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Widespread brain changes are present in preterm born infants, ado-
lescents, and even adults. While neurobiological models of prematur-
ity facilitate powerful explanations for the adverse effects of
preterm birth on the developing brain at microscale, convincing
linking principles at large-scale level to explain the widespread
nature of brain changes are still missing. We investigated effects of
preterm birth on the brain’s large-scale intrinsic networks and their
relation to brain structure in preterm born adults. In 95 preterm and
83 full-term born adults, structural and functional magnetic reson-
ance imaging at-rest was used to analyze both voxel-based morph-
ometry and spatial patterns of functional connectivity in ongoing
blood oxygenation level-dependent activity. Differences in intrinsic
functional connectivity (iFC) were found in cortical and subcortical
networks. Structural differences were located in subcortical, tem-
poral, and cingulate areas. Critically, for preterm born adults, iFC-
network differences were overlapping and correlating with aberrant
regional gray-matter (GIM) volume specifically in subcortical and tem-
poral areas. Overlapping changes were predicted by prematurity and
in particular by neonatal medical complications. These results
provide evidence that preterm birth has long-lasting effects on func-
tional connectivity of intrinsic networks, and these changes are spe-
cifically related to structural alterations in ventral brain GM.
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Introduction

The human brain is highly susceptible to the consequences of
preterm birth owing to the higher risk of peri- and neonatal
brain injury (Deng 2010). Neurobiological models of early
brain injury propose that primary destructive processes (e.g.,
loss of oligodendrocytes due to hypoxic or ischemic events)
are followed by secondary maturational disturbances (Pierson
et al. 2007; Volpe 2009) and provide valid explanations for the
adverse impact of preterm birth at microscale (Selip et al. 2012;
Salmaso et al. 2014). However, our systematic understanding
of the consequences of preterm birth on the large-scale brain
level is limited. Functional (fMRI) and structural (sMRI) mag-
netic resonance imaging studies have demonstrated widely dis-
tributed effects of preterm birth on newborns’ (Fransson et al.
2007; Smyser et al. 2010), children (Zubiaurre-Elorza et al. 2011;
Griffiths et al. 2013), and even young adults’ brains (Nosarti
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et al. 2008, 2009; Myers et al. 2010; Eikenes et al. 2011;
Mullen et al. 2011). Yet, both the spatial pattern of funcr%%nal
and structural changes and their possible relationship arfiong
each other are poorly understood. To address this issuéi\ the
present study investigated the long-term effects of pr%erm
birth on the plethora of the brain’s intrinsic large-scalenet-
works and relates potential changes with structural Bram
alterations in preterm born adults. U

Intrinsic networks represent a basic form of functional
large-scale brain organization (Biswal et al. 1995; Vlncent§t al.
2007; Bressler and Menon 2010; Sepulcre et al. 2010). They are
characterized by spatially and temporally coherent fluctuggions
in the low-frequency range (<0.1 Hz) of the blood oxygen(%tion
level-dependent (BOLD) signal measured by restlngastate
fMRI. They correspond to known neuroanatomical sygems
and are consistent across individuals (Damoiseaux et al. 2§06),
different states of consciousness (Horovitz et al. 2008), c%vel—
opment (Fransson et al. 2007), and even species (Vincent%t al.
2007). Precursors of intrinsic brain networks (IBNS)§ are
already detectable in newborns (Fransson et al. 2009) and@ven
preterm born infants (Doria et al. 2010), with the %tter
showing subtle alterations in network connectivity (Dan@ra]’u
et al. 2010; Smyser et al. 2010). Although the influente of
preterm birth on functional networks has been demonstgated
in the short term, little is known about the long-term Cénse-
quences and whether these reach into adulthood. In partiéllar
it is unknown how the long-term effects of preterm birth @ mam-
fest in the whole range of IBNs.

Preterm born individuals have been repeatedly shown to(élave
regional structural alterations that persist into adulthood. R%cent
studies of preterm born adolescents and young adults gsing
voxel-based morphometry (VBM) suggest that both whltdz and
gray-matter (GM) alterations are found (Nosarti et al. 2D08;
Spencer et al. 2008). Considering that IBNs are a basic largefgcale
organizational principle of the primate brain, we speculated that
putative GM anomalies would also be associated with functional
connectivity changes of corresponding intrinsic networks.

To investigate intrinsic networks and their relationship with
structural changes, we performed spatial independent compo-
nent analysis (ICA) on resting-state fMRI (rs-fMRI) data (Sorg
et al. 2007, 2013) and VBM on structural MRI data in 95
preterm and 83 full-term born adults. Spatial ICA decomposes
rs-fMRI data into components reflecting intrinsic networks
(Fox and Raichle 2007). ICA is a model-free multivariate data



analysis approach that—assuming linear mixtures of independent
sources—decomposes data into temporally coherent spatial
components by estimating maximally independent spatial
sources (Beckmann et al. 2005). VBM on structural MRI data
encompasses a voxel-wise comparison of the local concentra-
tion of brain tissue between groups of subjects (Ashburner and
Friston 2000) and has proven to be a useful tool to investigate
the long-term effect of preterm birth on brain structure
(Nosarti et al. 2008). We hypothesized that adults born pre-
term show 1) widespread alterations in the functional connect-
ivity of IBNs, 2) widespread structural GM changes, and 3) that
structural and functional changes would be specifically asso-
ciated. 4) Finally, we assumed that, in regions of correspondent
changes, alterations in both brain structure and connectivity
are predicted by degree of prematurity or associated neonatal
medical complications.

Materials and Methods

Participants

Participants were recruited as part of the prospective Bavarian Longitu-
dinal Study (BLS) (Riegel et al. 1995; Wolke and Meyer 1999). The BLS
investigates a geographically defined whole-population sample of neo-
natal at-risk children and healthy term controls. All live-birth infants
that were born between February 1985 and March 1986 in southern
Bavaria and who required admission to 1 of 19 neonatal units in 17
children’s hospitals within the first 10 days of life comprised the target
sample (Wolke and Meyer 1999). A total of 7505 children (10.6% of all
live births) were classified as neonatal at-risk children, whereupon
2759 children were born before 37 weeks of gestation (Riegel et al.
1995). During the same period, 916 term healthy infants (>36 weeks
gestation; normal postnatal care) born in the same hospital centers
were recruited as control infants. Over the years, subjects of both
groups were repeatedly assessed with neurological and psychological
test batteries, and parental interviews to monitor development. Full
details of the sampling criteria and dropout rates are provided else-
where (Wolke and Meyer 1999; Gutbrod et al. 2000). At the age of 26
and based on previous follow-up participation, 435 of preterm born
children were willing to participate a follow-up assessment. From the
control group, 350 survivors were selected to be similar regarding the
overall distribution of child gender, family socioeconomic status
(SES), and maternal age of the preterm group. Of this sample, 96
preterm subjects (born before 37 week of gestation) and 84 full-term
adult subjects (aged 25-27 years) agreed to undergo functional
and structural MRI. MRI assessments were carried out at 2 different
sites: the Department of Neuroradiology, Klinikum Rechts der Isar,
Technische Universitit Miinchen, Germany (N=113), and the Depart-
ment of Radiology, University Hospital Bonn, Germany (N=67). The
study was approved by the local ethics committees of the Klinikum
rechts der Isar and University Hospital Bonn. All study participants
gave written informed consent and received travel expenses and a
payment for attendance.

Birth-Related Variables

Gestational age (GA) was estimated from maternal reports of the last
menstrual period and serial ultrasounds during pregnancy. In cases
where the 2 measures differed by more than 2 weeks, clinical assess-
ment with the Dubowitz method was applied (Dubowitz et al. 1970).
Maternal age and birth weight (BW) was obtained from obstetric
records. Neonatal medical complications were assessed with a standar-
dized optimality scoring system (Opti) including 21 items (e.g., ventila-
tion or intubation, sepsis, neonatal seizures, cerebral hemorrhage)
(Prechtl 1967). Items were coded as 1 (nonoptimal) or 0 (optimal)
with the higher value being less optimal. Additionally, the duration of
hospitalization until discharge from hospital was recorded from neo-
natal records. In the following, GA, BW, and Opti are all subsumed
under the umbrella term prematurity measures.
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Family Socioeconomic Background

The SES was collected through structured parental interviews within 10
days of child birth. It was computed as a weighted composite score based
on the profession of the self-identified head of each family together with
the highest educational qualification held by either parent (Bauer 1988).

Cognitive Assessment
Prior to and independent from the subsequent MRI examination, sub-
jects from the BLS cohort were asked to take part in an assessment of
global cognitive functioning at the age of 26 years by trained psycholo-
gists. This included a short version of the German version of the
Wechsler Adult Intelligence scale-I11 (WAIS-III) (Von Aster et al. 2006)
allowing of the computation of Full-Scale 1Q, Verbal IQ, and Perform-
ance IQ. Cognitive and biological data were analyzed using IBM SPSS
20 (IBM Corp., Armonk, NY, USA).

SpEOjUMO(]

MRI Data Acquisition
At both sites, MRI data acquisition was initially performed on Philifss
Achieva 3T TX systems (Achieva, Philips, the Netherlands), using @@
8-channel SENSE head coil. Due to a scanner upgrade, data acquisitich
in Bonn had to switch to Philips Ingenia 3T system with an 8-channgl
SENSE head coil after N=17 participants. To account for possible co&
founds introduced by scanner differences, functional and structm?gl
data analyses included scanner identities as covariates of no interest.
Across all scanners, sequence parameters were kept identical. Scanne%
were checked regularly to provide optimal scanning conditions.
Signal-to-noise ratio (SNR) was not significantly different betwedh
scanners (one-way ANOVA with factor “scanner-ID” [Bonn 1, Bonn 2,
Munich]; P=0.811). Resting-state data were collected for 10 min 5
from a gradient-echo echo-planar sequence (TE = 35 ms, TR = 2608 m5;
flip angle = 90°, FOV = 230 mm?, matrix size = 64 x 63, 41 slices, thicg
ness 3.58 and 0 mm interslice gap, reconstructed voxel size=3.59%
3.59 x 3.59 mm?) resulting in 250 volumes of BOLD fMRI data pé&r
subject. Subsequently, a high-resolution 7T;-weighted 3D-MPRAGE SB-
quence (TI=1300 ms, TR=7.7 ms, TE=3.9 ms, flip angle =15
sagittal slices, FOV = 256 x 256 x 180 mm, reconstruction matrix = 253
x 256; reconstructed voxel size=1x1x 1 mma) was acquired. Immecﬁ—
ately before undergoing the resting-state sequence, subjects were i
structed to keep their eyes closed and to restrain from falling asleeg
We verified that subjects stayed awake by interrogating via mtercom
immediately after the rs-fMRI scan. One participant fell asleep and haﬂ
to be excluded from further analysis.

Analysis of fMRI Data

Aq 21€99¢2/5€

Data Preprocessing
Functional fMRI data were preprocessed according to an automatecd
in-house pipeline (Meng et al. 2013) using SPM8 (Wellcome Trust Centge
for Neuroimaging, University College London, UK: http://www.fil.io8.
ucl.ac.uk/spm [date last accessed 3 June 2014]). For each participant, the
first 5 functional scans of each resting-state fMRI session were discard

due to magnetization effects. Resulting volumes were then realigned
correct for head motion and co-registered to the structural 7} image. Sug—
sequently, the 7}-weighted image was segmented into its different cor

partments using Unified Segmentation (Ashburner and Friston 2005). Tg
transform the individual images into common Montreal Neurological 12
stitute (MNI) space, segmentation-based normalization parameters wef@
applied to the co-registered structural and functional data. Furthermore,
normalized EPI images were smoothed using a Gaussian kernel with a
full-width at half-maximum (FWHM) of 6 mm to increase SNR. In a final
step, preprocessed functional time-series for each voxel were despiked
using ANFTI's 3dDespike motion censoring procedure (http://afni.nimh.
nih.gov/afni [date last accessed 3 June 2014)) to further remove motion-
induced artifacts. One subject had to be excluded due to severe image
artifacts. Excessive head motion (cumulative motion translation or rota-
tion >5 mm or 3° and mean point-to-point translation or rotation >0.15
mm or 0.1°) was applied as exclusion criterion. To ensure data quality,
particularly concerning motion-induced artifacts, temporal SNR (tSNR)
and point-to-point head motion were estimated for each subject
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(Murphy et al. 2007; Van Dijk et al. 2012). Point-to-point motion was
defined as the absolute displacement of each brain volume compared
to its previous volume. Two-sample #-tests yielded no significant differ-
ences between groups regarding mean point-to-point translation or ro-
tation of any direction (P=0.12) as well as tSNR (P=0.28).

Group-Independent Component Analysis

Preprocessed data from both groups was entered into a single group
ICA framework as implemented in the GIFT toolbox (GIFT v1.3 h; http://
icatb.sourceforge.net [date last accessed 3 June 2014]). We chose a high
model order ICA (number of independent components [ICs]=75
(Allen et al. 2011)) since it has been shown that such models decom-
pose data into components that are in best agreement with known ana-
tomical and functional networks (Kiviniemi et al. 2009). Before
performing ICA, a two-step data-reduction approach was conducted
using principal component analysis (PCA). First, PCA was done on the
single subject level retaining 100 principal components. Large
numbers of subject-specific principal components preserve most of the
individual variance and have been shown to stabilize subsequent back-
reconstruction (Erhardt et al. 2011). In a second step, each of the sub-
ject’s reduced data was concatenated in time to perform a second PCA
on the group level followed by ICA with the infomax algorithm. ICs
were depicted as spatial maps and corresponding IC time courses. To
estimate the reliability of the decomposition, ICA was repeated 20
times by using the Icasso-toolbox (http://research.ics.aalto.fi/ica/icasso/
[date last accessed 3 June 2014]). Reliability was quantified using the
Icasso cluster quality index 1Q, ranging from O to 1. The group ICA
framework in GIFT results in a set of average group components,
which are then back reconstructed into single subject space using the
GICA3 back-reconstruction method. Each back-reconstructed compo-
nent consists of a spatial z-map reflecting component’s functional con-
nectivity pattern across space and an associated time course reflecting
component’s activity across time. Spatial z-maps were used as surrogates
of networks’ intrinsic functional connectivity iFC) and analyzed further.

Selection of Intrinsic Brain Networks

To automatically select independent components reflecting intrinsic
networks, we conducted multiple spatial regressions on 75 independ-
ent components’ spatial maps using T-maps of 28 intrinsic connectivity
networks as described in Allen et al. (2011). These T-maps (Fig. 4 in
Allen et al. (2011)) were based on 603 healthy adolescents and adults and
were made available online by the Medical Image Analysis Lab (MIALAB)
(http://mialab.mrn.org/data/hcp/RSN_HC_unthresholded_tmaps.nii [date
last accessed 3 June 2014]). For each network, the independent compo-
nent with the largest correlation coefficient was chosen. Beyond Allen’s
templates, visual inspection by 2 independent raters revealed 4 further
components. We identified 2 additional subcortical networks, one cover-
ing the thalamus (Thal in Fig. 1) and one covering the medio-temporal
lobes including the hippocampus (HC in Fig. 1). Furthermore, we found
a bilateral central executive network (bilatCE) and a subnetwork of the
salience network (Sal II). Since all of these networks fulfilled the criteria
of stability (ICASSO >0.95) and were located in GM, we included them
into further analysis.

Statistical Analysis of Group Differences

To statistically evaluate spatial maps of selected independent compo-
nents, we calculated voxel-wise one-sample -tests on participants’ re-
constructed spatial z-maps for all subjects, using SPM 8 (P<0.001,
uncorrected). For group comparisons, these one-sample #-test masks
were then used to restrict the search space in the subsequent two-
sample f-test. The two-sample #-tests for z-maps were controlled for the
effect of gender and scanner identity. Resulting maps were thresholded
at a family-wise error (FWE) cluster-corrected value of P<0.05. Only
significant clusters, containing >20 voxels, are reported here.

Analysis of Structural MRI data

As described recently (Sorg et al. 2013), we used the VBMS toolbox (http
://dbm.neuro.uni-jena.de/vbm.html [date last accessed 3 June 2014])
to analyze brain structure via VBM T)-weighted images were corrected

for bias-field inhomogeneity, registered using linear (12-parameter
affine) and nonlinear transformations, and tissue-classified into GM,
white matter, and cerebrospinal fluid within the same generative
model. The resulting GM images were modulated to account for struc-
tural changes resulting from the normalization process. Here, we only
considered nonlinear changes so that further analyses did not have to
account for differences in head size. Finally, images were smoothed
with a Gaussian kernel of 8 mm (FWHM). For group comparisons,
voxel-wise two-sample #-tests were performed (P<0.05 FWE-corrected,
cluster extent 20) controlling for gender and scanner identity.

Analysis of the Relationship Between Functional Connectivity,
Structural Morpbhometry, and Measures of Preterm Birth

iFC-VBM relationship 8

To analyze the relationship between iFC and brain structure in préterm
born adults, we performed both voxel-wise and region—of—in@rest—
based (ROD) approaches. 1) Voxel-wise approach: to evaluate theGfunc-
tional nature of aberrant iFC in preterm born adults Gi.e., iFC ch@nges
that are independent from underlying GM volume), between group dif-
ferences in rs-fMRI were tested by entering the GM maps of theZVBM
analysis as voxel-wise covariates in two-sample #tests, followidg the
biological parametric mapping framework of Casanova et al. (2007).
Significance was set at P<0.05 FWE cluster-corrected. 2) ROI-§ased
approach: since we were specifically interested in the quantitativ@rela-
tionship between mutual structural and functional differences, v% cal-
culated the spatial overlap of both entities according to the follgwing
steps: First, any significant clusters resulting from the ICA arflysis
were saved as images in SPM8 and subsequently binarized. Exacﬁf the
same procedures were performed for the VBM analysis. SecondSclus-
ters showing spatial overlap in both entities (as found by visual iFspec-
tion) were resampled to common space/dimension and mult%;lied
with each other via ImCalc to only spare voxels that showed significant
group differences in either domain. Resulting ROIs only condined
voxels that showed significant differences in both structural anddunc-
tional data. Subsequently, ROIs were re-sampled to original é’i}ace.
Only for adults born preterm, ROI-restricted iFC and VBM valuegjwere
subsequently extracted subject-wise with Matlab-based in-hous&soft-
ware and partially correlated with gender, scanner identity, ané full-
scale IQ as regressors of no interest (partial correlation, P<0.05 We
decided to include full-scale IQ as a covariate of no interest inf@ our
analysis to be independent of cognitive performance variability, § the
primary focus of the present study was on the long-term effeg}s of
preterm birth on neurobiological rather than cognitive aspects. A full-
scale IQ was not available for 3 subjects, partial correlation is basgd on
the data of 92 subjects. To evaluate whether the structure-functien re-
lationship was specific for overlapping aberrant iFC and VBM, we'per-
formed analogous partial correlation approaches for group different
iFC clusters that were not overlapping with aberrant VBM. =
(2]

Relationship Between Brain Scores and Measures of Preterm Birth

Exactly the same methodological ROI-based approach as for thgrela-
tionship between iFC and VBM was used to partially cof@elate
ROI-restricted iFC and VBM values, respectively, with measures of pre-
maturity (GA, BW, and Opti).

810z JoquisSs

Results

Sample Characteristics

One hundred eighty subjects completed MRI examination in
Munich (N=113) and Bonn (N=067), respectively. Complete
datasets were available for 178 subjects consisting of 83 full-
term (52 males) and 95 preterm (54 males) subjects (Table 1).
The sample included more males than females (P=0.011), but
gender was distributed equally across both groups (P=0.43).
Full-term and preterm subjects differed significantly in age at
the time of scanning (P=0.001). No differences were found in
the SES at birth (P=0.88) or maternal age (P=0.97). By
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Figure 1. Intrinsic brain networks and correspondent group differences in pre- and full-term born adults at the age of 26 years. Spatial maps are based on all subjects and plotted
as t-statistical parametric maps (SPM) (P < 0.05, FWE-corrected for multiple comparisons, cluster extent >20 voxels). SPMs of full- and preterm (FT, PT) born adults are based @n
two-sample t-tests (P < 0.05, FWE cluster-corrected for multiple comparisons; blue: PT < FT; red: PT > FT). Results are arranged according to their classification as unimodal
(upper row), subcortical (middle-row), or multimodal networks (bottom row) and displayed at the 2 most informative slices. SM |-VI, sensorimotor networks I-VI; Vis I-VI, visugl
networks I-VI; Audi, auditory network; HC, hippocampus network; BG, basal ganglia network; Thal, thalamus network; pDMVN, posterior default mode network; dpDMN, dorsal
posterior default mode network; aDMN, anterior default mode network; daDMN, dorsal anterior default mode network; bilat CE, bilateral central executive network; right CE, right
central executive network; left CE, left central executive network; dAtt I, dorsal attention network I; dAtt Il, dorsal attention network Il; rvAtt, right ventral attention network; IvAg

left ventral attention network; Sal |, salience network I; Sal Il, salience network II; Front |-V, frontal networks -IV.

design, adults born preterm had significantly lower GA (P<
0.001), and BW (P<0.001), experienced significantly higher
neonatal medical complications (optimality score) (P<0.001)
and were hospitalized for longer (P <0.001). Preterm subjects
had significantly lower WAIS-III Full-Scale IQ scores (P=
0.001), as well as Verbal IQ (P=0.021) and Performance 1Q
sub-scores (P<0.001) at age 26 (see Table 1).

Gray-Matter Alterations in Subcortical, Temporal, and
Cingulate Areas in Preterm Born Adults

VBM revealed areas of decreased and increased VBM values in
preterm adults (P < 0.05, FWE-corrected for multiple comparisons;
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N
Fig. 24; Supplementary Table 2). Reduced VBM values for Glg
were found bilaterally in the middle and superior temporal
lobes, the caudate, and thalamus. Additionally, there were uni-
laterally decreased VBM values in the right inferior temporal
lobe, the right hippocampus, the right putamen, the right
middle occipital lobe, and the left parahippocampus. Preterm
born adults also showed some regions with increased VBM
values, such as the bilateral anterior and right middle cingulate
cortex, the right fusiform area, the right middle orbitofrontal
cortex, and the left cerebellum. A full account of the structural
alterations in this cohort of preterm born adults will be
addressed in a separate publication.


http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhu133/-/DC1

Table 1
Sample characteristics

Full-term group (N = 83)

Preterm group (N = 95) Statistical comparison

M SD Range M SD Range
Sex (male/female) 52/31 54/41 P =043
Age (years) 26.35 +0.43 25.5-27.7 26.59 +0.52 25.7-27.8 P =0.001
GA (weeks) 39.8 +1.03 3742 30.8 *24 25-36 P < 0.001
BW (g) 3446 +422 2120-4200 1377 +382 630-2700 P < 0.001
Opti (neonatal) 0.36 +0.65 0-3 8.67 +2.59 1-14 P <0.001
Hospital (days) 6.8 +3.1 3-26 70.7 +27.8 19-170 P < 0.001
SES 1.94 +0.74 1-3 1.95 +0.76 1-3 P=0.88
Maternal age 29.63 +4.49 16-41 29.66 +557 18-42 P =097
Full-scale 10* 102 +12 77-130 96 +14 64-132 P =0.001
Verbal 10% 106 +15 77-137 101 +15 62141 P =0.021
Performance 10° 98 =11 69-123 91 +14 61-118 P <0.001

GA, gestation age; BW, birth weight; Opti (neonatal), optimality score of neonatal conditions, Hospital, duration of hospitalization; SES, socioeconomic status at birth; maternal age, maternal age at
Statistical comparisons, sex, SES, 7 statistics; age, GA, BW, Hospital, maternal age, 10, t-tests; Opti, nonparametric Mann—\Whitney U-tests.

“Data are based on 92 preterm and 82 full-term subjects, respectively.
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Figure 2. Aberrant gray matter in preterm born adults revealed by voxel-based morphometry overlaps with aberrant intrinsic functional connectivity in the ventral brain. (A Based
on structural MRI, differences in VBM were calculated by a two-sample t-test thresholded at P < 0.05, FWE-corrected for multiple comparisons, cluster extent >20 voxels;{blue:
PT < FT; red: PT > FT); White numbers on top of each slice represent the x-coordinates in MNI space (VNI, Montreal Neurological Institute). (B) Overlapping VBM and iFC changes
(see Fig. 1). Networks with overlapping iFC and VBM changes are the thalamus network, basal ganglia network, right ventral attention, and salience network Il of Figure 1. Agerrant

iFC is presented by blue (PT < FT) and red (PT > FT), aberrant VBM by yellow (FT < PT) clusters.

Widespread Alterations of Intrinsic Networks’
Connectivity in Preterm Born Adults

ICA revealed unimodal cortical, multimodal cortical and sub-
cortical intrinsic networks for full- and preterm born adults
that have been described previously (one-sample #test,
P <0.05 FWE-corrected; Fig. 1) (Beckmann et al. 2005; Kivinie-
mi et al. 2009; Smith et al. 2009; Allen et al. 2011). Unimodal
cortical networks included sensory-motor and visual networks,
as well as an auditory network. Multimodal cortical networks
were composed of networks shown to be involved in cognitive
processes such as attention (Fox et al. 20006), salience process-
ing (Seeley et al. 2007), working memory (Imaruoka et al.

2 laquia

2005), executive functioning (Owen et al. 2005), and d&ault
mode function (Greicius et al. 2003). Subcortical networks in-
cluded a basal ganglia network centered on the striatum (Sorg
et al. 2013), a network mainly composed of medio-temporal
regions centered on the hippocampus (Gour et al. 2011), and
one thalamic network (Damoiseaux et al. 2008).

Preterm adults demonstrated widespread differences in the
functional connectivity of IBNs across unimodal/multimodal
cortical and subcortical networks. In comparison to adults
born full-term, we found both decreases and increases in func-
tional connectivity of IBNs (P<0.05; FWE cluster-corrected
for multiple comparisons; Fig. 1, Supplementary Table 1).
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Unimodal cortical networks: in preterm born adults, increased
iFC was found in 2 sensory-motor networks, one lateralized to
the left post- and precentral gyrus (SM II; abbreviation refers to
that of Fig. 1) and one bilaterally distributed across the supple-
mentary motor area (SM V), while decreased iFC was found in
the left cuneus of a visual network along the calcarine fissure.
Subcortical networks: altered functional connectivity was
found in all 3 subcortical networks. Increased iFC was found
in the bilateral thalamus network for left and right thalamus,
while decreased iFC was found in the hippocampus network
and in the right caudate nucleus of the basal ganglia network.
Multimodal cortical networks: consistent with previous find-
ings (Allen et al. 2011), the default mode network was repre-
sented by 2 anterior (ventral, dorsal) and 2 posterior (ventral,
dorsal) subnetworks. In the dorsal posterior default mode
network (dpDMN), preterm adults showed both increased
functional connectivity in the right precuneus and decreased
functional connectivity in the bilateral posterior cingulate
cortex. For attention networks (following Allen’s terminology),
increased iFC was found in the bilateral dorsal attention net-
work, the left ventral attention network, and in the orbito-
insular operculum of the salience network; decreased iFC was
found in the right ventral attention network and in the salience
network. Finally, increased iFC in the left middle frontal gyrus
was found in a frontal network mainly covering the inferior
frontal lobe.
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To test the functional nature of aberrant iFC in preterm born
adults, between group differences in rs-fMRI were subsequent-
ly tested by entering the GM maps of the VBM analysis as
voxel-wise covariates in two-sample #-tests. With the exception
of 3 clusters (caudate nucleus of the basal ganglia network;
right superior temporal gyrus [STG] of the right ventral atten-
tion network; left insula of the salience network), all iFC group
differences remained significant (P < 0.05 FWE cluster-corrected)
(Supplementary Fig. 2), suggesting that most changes in intrin-
sic connectivity, particularly those in more dorsal brain parts,
are independent from structural changes.

Correspondent Changes of Intrinsic Connectivity and
Brain Structure Specifically in the Ventral Brain of
Preterm Born Adults

In 4 networks, all covering the ventral brain, we found spati
overlap between functional and structural alterations in pré&-
term born adults (Fig. 2B). Overlapping regions were located
in the right caudate nucleus of the basal ganglia network, f
bilateral thalami of the thalamus network, in the right STG ¢f
the right ventral attention network, and in the bilateral supesg::
ior temporal gyri of the salience network II. ROI-based partigl
correlations between the iFC and VBM values are presented im
Figure 3: for the right caudate, which was characterized by d§-
creased VBM values and iFC in the basal ganglia network in
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Figure 3. Partial correlations between overlapping aberrant intrinsic functional connectivity (iFC) and regional voxel-based morphometry values (r'VBM) in preterm born adults at the
age of 26. For 4 intrinsic networks, overlapping aberrant iFC and brain volume was found: in the caudate of the basal ganglia network, in the thalamus of the thalamus network, in
the bilateral superior temporal gyrus (bilat. STG) of the salience network II, and in the right STG of the right ventral attention networks (network names are defined in Fig. 1). Partial
correlations between overlapping iFC and rVBM are based on data from 92 preterm born adults and included as additional co-variates gender, scanner, and full-scale 1Q. iFC is
expressed as averaged z-values derived from spatial z-maps reflecting functional connectivity; r'VBM is expressed as averaged regional gray-matter VBM values.
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preterm born adults, iFC was positively correlated with VBM
values (r=0.26; P=0.015), indicating that higher VBM values
were associated with higher functional connectivity. For the
thalamus and STG, which both had significantly decreased
VBM values and increased iFC in the thalamus and salience
network II, respectively, iFC was negatively correlated with
VBM values (thalamus r=-0.44; P<0.0001; STG r=—0.25,
P=0.019), indicating that lower VBM values were associated
with higher functional connectivity. For the right STG of the
right ventral attention network, which was characterized by
decreased VBM values and iFC in preterm born adults, iFC
and VBM values were not significantly correlated (»=-0.07;
P=0.49).

To evaluate specificity of correlation between aberrant iFC
and VBM in thalamus striatum, and temporal cortex, we per-
formed analogous partial correlation analyses for group differ-
ent iFC clusters, which were not overlapping with aberrant
VBM (see Fig. 1). Only for the hippocampal cluster showing
reduced iFC in preterm born adults, we found a significant cor-
relation between iFC and VBM (r=0.26; P=0.012). For all
other group different clusters, analyses yielded nonsignificant
results. For instance, preterm born adults had significantly in-
creased iFC in the precuneus of the DMN and in the paracentral
lobule of the dorsal attention network. However, neither in
the precuneus (r=-0.11, P=0.29), nor in the paracentral
lobule (»=0.13; P=0.22), iFC differences were associated with
underlying GM volume. These data indicate inter-related func-
tion-structure changes in intrinsic connectivity and brain
morphometry specifically in the ventral brain.
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Prematurity Measures Predict Correspondent Structural
and Functional Changes of the Ventral Brain

Finally, we tested our last hypothesis, namely, that correspond-
ent brain changes in structure and iFC were associated with
prematurity measures via partial correlation analysis control-
ling for gender, scanner identity and full-scale IQ (P<0.05,
Fig. 4, Table 2). For thalamus, STG, and caudate, we found sig-
nificant associations between prematurity measures and VBM
or iFC. For example, caudate VBM and iFC values were pre-
dicted by the degree of neonatal medical complications
(Fig. 4). For details, see Table 2.

Discussion

mo(

To investigate the long-term effects of preterm birth o@ the
brain’s large-scale intrinsic networks, and their relati(?é;l to
structural brain changes, we performed independent €om-
ponent analysis of resting-state fMRI data and VBM of
structural MRI data of 83 full-term and 95 preterm born
adults. In preterm born adults, we found widespread dffera-
tions of networks’ functional connectivity that overlagped
and correlated with reduced GM volume specifically i§ the
ventral brain. These results provide first evidence gthat
preterm birth has long-lasting effects on functional conmect-
ivity of intrinsic networks, and these changes are specih%ally
related to structural alterations in ventral brain GM.30b-
served regional specificity supports the view of permahent
effects of preterm birth on ventral brain’s GM organiz&tion
into adulthood. S
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Figure 4. Partial correlations of caudate’s intrinsic functional connectivity (iFC) and regional voxel-based morphometry values (r'VBM), respectively, with birth weight (BW) and
postnatal medical status (Opti). Partial correlations are based on data from 92 preterm born adults and included as additional co-variates gender, scanner, and full-scale 1Q. iFC is
expressed as averaged z-values derived from spatial z-maps reflecting functional connectivity; r'VBM is expressed as averaged regional gray-matter VBM values.
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Table 2

Partial correlation between iFC, rVBM, and parameters of prematurity within overlapping clusters controlling for the effect of gender, scanner ID, and full-scale 1Q

Overlapping cluster iFC/'VBM, r (P) Modality GA,r (P) BW,r (P) Opti, r (P)
Thal (bilat) —0.44 (0.0002) iFC - - -
VBM 0.21 (0.045) - —0.24 (0.027)
Caud (right) 0.26 (0.015) iFC - 0.20 (0.059) —0.29 (0.007)
VBM 0.34 (0.001) 0.28 (0.008) —0.37 (0.0003)
STG (bilat) —0.25 (0.019) iFC - - -
VBM 0.32 (0.002) 0.21 (0.040) —0.28 (0.007)

iFC, intrinsic functional connectivity; r'VBM, regional voxel-based morphometry; GA, gestational age; BW, birth weight; Opti, optimality score of neonatal conditions; bilat, bilateral; Thal, thalamus of the
thalamus network; Caud, caudate of the basal ganglia network; STG, superior temporal gyrus of the salience network Il; network names are defined in Figure 1.

Aberrant Intrinsic Connectivity and Brain Structure
Overlap and Correlate in the Ventral Brain GM of
Preterm Born Adults

For preterm born adults, we found overlapping and correlated
aberrant intrinsic connectivity and brain structure that was spe-
cific for the GM of ventral brain regions such as the caudate,
thalamus, and STG (Figs 2 and 3; Table 2). This relationship
was found for 3 intrinsic brain networks, that is, the basal
ganglia-, thalamus-, and salience network (Table 2). The basal
ganglia network was selected by a template-based procedure
relying on networks derived from a previous study (Allen et al.
2011), and included mainly striatal regions without cortical in-
volvement (Fig. 1). Thalamus and salience networks were se-
lected by visual inspection and included both noncortical and
cortical regions (Fig. 1). All these networks were robustly de-
tected (ICASSO >0.95), covered almost exclusively GM, and
correspond well with observed networks of previous studies
(Seeley et al. 2007; Kim et al. 2013; Sorg et al. 2013). In the
areas of mutual differences, decreased GM volume was asso-
ciated with both increased (thalamus and STG) and decreased
functional connectivity (caudate) in the preterm group (Fig. 3;
discussed in detail below). Furthermore, overlapping aberrant
iFC or VBM values were predicted by prematurity parameters,
suggesting that preterm birth contributes critically to observed
altered GM organization (Fig. 4; Table 2). This predictive asso-
ciation was independent of general cognitive abilities, such as
IQ, which might be a potential confounder with respect to
both preterm birth (Wolke and Meyer 1999) and brain organ-
ization (Li et al. 2009).

Correspondently altered ventral GM intrinsic connectivity
and structure is in line with previous findings of premature
birth. First, animal models of prematurity demonstrated specif-
ic and long-lasting effects of perinatal induced hypoxia on
both GABA-ergic interneuron maturation and astro-/oligo-
dendrocyte maturation which is essential for regular subcor-
tical white matter development (for review, see Salmaso et al.
(2014)). GABA-ergic interneuron maturation and function are
critical for synchronized brain activity (Bartos et al. 2007;
Huang et al. 2007), while white matter development and func-
tion is crucial for structural connectivity. Since both synchro-
nized activity and structural connectivity determine intrinsic
network connectivity (Honey et al. 2009), disturbances in
these mechanisms may link with currently observed changes
in intrinsic connectivity. Second, neuropathological studies in
preterm newborns demonstrated that GM changes concentrate
on ventral brain areas particularly in the striatum and thal-
amus, with the more GM changes the more white matter
lesions being present (Pierson et al. 2007; Zubiaurre-Elorza
et al. 2011). Studies using immunocytochemical approaches
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revealed specifically impaired white matter axons, subpla§
neurons that guide thalamo-cortical neuronal developmeng;
and late migrating neurons (Robinson et al. 2006; Haynes et &.
2008; Andiman et al. 2010; Kinney et al. 2012). In line with
these neuropathological studies, in-vivo imaging in preteréhl
born newborns found specifically altered GM mainly in th:
amus and basal ganglia (Inder et al. 2005; Srinivasan et aﬂ;f
2007; Ball et al. 2012). Particularly thalamus volume reductions
covary with GM volumes of the striatum, insular, frontal, arigl
temporal cortex, which together constitute a brain patten%l
similar to the atrophy pattern found in preterm born adoles;
cences and adults (see also current results of Fig. 2) (Ball et ﬁ
2012). Together with related white matter reductions (Plersqm
et al. 2007; Srinivasan et al. 2007; Ball et al. 2012), these da&l
suggest substantial and lasting impact of preterm birth on t}@:
thalamo-cortical system including basal ganglia. Our curre@t
results of correspondently changed intrinsic connectivity ar@l
brain structure add to these findings in a regionally and mec]s‘&
anistically consistent way: after preterm birth, changes m
ventral brain GM structure of newborns seem to last into adule_t;&
hood (Fig. 2), they link with aberrant functional connectiviy
of affected intrinsic networks (Fig. 3), and they are specific fog
striatum, thalamus, and ventral cortex (Figs 1 and 2). Given in§
paired GABA-ergic interneuron development and comprés
mised astro-/oligodendrocyte-based white matter maturat1o$i
as seen in animal models of perinatal induced hypoxia, o@
data suggest such initial lesions to lead to long-lasting GM r&3
organization in preterm born individuals, which is character;
ized by correspondingly altered GM structure and intrinsi
connectivity. a
With respect to this model, 2 further aspects of our ﬁndmgs
should be mentioned. First, the observed corresponden&®
between aberrant intrinsic connectivity and brain structure wag
specific for the ventral brain. While we found several iFg
changes in more dorsal brain networks such as in the attention
or default mode network, we found no relation of these
changes with regional VBM scores in preterm born subjects,
This finding suggests that altered dorsal brain intrinsic cof:
nectivity links with underlying GM structure in a distinct waoycf
than ventral brain connectivity changes. One might speculate
whether this difference reflects distinct types of relationship
between destructive and maturational/adaptive processes with
stronger destructive impact of preterm birth on ventral brain
areas (Volpe 2009). This model implicates dorsal networks to
be more involved in compensatory processes. Future studies
are necessary to test these suggestions. Second, we found a
complex relationship between reduced GM volume and altered
iFC. While in the basal ganglia network, caudate atrophy was
positively linked with reduced iFC, in thalamus and salience



network, thalamus and STG atrophy was negatively linked
with increased iFC in preterm born adults. We suggest that
several factors might contribute to this complex relationship:
1) the pattern of connectivity, that is, while the basal ganglia
network is mainly restricted to intrastriatal connectivity, the other
2 networks include thalamo-cortical or cortico-cortical connectiv-
ity; 2) while the striatum is dominated by GABA-ergic inhibitory
neurons, thalamus and cortex include both glutamate-ergic exci-
tatory and GABA-ergic inhibitory neurons; 3) microstructure
of striatum, thalamus, and cortex are strongly different from
each other. Future studies are needed to better understand
how these different factors might impact altered GM intrin-
sic connectivity-brain structure relationship after preterm
delivery.

Preterm Born Adults Show Widespread Differences in the

iFC of Intrinsic Brain Networks

To the best of our knowledge, this is the first study that investi-
gates the whole ensemble of intrinsic brain networks in
preterm born adults (Fig. 1). We identified networks that were
highly consistent with previous findings in healthy controls
(Kiviniemi et al. 2009; Smith et al. 2009; Allen et al. 2011; Kim
et al. 2013), suggesting the reliability of our analysis approach.
Most aberrant iFC clusters particularly those in the dorsal brain
of preterm born adults remained significant after controlling
for structural changes (see Supplementary Fig 2), demonstrat-
ing the functional nature of iFC changes. Differences in
network connectivity were characterized by both increased
and decreased iFC in unimodal cortical, multimodal cortical
and subcortical networks (see Fig. 1). A detailed discussion of
single iFC differences between preterm and term born adults
particularly with respect to previous findings (Gozzo et al.
2009; Myers et al. 2010; Smyser et al. 2010; Wilke et al. 2013;
White et al. 2014) and its potential functional significance is
given in the supplement.

Methodological Issues and Limitations

The detailed discussion of methodological issues and limita-
tions such as sample bias, the use of ICA to detect intrinsic net-
works, white matter injuries, and applied prematurity scores is
given in the supplement.

Conclusion

The current study provides first evidence for correspondent ab-
errant GM intrinsic connectivity and brain structure in preterm
born adults specifically in the ventral brain. Results suggest
particular and lasting ventral brain GM re-organization after
preterm delivery.

Supplementary Material

Supplementary material can be found at: http://www.cercor.oxford
journals.org/.
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