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ORIGINAL RESEARCH
FUNCTIONAL

Microstructure of the Default Mode Network in
Preterm Infants

J. Cui, R. Desikan, H. Kim, “'D. Gano, “*'C.P. Hess, AJ. Barkovich, and ““'D. Xu

ke =1 |

O. Tymofiyeva, T. Flynn, D.M. Ferriero,

ABSTRACT

BACKGROUND AND PURPOSE: Diffusion and fMRI has been providing insights to brain development in addition to anatomic imaging. This
study aimed to evaluate the microstructure of white matter tracts underlying the default mode network in premature infants by using resting-
state functional MR imaging in conjunction with diffusion tensor imaging—based tractography.

MATERIALS AND METHODS: A cohort of 44 preterm infants underwent structural TI-weighted imaging, resting-state fMRI, and DTl at 3T,
including 21 infants with brain injuries and 23 infants with normal-appearing structural imaging as controls. Neurodevelopment was
evaluated with the Bayley Scales of Infant Development at 12 months’ adjusted age. Probabilistic independent component analysis was
applied to resting-state fMRI data to explore resting-state networks. The localized clusters of the default mode network were used as
seeding for probabilistic tractography. The DTI metrics (fractional anisotropy, mean diffusivity, axial diffusivity, and radial diffusivity) of the
reconstructed primary tracts within the default mode network—cingula were measured.

RESULTS: Results revealed decreased fractional anisotropy (0.20 = 0.03) and elevated radial diffusivity values (1.24 *+ 0.16) of the cingula
in the preterm infants with brain injuries compared with controls (fractional anisotropy, 0.25 = 0.03; P < .00T; radial diffusivity, 1.06 = 0.16;
P = .001). The Bayley Scales of Infant Development cognitive scores were significantly associated with cingulate fractional anisotropy (P =
.004) and radial diffusivity (P = .021); this association suggests that the microstructural properties of interconnecting axonal pathways
within the default mode network are of critical importance in the early neurocognitive development of infants.

CONCLUSIONS: This study of combined resting-state fMRI and DTl at rest suggests that such studies may allow the investigation of key
functional brain circuits in premature infants, which could function not only as diagnostic tools but also as biomarkers for long-term
neurodevelopmental outcomes.

ABBREVIATIONS: AD = axial diffusivity; Bl = brain injuries; BSID-IIl = Bayley Scales of Infant Development; DMN = default mode network; FA = fractional anisotropy;
GA = gestational age; IVH = intraventricular hemorrhage; MD = mean diffusivity; RD = radial diffusivity; RSNs = resting-state networks; WMI = white matter injury

Prematurely born infants face heightened risks of brain inju-
ries, such as intraventricular hemorrhage (IVH) and white
matter injury (WMI). The brain injuries may disrupt normal ce-
rebral development and result in long-term neurodevelopmental
disabilities, including cognitive impairment, behavioral prob-
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lems, and psychiatric alterations.' > A brain neural network is a
series of interconnected neurons whose information is continu-
ously processed and transported between structurally and func-
tionally linked brain regions.* The maturation of neural networks
plays an important role in cortical development because neural
activity is essential for refining and shaping the intricate circuitry
of the nervous system.” Recently, a growing number of studies
have used noninvasive resting-state fMRI to characterize these
networks during brain development.®"!

Resting-state fMRI enables the detection of spontaneous spa-
tially coherent fluctuations of the blood oxygen level-dependent
signals at rest.'> Application of resting-state fMRI has led to the
identification of the resting-state networks (RSNs) encompassing
regions of the brain involved in attention, language, behavior, and
cognitive function.'”'* Resting-state fMRI is a promising tech-
nique for the study of cerebral development in infants because no
specific task performance or cognitive ability is required.” """
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Several recent studies have observed the emergence of RSNs in the
brains of preterm infants, noting that visual, auditory, somato-
sensory, motor, default mode, frontoparietal, and executive con-
trol networks develop at different rates.””'""'® Among the RSN,
the most widely studied is the default mode network (DMN),
which is associated with cognitive development.'”"'” In adults, the
DMN consists of the medial prefrontal cortex, the posterior cin-
gulate cortex/precuneus, the inferior parietal cortex, and their
associated connections. Functional “connectivity” between the
main nodes is supported by an underlying structure of white mat-
ter pathways, with the cingulum as the key tract that interconnects
the anterior and posterior core regions of the DMN.?° Damage to
the cingulum may result in a broad range of brain disorders.'”"*
Until now, little was known about the characteristics of the struc-
tural pathways underlying the DMN in premature infants. Here,
we implemented resting-state fMRI, combined with diffusion
tensor imaging—based tractography, to characterize the white
matter pathways within the premature infant DMN.

DTI assesses random motion of water molecules within bio-
logic tissue and provides insight into microstructure.”** In the
tensor model, which has 3 eigenvalues that represent the magni-
tude of diffusion in 3 orthogonal axis directions,?! fractional an-
isotropy (FA) is calculated from the variance of the 3 eigenvalues
to indicate the degree of anisotropy.”” Mean diffusivity (MD) is
the average of the 3 eigenvalues and a scalar measure of the total
diffusion.** The eigenvector corresponding to the maximum dif-
fusivity is assumed to be directed parallel to the largest group of
white matter fibers. Its eigenvalue is referred to as axial diffusivity
(AD). The secondary and tertiary eigenvectors oriented perpen-
dicular to the primary eigenvector and the average of their eigen-
values are referred to as “radial diffusivity” (RD). The aims of the
present study were the following: 1) to determine the structural
pathway of the DMN in these 2 groups of infants (injured and
control) and to compare the DTT measures between them; and 2)
to further investigate their correlation with longitudinal brain
neurocognitive development. We hypothesized that significantly
different diffusion parameters would be found in infants with
brain injuries compared with normally developing infants. It was
also hypothesized that the microstructural architecture inferred
by water diffusion of the cingula would be associated with cogni-
tive functioning.

MATERIALS AND METHODS

Subjects

Fifty-one preterm infants, 25 males and 26 females, born prema-
turely between 24.7 and 32.3 gestational weeks (mean, 28.8 = 1.8
weeks) underwent MR imaging at 29.8~35.6 gestational weeks
(32.2 = 1.5 weeks). All datasets were visually inspected, and 7
were excluded due to the severe motion artifacts. The datasets of
the remaining 44 infants who had a complete and successful (no
signal loss or severe artifacts) MR imaging session were included.
Radiologic assessments were completed by neuroradiologists ex-
perienced in neonatal imaging, including the IVH and WMI scor-
ing systems as follows: IVH score: 0, absent; 1, germinal matrix
hemorrhage; 2, intraventricular hemorrhage, volume of blood of
<50% of the ventricular volume; 3, intraventricular hemorrhage,
volume of blood of >50% of the ventricular volume; and 4,
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periventricular hemorrhagic infarction. WMI scores were the fol-
lowing: 0, absent; 1, minimal, up to 3 foci of WMI, each <2 mm;
2, moderate, >3 foci of WMI of <2 mm or any foci of >2 mmy;
and 3, severe, >5% of hemisphere involved. The infants were
divided into 2 groups: 21 infants with brain injuries (BI) (13 males
and 8 females; gestational age [GA], 29.1 = 1.9 weeks) and 23
infants with normal-appearing brains (13 males and 10 females;
GA, 29.1 * 1.5 weeks); the latter were controls. A subset of
participants (13 of 44 infants) had 12-month follow-up neu-
rodevelopmental studies, and the developmental outcome was
evaluated with the Bayley Scales of Infant Development (BSID-
IIT), which has separate composite scores for cognitive, motor,
and language skills. The study was approved by the institu-
tional review board, and written inform consent was given by
the infants’ parents.

MR Imaging Acquisition

Scans were obtained by using a 3T GE MR750 scanner (GE
Healthcare, Milwaukee, Wisconsin). Structural 3D sagittal T1 in-
version recovery—prepared fast-spoiled gradient-echo images
were obtained with the following parameters: flip angle = 15°,
FOV = 18 c¢m, and voxel size = 1 X 1 X 1 mm. T2*-weighed
functional MR imaging scans were collected with a gradient-echo
pulse sequence (TR/TE/flip angle = 2 s/20 ms/90°, FOV = 24 cm,
voxel size = 4 X 4 X 4 mm, and no gap). Whole-brain DTI was
acquired with a spin-echo echo-planar imaging diffusion se-
quence (FOV = 25.6 cm, acquisition matrix = 128 X 128, TR/
TE = 5 s/minimum, voxel size = 2 X 2 X 2 mm). Diffusion
gradients were applied in 30 noncollinear and noncoplanar direc-
tions with b=600 s/mm”.

Functional Image Processing

Data processing was performed by using FSL, Release 5.0 (http://
www.fmrib.ox.ac.uk/fsl). Preprocessing procedures included the
following: motion correction with MCFLIRT (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/MCFLIRT)?% section-timing correction; brain
extraction with the FSL Brain Extraction Tool (BET; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/BET)>; spatial smoothing with a Gauss-
ian kernel of full width at half maximum of 6 mm; and high-pass
temporal filtering with 100 seconds. Functional MR imaging data
were aligned to the T1-weighted image with 12 df. The structural
scan was aligned with the Montreal Neurological Institute pedi-
atric atlas (http://www.bic.mni.mcgill.ca/ServicesAtlases/NITHPD-
obj2) by using nonlinear registration. Transformation of the
functional results into Montreal Neurological Institute space
was performed following concatenation of the 2 alignments
into a single matrix. All spatially normalized fMRI data were
resampled to 1-mm?” resolution. FSL Multivariate Exploratory Lin-
ear Decomposition into Independent Components (MELODIC;
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ MELODIC?”) was used to per-
form an independent component analysis on the fMRI data of all the
subjects (n = 44) and to automatically estimate the dimensions of the
independent components.

Diffusion Image Processing
DTI data were processed with the FMRIB Diffusion Toolbox
(FDT; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT).*® A standard
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FIG1. RSNs(z > 2.6)identified by group independent component analysis in preterm infants (n =
44). MVN indicates medial visual network; LVN, lateral visual network; AN, auditory network; SN,
salience network; MN, motor network; PFN, prefrontal network; BTN, brain stem and thalami;

FCN, frontal cortical network; and CBLN, cerebellum network.

FDT multistep procedure was performed, including the follow-
ing: 1) image-quality check (any gradient directions with signal
dropouts caused by excessive motion were removed and not in-
cluded in the analysis®”); 2) motion and eddy current correction;
3) correction of gradient directions for any image rotation during
the previous motion and eddy current correction; 4) removal of
skull and nonbrain tissue by using the BET; 5) tensor reconstruc-
tion by using a weighted least-squares fit was performed via DTIFit
(http://fsl.fmrib.ox.ac.uk/fsl/fsl-4.1.9/fdt/fdt_dtifithtml) within FDT
to create DTI scalar images, including FA, MD, and 3 eigenvalues.
The RD maps were computed as the average of the 2 minor eigen-
value images. The MD, AD, and RD values were reported in square
millimeters/second X 10~

Probabilistic Tractography
Fiber tracking was performed by using ProbtrackX (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FDT/UserGuide#PROBTRACKX_-_probabilistic_

30

tracking_with_crossing_fibres) in FSL.” First, diffusion parameters
were estimated at each voxel by using BedpostX (http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FDT/UserGuide#BEDPOSTX). ProbtrackX was
then used to estimate the distribution of connections with 5000
streamline samples, a step length of 0.5 mm, and a curvature
threshold of 0.2. We used the localized regions of the DMN (z >
2.6) in the resting-state fMRI analysis as seed regions. Seed regions
were transformed from standard space (Montreal Neurological
Institute pediatric I-mm? standard brain) to each individual dif-
fusion space by using a nonlinear transform (standard2diff) with
12 df. Generated pathways are volumes in which values at each

voxel represent the number of stream-
lines passing through that voxel and,
therefore, the probability of a connec-
tion between paired seed regions. To re-
move background noise, we thresholded
pathways in each individual to include
only voxels with at least 100 samples
passing through them (of 5000 initiated
streamline samples).’' Pathways in each
subject were binarized and overlaid to
produce population probability maps
for each pathway, in which voxel values
represent the number of subjects in
whom a pathway is present. The popu-
lation probability maps were thresh-
olded at 50% of the maximum number
of participants who had overlapping
connections between paired seed re-
gions to generate a group tract map.”>>’
The obtained group tract map was then
transformed to individual diffusion
space and binarized to mask the FA,
MD, AD, and RD maps for DTI metrics
measurement.

Statistical Analysis

Statistical analysis was performed by us-
ing SPSS Statistics 22 (IBM, Armonk,
New York). The Kolmogorov-Smirnov
test of normality was used to confirm the
normal distribution of BSID-III scores and DTI metrics (P > .05).
A 2-tailed independent-samples ¢ test was used to compare the
birth GA, postmenstrual age at scan, and birth weights between
the 2 groups. General linear regression was performed to compare
the DTT metrics between groups, correcting for the birth GA,
postmenstrual age at scan, sex, and birth weights. To investigate
the association between the DTI metrics and BSID-III cognitive
scores, we performed partial correlations; and the birth GA, post-
menstrual age at scan, sex, and birth weights were also included as
nuisance covariates.

RESULTS

Demographics

The 2-tailed independent-samples ¢ test demonstrated that there
was no significant difference in birth GA (BI, 29.1 = 1.9 weeks;
control, 29.1 = 1.6 weeks; P = .96), GA at scanning (BI, 32.4 = 1.6
weeks; control, 32.2 = 1.5 weeks; P = .76), and birth weights (BI,
1278 + 290 g; control, 1241 = 273 g; P = .65) between groups. The
detailed demographic information of the infants is summarized in
On-line Table 1.

RSNs

Forty-three independent components were obtained from group
independent component analysis decomposition across all the
subjects (n = 44). RSNs were identified on the basis of the loca-
tion and the frequency spectrum. Ten known RSNs were selected
(Fig 1), including the medial visual network, lateral visual net-
work, auditory network, salience network, motor network, DMN,
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FIG 2. Group tract map of the reconstructed cingula. Each voxel
value represents the probability that subjects had some cingula in it.
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FIG 3. Boxplots illustrate the group differences in DTl metrics. The
asterisk indicates P < .05.

prefrontal network, brain stem and thalami network, frontal cor-
tical network, and cerebellum network. Fourteen additional RSN's
were found as the subnetworks of these 10 RSN, such as the visual
network and prefrontal network as well as the subcomponents of
some known RSN, such as the frontoparietal network and executive
control network (On-line Figure). Only noise or artifacts were found
in the remaining 19 RSNs. The RSN of interest in the current study is
the DMN. As shown in Fig 1, the DMN generated from the group
independent component analysis on 44 preterm infants contains the
regions of the medial prefrontal cortex (cluster size = 162 voxels) and
posterior cingulate cortex/precuneus (411 voxels).

Group Comparison in DTI Metrics of the Reconstructed
Cingula

As shown in Fig 2, the bilateral cingulum bundles, which are the
primary fiber tracts connecting the medial prefrontal cortex and
the posterior cingulate cortex/precuneus, were reconstructed.
Figure 3 shows the group comparison in DTI metrics of the re-
constructed cingula. The FA values in the BI group (0.20 * 0.03)
were significantly lower than those in the control group (0.25 =
0.03, F = 26.79, P < .001). The MD and RD values were both
elevated in the BI group (MD, 1.32 * 0.17; RD, 1.24 = 0.16)
compared with the control group (MD, 1.19 £ 0.16; F = 6.44,P =
.015;RD, 1.06 = 0.16; F = 13.35, P = .001). No significant differ-
ence was found in AD between the 2 groups (BI, 1.47 * 0.19;
control, 1.44 = 0.18; F = 0.12, P = .731).
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FIG 4. Scatterplots illustrate the correlation between BSID-IIl cogni-
tive scores and DTl metrics in 13 infants, including 6 with brain injuries
(red rectangle) and 7 controls (blue circle). It was found that the
cognitive score is positively associated with FA and negatively asso-
ciated with RD.

Association between DTI Metrics and BSID-1II Scores

As shown in Fig 4, the cognitive scores were positively correlated
with the FA values (r = 0.848, P = .004) and negatively correlated
with the RD values (r = —0.746, P = .021). In addition to cogni-
tive scores, we also examined the association between the DTI
metrics and the language and motor scores. Language scores were
positively associated with the FA values (r = 0.782, P = .013) but
not significantly correlated with the MD, AD, or RD values. The
motor scores were not correlated with the DTI metrics (On-line
Table 2).

DISCUSSION

In the present study, resting-state fMRI was used to identify key
RSNs and localize the medial prefrontal cortex and posterior cin-
gulate cortex/precuneus within the DMN in prematurely born
infants. We found that the DTI metrics within the cingula, the
primary fiber tracts connecting the medial prefrontal cortex and
posterior cingulate cortex/precuneus, were altered in the preterm
infants with brain injuries. DTI abnormalities within the cingula
were also significantly associated with decreased cognitive scores
at 12 months of age. Our findings support the hypothesis that
microstructural abnormalities of the DMN are present in preterm
infants with brain injuries and are associated with impaired neu-
rocognitive development. To the best of our knowledge, this is the
first investigation of the microstructure of a specific neural network
relevant to the neurocognitive development in preterm infants.

In 2007, Fransson et al'® performed the first study of RSN
development in 12 preterm infants at 41 weeks’ postmenstrual
age. A presumed precursor of the DMN was observed in Fransson
etal.>” Gaoetal'' explored the temporal and spatial development
within the DMN and observed a primitive and incomplete DMN
in 2-week-old neonates. Doria et al” performed a longitudinal
investigation to explore early development of RSNs from 29
weeks’ postmenstrual age to term-equivalent age in 62 preterm
infants. In line with the previous studies, the main architecture of
the DMN, including the medial prefrontal cortex and posterior



cingulate cortex/precuneus, was observed in our study, while
other regions that are commonly observed in the DMNSs of adults
were not found, such as inferior parietal cortex, lateral temporal
cortex, and hippocampal regions. Emerging evidence suggests
that the posterior cingulate cortex and medial prefrontal cortex
are consistently observed in the DMN and serve as 2 main “hubs”
involved in different aspects of cognitive function.'"** The me-
dial prefrontal cortex might be involved in self-referential activity,
mentalizing processes, and theory of mind, while the posterior
cingulate cortex is more associated with implicit memory.*> As
the structural foundation of the functional connectivity between
these 2 hubs, the underlying white matter tracts, therefore, are
vital to the neural signal transmission between the medial pre-
frontal cortex and posterior cingulate cortex.

By combining probabilistic independent component analysis
and probabilistic tract reconstruction, we provide in vivo evi-
dence that the microstructural architecture of the primary white
matter tract within the DMN-cingula is disrupted in preterm in-
fants with brain injuries. The BI group showed significantly lower
FA and elevated MD and RD values compared with the control
group. This change in DTI metrics of the white matter was con-

sistent with the previous DTI studies in preterm infants,'>?¢®

Counsell et al*® found that the apparent diffusion coefficient val-
ues were significantly higher in the infants with white matter in-
jury than that in the infants with normal-appearing white matter
in the frontal, central, and posterior white matter at the level of the
centrum semiovale in 50 preterm infants at term-equivalent age.
Thompson et al*” scanned 116 infants and found that perinatal
white matter abnormality and IVH were associated with increased
diffusivity in the white matter of very preterm infants. Very re-

1% evaluated the cerebellar and cerebral white

cently, Morita et a
matter of 42 preterm infants and found that preterm infants with
IVH had lower FA values compared with infants without IVH.
Until now, no studies have assessed the microstructure of the
cingulum bundles in the preterm infant with brain injuries, to our
knowledge. Our results first revealed the altered FA, MD, and RD
values of the cingula in the BI group compared with the normal-
appearing preterm infants. In preterm infants, low FA likely indicates
low axonal fiber density, delayed premyelination, or increased water
content. In our study, increases in RD with little change in AD were
observed in the preterm infants with brain injuries. This finding sug-
gests that the changes in anisotropy are not simply explained by
changes in brain-water content and more likely reflect the micro-
structural changes, causing decreased hindrance to water diffusion
perpendicular to the direction of axonal fibers.

Within the cingula, we found that higher FA was associated
with decreased cognitive abilities, and lower RD correlated with
better cognitive and language scores of infants at 12 months of
age. This finding is in accordance with the previous longitudinal
studies in preterm infant neurodevelopment.””** van Kooij
et al*® performed Tract-Based Spatial Statistics (TBSS; http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/TBSS) analysis on 63 preterm infants
and found that the FA in the corpus callosum at term-equivalent
age was positively correlated with cognitive outcome (measured
by the BSID-III) at 2-year corrected age. Thompson et al’” found
that higher RD was associated with increased risk of impairment
in motor and executive functions at 7 years of age in premature-

born children. Currently, the results of our study demonstrate a
correlation between cognitive performance and the cingula white
matter microstructure measured at an early and critical phase of
neurologic development. Previous studies have reported diffusiv-
ity decreasing and anisotropy increasing with increasing GA,*'**
and they are, therefore, signs of physiologic maturation. Indeed,
these trends of diffusion metrics with progressive white matter
maturation have been shown to continue throughout infancy and
childhood. Using partial correlation to exclude the effects of ag-
ing, our study reveals that microstructural changes or delayed
maturation in the developing white matter of the cingula might
result in long-term neurocognitive impairment.

Several limitations to the present study should be considered.
First, we did not delineate the anatomic representations of RSN's
in the BI or control group separately. Preliminary results have
demonstrated significant differences in RSN development in pre-
term infants with common forms of neuropathology.** In a fu-
ture study, we will apply independent component analysis with
dual regression to resting-state fMRI data to investigate the al-
tered brain circuits in preterm infants with brain injuries. Second,
we focused on the DMN and its underlying primary white matter
tract—cingulum bundles in this study. Other brain regions and
neuronal tracts may be associated with neurocognitive develop-
ment in infants. Nonhypothesized DTI analysis, such as TBSS,
would be helpful to investigate the specificity of this effect. Third,
the sample size (n = 13, including 6 with brain injuries) of our
follow-up study was small. We are continuing to enroll additional
subjects in the longitudinal study to explore the association be-
tween DTI metrics and neurodevelopment outcome for each
group. Last, there may be microhemorrhages that may influence
the diffusion measurements; however, as indicated by the results,
the MD in the BI group is elevated in comparison with the control
group; this finding suggests that susceptibility effects from mi-
crobleeds are small.

CONCLUSIONS

This study employed a multimodal imaging approach to evaluate
the microstructural architecture of the DMN in preterm infants.
Our results provide evidence that the microstructure of the pri-
mary white matter tracts connecting the medial prefrontal cortex
and the posterior cingulate cortex/precuneus within the DMN-
cingula were disrupted in the preterm infants with brain injuries.
Our findings reveal that higher degree of microstructural archi-
tecture of the cingula is associated with better neurocognitive
abilities at 12 months, which suggests that the microstructural
properties of the interconnecting axonal pathways between the 2
main hubs within the DMN play a critical role in the infants’
neurodevelopment.
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