were
negatively correlated with network 2 (Fig. 3). Network 1 was
also positively correlated with medial network 3 (mean z(r) =
0.25), with lesser positive correlations with superiorly located
network 4 (mean z(r) = 0.15). Posterior network 2 and medial
network 3 were strongly positively correlated (mean z(r) = 0.36),
with similar positive correlation with superior network 4 (mean
z(r) = 0.32).

Very Preterm Group

Cortico-Cerebellar Functional Connectivity

Cerebellar networks derived through hierarchical clustering
yielded regionally specific cortico-cerebellar functional connec-
tivity patterns. Figure 2 shows the Fisher’s z-transformed corre-
lation matrix of the FT group encompassing cortical,
subcortical, and cerebellar ROIs. A robust cortical RSN structure
was identified similar to previous reports (Doria et al. 2010;
Smyser et al. 2010, 2016). Cortico-cerebellar correlation magni-
tudes were lower compared with cortico-cortical correlation
values, resembling findings obtained in studies of older sub-
jects (Buckner et al. 2011; Wang et al. 2016). Network 1 in the
inferior cerebellum was positively correlated with the cortical
somatomotor (SMN) and dorsal attention (DAN) networks, and
negatively correlated with the cortical DMN, language (LAN),
and visual (VIS) networks (Fig. 4). In contrast, network 2 in the
posterior cerebellum was positively correlated with the VIS and
parts of the DMN. Further inspection of the ROIs in the DMN
revealed that the medial prefrontal cortex (mPFC) showed the
opposite correlation pattern for cerebellar networks 1 and 2.
Weaker negative correlations were evident between the cortical
RSNs and cerebellar networks 3 and 4 (medial and superior,
respectively).

FT Versus Adult Cerebellar Functional Connectivity

Similar topography of cerebellar networks was evident between
the FT and adult group. However, intrinsic cerebellar functional
connectivity was greater in the infant group. Correlation coeffi-
cient matrices corresponding to all ROIs within the cerebellum
for both FT and adults are shown in Figure 3. Comparison of
the cerebellar network composite correlation values between
the 2 groups revealed lower correlation values in adults within
and between all cerebellar networks (P < 0.001 for all compari-
sons), except between inferior and posterior networks (P =
0.59), and for all subcortical-cerebellar networks (P < 0.001 for
all comparisons) except the posterior cerebellar network (P =
0.22; Fig. 4). In the adult group, the cortico-cerebellar network
composite correlation matrix revealed the strongest positive
correlations were between inferior cerebellar network 1 and the
cortical DAN and strongest negative correlations were with the
DMN, similar to the FT group (Supplementary Fig. S1). In con-
trast to infants, adults showed negative correlation between
cerebellar network 1 and the SMN and reduced negative correlations

Adult Group 05

Full Term Group
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Figure 3. Group mean Fisher’s z-transformed correlation coefficient matrices representing all ROI pairs within the cerebellum sorted using results from the hierarchi-
cal clustering of full-term infant group. Black lines indicate borders between networks. (A) Full-term infants, (B) Very preterm infants, and (C) Adults. inf = inferior cer-
ebellum; post = posterior lateral cerebellum; med = medial cerebellum; sup = superior cerebellum/vermis.
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Figure 4. Group mean Fisher’s z-transformed correlation coefficient matrices demonstrating composite cortico-, subcortico-, and cerebello-cerebellar connectivity pat-
terns for all ROI pairs grouped by RSN for (A) full-term infants, (B) very preterm infants, and (C) adults. Difference matrices are displayed in (D) for full-term minus
very preterm groups and (E) full-term minus adult groups. Significant group differences after multiple comparisons correction are indicated by black stars. Only those
rows which included cerebellar ROIs were selected from larger correlation coefficient matrices for display. Warm colors indicate positive correlation coefficients,

while cool colors represent negative correlation coefficients.

between the cortical LAN and cerebellar networks 2, 3, and 4.
Further, the cortical ventral attention network (VAN) and fronto-
parietal network (FPN) both revealed more developed correlation
patterns with cerebellar networks in adults compared with the
FT group.

FT Versus VPT Cerebellar Functional Connectivity

A similar topography of cerebellar networks was evident in VPT
infants compared with the FT infants, with reduced magnitudes
of positive and negative correlations within and between RSNs
in the VPT group, similar to prior reports in these populations
(Toulmin et al. 2015; Smyser et al. 2016). Cerebellar correlation
coefficient matrices for the VPT group are shown in Figure 3.
Cortico- and subcortico-cerebellar functional correlation pat-
terns were also similar between groups, but again showed
reduced correlation magnitudes in VPT subjects (Fig. 4 and
Supplementary Fig. S2). Using network composite correlation
values, the MANCOVA revealed differences between groups
(P = 0.006). Separate consideration of the ANCOVA for each
dependent variable revealed reduced positive correlations
between the posterior and superior cerebellar networks in
the VPT group (P = 0.005; Fig. 4).

Discussion
Summary of Findings

Using rs-fMRI, we identified multiple cerebellar functional
networks with specific intrinsic and cortico- and subcortico-
cerebellar connectivity patterns in healthy, term-born neonates.
Intrinsic cerebellar networks demonstrated strong positive inter-
hemispheric correlation within networks located in the inferior,
posterior, medial, and superior regions. Cortico-cerebellar corre-
lation magnitudes were low in comparison to intra-cerebellar
and cortico-cortical values, as in previous reports (Buckner et al.
2011; Bernard et al. 2012; Wang et al. 2016). Overall, negative

correlations were evident along the anterior-posterior axis for
networks within the cerebellum. Positive correlations were
revealed between subcortical and cerebellar networks, and
distinct cortico-cerebellar correlation behavior was identified
for networks in the inferior and posterior, medial, and super-
ior cerebellum: cortical SMN and DAN were positively corre-
lated with the former and negatively correlated with the 3
remaining cerebellar networks. A similar network structure
was found in adults, although with reduced cerebellar intrin-
sic and subcortico-cerebellar correlation magnitudes. The
generally greater intrinsic cerebellar functional connectivity
in infants as compared with adults may reflect systematic
differences in the magnitude of BOLD signal fluctuations
(Supplementary Fig. S4). Further, cortico-cerebellar correla-
tion patterns in adults were different from infants for the cor-
tical SMN and inferior cerebellar network and for correlations
between cerebellar networks and the cortical LAN, FPN, and
VAN, suggesting a more specialized functional correlation
pattern. Similar to prior reports, a comparable network archi-
tecture with overall reduced correlation magnitudes was
identified in the preterm infants, with regionally specific dif-
ferences in intra-cerebellar correlations.

Relation to Previous rs-fMRI Studies of the Cerebellum

Recent rs-fMRI studies in adults and older children using
diverse methodologies have revealed converging evidence
regarding the parcellation of the cerebellum into homotopic
functional networks along the anterior-posterior axis (Habas
et al. 2009; O'Reilly et al. 2010; Buckner et al. 2011; Bernard et al.
2012, 2016; Khan et al. 2015; Wang et al. 2016). Within these
intrinsic cerebellar networks, spatially adjacent regions in the
cerebellar hemispheres and vermis, as well as homotopic coun-
terparts, are positively correlated. Here, most anterior and pos-
terior regions were weakly correlated with one exception: the
inferiorly located cerebellar lobule IX showed strong positive



1180 | Cerebral Cortex, 2019, Vol. 29, No. 3

correlations with the posteriorly located Crus I and Crus II, and
both regions showed positive correlations with the DMN.
Across studies employing seed correlation analysis, the number
of identified cerebellar networks has depended on the number
of networks included and the cortical parcellation (O’Reilly
et al. 2010; Buckner et al. 2011; Khan et al. 2015; Bernard et al.
2016), with the resulting functional topography confirmed by
studies using more data-driven approaches (Habas et al. 2009;
Bernard et al. 2012; Wang et al. 2016). Importantly, these intrin-
sic cerebellar RSNs demonstrate distinct, regionally specific cor-
relation patterns with cortical RSNs, with inferior and superior
anterior regions positively correlated with the sensorimotor
cortex and posterior regions generally positively correlated
with association cortices, including the inferior parietal cortex
and mPFC.

Overall, our results demonstrate a similar functional organi-
zation of the cerebellum during the neonatal period with the
exception of correlation patterns with the cortical SMN.
Previous studies in adults describe the cerebellar sensorimotor
network as located in lobules I-V (anterior superior cerebellum)
and VIII (inferior cerebellum) (O'Reilly et al. 2010; Buckner et al.
2011; Bernard et al. 2012). During middle childhood, however,
the correlation pattern between cerebellar and cortical motor
areas appears to be more regionally specific: the inferior cere-
bellum (lobule VIII) shows stronger associations with medial
and superior motor network regions, while stronger correlation
with lateral somatomotor cortical regions are evident for the
anterior superior cerebellum (lobules I-V) (Khan et al. 2015;
Wang et al. 2016). Our study similarly revealed the inferior cere-
bellum to be positively correlated with the somatomotor cortex
in neonates, though we did not find evidence for a superior cer-
ebellar motor representation, despite the somatomotor RSN
being well-established (Fransson et al. 2007; Doria et al. 2010;
Smyser et al. 2010). In our adult group, positive correlations
between the cortical SMN and the superior and inferior cerebel-
lar networks were evident. Prior results indicate that the SMN
matures throughout the first years of life (Lin et al. 2008), paral-
leling motor development (Onis 2007). This finding suggests
that this may include establishment of additional somatomotor
cerebellar representations.

In the adult literature, lateral posterior cerebellar regions
(Crus V/II) are positively correlated with the DMN (mPFC, precu-
neus/posterior cingulate, angular gyrus), while more medial
posteriorly located cerebellar regions (lobules VII and VIII) show
associations with the executive control or SAL networks (dor-
somedial and dorsolateral prefrontal cortex, superior parietal
cortex) (Habas et al. 2009; Bernard et al. 2012; Khan et al. 2015;
Wang et al. 2016). In accordance with these results, we found
positive associations between the posterior cerebellar network
and the DMN in adults, but negative correlation in the compos-
ite correlation network analysis in infants. Further inspection
revealed that ROIs covering the mPFC in the DMN are positively
correlated with the posterior cerebellar network in our FT
group. This may reflect the immature status of DMN, with ante-
rior and posterior regions not yet fully functionally integrated
(Fransson et al. 2007; Smyser Snyder and Neil 2011; De Asis-
Cruz et al. 2015). Previous studies in adults reported cerebellar
lobule IX to be correlated with the DMN, but this finding was
absent in our neonatal data (Habas et al. 2009; Lu et al. 2011,
Bernard et al. 2012; Wang et al. 2016).

Finally, prior cerebellar functional connectivity studies
showed vermal regions to be largely indistinguishable from lat-
eral regions (O'Reilly et al. 2010; Buckner et al. 2011; Bernard
et al. 2012), with specificity only between the posterior vermis

(vermian lobules VI and VIIa/b) and limbic regions, thalamus
and insular cortex (Habas et al. 2009; Bernard et al. 2012). Our
data demonstrated strong positive associations between all cer-
ebellar and subcortical gray matter networks.

Of note, many previous studies in older pediatric popula-
tions and adults did not consider patterns of negative correla-
tion for both intrinsic and cortico-cerebellar networks. For
example, negative cortico-cerebellar correlations were found
between the somatosensory cortices and posterior cerebellum
and between combined supramodal cortical (i.e., prefrontal,
parietal, and temporal) and anterior cerebellar regions (Khan
et al. 2015), patterns also evident in our neonatal results. These
findings appear to extend supratentorial relationships between
RSNs (both positive and negative) to the cerebellum. Though
investigation of negative correlations has been much debated,
multiple studies support the view that these relationships have
a biological origin and provide valuable information in the
interpretation of cortical networks across age groups and clini-
cal populations (Fox et al. 2005, 2009; Fox and Raichle 2007,
Chai et al. 2012; Smyser et al. 2016; Murphy and Fox 2017).
Accordingly, we suggest consideration of these patterns is war-
ranted when interpreting functional connectivity results both
within the cerebellum and between the cerebellum and cere-
bral cortex.

Developmental Implications

Increasing evidence points to reciprocal involvement of the cer-
ebellum in maturation of cortical areas and establishment and
modification of cortical functional networks (Limperopoulos
et al. 2005a, 2005b; Ito 2008; Steinlin 2008; Bolduc et al. 2012;
Stoodley 2012, 2015; Wang et al. 2014). Structural maturation of
the cerebellum commences in the embryonic period, with neu-
ronal migration and differentiation resulting in an established
basic morphology by around 20 weeks gestation (Rakic and
Sidman 1970; Volpe 2009; Leto et al. 2015). The subsequent
period up to 40 weeks gestation is characterized by major
increases in volume and foliation, with neuronal differentiation
ongoing throughout the first postnatal year (Volpe 2009).
Afferent connections between the cortex and spinal cord with
the cerebellum via the middle and inferior cerebellar pedun-
cles, as well as efferent connections to the brainstem and
cortex via the superior cerebellar peduncles, establish cortico-
cerebellar circuits (Volpe 2009). Clinical studies have shown the
consequences of cerebellar impairments and compensation of
such depend on the time and localization of injury, suggesting
that cerebellar development occurs in a regionally specific
manner that may be subject to sensitive periods (Wang et al.
2014). Considering the early structural maturation of the cere-
bellum compared with the cortex and evidence for the cere-
bellum’s role in learning, it has been argued that the
cerebellum might shape and refine the eventual organization
of cortical brain structure and function through cerebro-
cerebellar loops, influencing processes such as pruning and
white matter growth (Steinlin 2007; Wang et al. 2014; Stoodley
and Limperopoulos 2016).

Increasing understanding of regional differentiation of the
cerebellum derives from investigations of focal cerebellar
lesions: while motor dysfunction is associated with lesions in
the anterior cerebellum, vermal lesions have been associated with
social-emotional behavioral abnormalities; damage to posterior
regions results in language delay and deficits in verbal and visual-
spatial reasoning, working memory, decision making, and plan-
ning (Steinlin 2008; Wang et al. 2014; Brossard-Racine et al. 2015;
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Stoodley and Limperopoulos 2016). Our results reflect this regional
specialization through the specific cortico-cerebellar correlation
patterns of individual networks, suggesting these processes begin
early in life. For instance, inferior cerebellar networks showed
strong positive correlation with the motor cortices, but not the
DMN. Differences in our infant results as compared with those in
the adult literature (e.g., the lack of an additional representation of
the motor network in the superior cerebellum) indicate this func-
tional differentiation continues beyond the neonatal period,
potentially at different rates across cerebellar regions. Thus, dis-
ruptions of early maturation consequent to acquired cerebellar
injury, malformations and/or premature birth may have long-
lasting effects on neurodevelopmental outcomes.

Impact of Prematurity on Cerebellar Functional
Connectivity

Previous studies of functional connectivity in preterm-born
infants have shown preserved but immature topography of
RSNs with reduced correlation magnitude, predominantly in
higher-order RSNs (Fransson et al. 2007; Smyser et al. 2010, 2016;
Toulmin et al. 2015). These inquiries have included only limited
investigations of cerebellar functional connectivity. In agree-
ment with these past reports, we demonstrate similar topogra-
phy for intra- and cortico-cerebellar connectivity between FT
and VPT infants, with overall reduced positive and negative cor-
relation magnitude in the VPT group. This result may relate to
suppressed intrinsic BOLD signal fluctuations as a consequence
of prematurity (Supplementary Fig. S4; see also Smyser et al.
2016). Differences between these groups were modulated in a
RSN-dependent manner, with more prominent differences
between networks incorporating higher-order association than
established primary sensorimotor cortices. For example, similar
positive correlation patterns were found between the inferior
cerebellum and SMN. Weaker correlations between DAN, FPN,
and VAN and cerebellar networks indicate less developed net-
works in the VPT group. These findings support and extend prior
reports on the deleterious effects of premature birth on RSN
development and suggest these effects are brain-wide.

The last trimester of pregnancy is a critical period for cerebel-
lar development. Hence, premature birth poses a significant risk
for cerebellar injury and impaired development (Limperopoulos
et al. 2007; Volpe 2009). Preterm-born infants show considerably
higher rates of neurodevelopmental disability and psychopa-
thology (Marlow et al. 2009; Volpe 2009; Woodward et al. 2009;
Dean et al. 2014; Brossard-Racine et al. 2015; Glass et al. 2015;
Stoodley and Limperopoulos 2016). Most prior studies have been
limited to assessment of cerebellar structure visible on ultra-
sound or MRI during the neonatal period. However, premature
birth could result in additional deleterious effects on develop-
ment of the cerebellum during this early sensitive period not
evident on ultrasound or structural MRI. Our findings suggest
differences in intrinsic and cortico-cerebellar functional connec-
tivity may also play an important role in mediating disability in
the VPT population.

Caveats and Limitations

Our rigorous data quality criteria resulted in a sample of 57
term- and 20 preterm-born infants, a sample size comparable to
prior neonatal investigations. However, rs-fMRI investigations of
the cerebellum pose unique challenges. The cerebellum’s ana-
tomical location adjacent to the vascular and ventricular

systems makes this area susceptible to physiological artifacts
and magnetization inhomogeneities. Further, normalization and
atlas registration algorithms are often not optimized for the cer-
ebellum, potentially resulting in suboptimal image registration.
To account for these difficulties, we employed qualitative and
quantitative procedures to verify the accuracy of cerebellar regis-
tration and the location of ROlIs. However, these procedures may
not capture subtle differences across individual subjects or
between groups. In addition, the superior cerebellum is anatomi-
cally close to visual cortices and subcortical gray matter struc-
tures. Accordingly, our cubing approach excluded ROIs spanning
the tentorium. As detailed, the ROIs used in the comparisons
of infant and adult data were generated using infant data.
Generation of a comparable set of regions using adult data
may differ, particularly in the cerebellum where myelination
in adults would allow differentiation of gray and white matter.
As such, for an analysis with a primary focus on adult cerebel-
lar functional connectivity, use of different segmenting and
cubing procedures would need to be considered. However,
because the primary focus of our investigation was on infant
cerebellar functional connectivity, we elected to use methods
optimized to study infant data in our analyses of adult data in
order to improve comparability.

We excluded infants with parenchymal and cerebellar injury
on structural imaging in order to focus on the primary effect of
prematurity on cerebellar functional connectivity. However, our
cohort of VPT infants demonstrated medical comorbidities com-
mon in this clinical population (as detailed Table 1). While no
relationships between these variables and key results were iden-
tified in the VPT subjects, their effects may be incompletely
assessed using the current analysis approaches.

Finally, differences in technical factors (e.g., head coils, acqui-
sition parameters) exist between data for infants and adults. As
detailed, we have undertaken several measures designed to
ensure that reported differences maximally reflect the basic phe-
nomenology of the findings between these populations rather
than being driven by methodological differences. However, it is
impossible to completely eliminate all technical factors that
potentially could contribute to observed adult versus infant
functional connectivity differences. Further, the impact of the
fact that infants must be scanned while asleep on rs-fMRI mea-
sures has yet to be carefully explored. Therefore, these differ-
ences must also be taken into account in interpretation of adult
versus infant comparisons.

Conclusions

The definition of the functional organization of the neonatal
cerebellum with its intrinsic and cortico-cerebellar associations
adds to the growing body of research on the cerebellum’s role
in the RSN architecture and development. Our results reveal
that cerebellar regions with distinct functional correlations to
cortical and subcortical networks are already established in the
neonatal period. Further, we find an overall similar functional
topography of the cerebellum in healthy, term-born infants
and adults. However, adults showed reduced positive correla-
tions for cerebellar intrinsic and subcortico-cerebellar regions
and greater differentiation in cortico-cerebellar associations,
suggesting the existence of maturational effects. Preterm-born
infants showed reduced correlation magnitude of cerebellar
intrinsic and cortico-cerebellar regions in agreement with other
studies. Further investigation of these functional networks
within the cerebellum and their cortico-cerebellar associations
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is needed to better define the role of the cerebellum in neurobe-
havioral development.

Supplementary Material

Supplementary material is available at Cerebral Cortex online.
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Abbreviations

AAL automated anatomical labeling
ANCOVA analysis of covariance

ANTSs Advanced Normalization Tools
BOLD blood oxygen level dependent

DAN dorsal attention network

DMN default mode network

FLIRT FMRIB linear image registration tool

FPN frontoparietal network

FT full term

LAN language network

MANCOVA  multivariate analysis of covariance

mPFC medial prefrontal cortex

NICU Neonatal Intensive Care Unit

PMA postmenstrual age

ROI region of interest

rs-fMRI resting state functional magnetic resonance
imaging

RSN resting state network

SAL salience network

SMN somatomotor network

VAN ventral attention network

VIS visual network

VPT very preterm
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