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Abstract

Background—~Previous studies, including those employing Diffusion Tensor Imaging (DTI),
have revealed significant disturbances in the white matter of individuals with Fetal Alcohol
Spectrum Disorders (FASD). Both macrostructural and microstructural abnormalities have been
observed across levels of FASD severity. Emerging evidence suggests that these white matter
abnormalities are associated with functional deficits. This study used resting-state fMRI to
evaluate the status of network functional connectivity in children with FASD compared to control
subjects.

Methods—~Participants included 24 children with FASD, ages 10-17, and 31 matched controls.
Neurocognitive tests were administered including Wechsler Intelligence Scales, California Verbal
Learning Test, and Behavior Rating Inventory of Executive Functioning. High resolution
anatomical MRI data and six-minute resting-state fMRI data were collected. The resting-state
fMRI data were subjected to a graph theory analysis and four global measures of cortical network
connectivity were computed: characteristic path length, mean clustering coefficient, local
efficiency, and global efficiency.

Results—Results revealed significantly altered network connectivity in those with FASD. The
characteristic path length was 3.1% higher (p=.04, Cohen’s d=.47) and global efficiency was 1.9%
lower (p=.04, d=.63) in children with FASD compared to controls, suggesting decreased network
capacity that may have implications for integrative cognitive functioning. Global efficiency was
significantly positively correlated with cortical thickness in frontal (r=.38, p=.005), temporal (r=.
28, p=.043), and parietal (r=.36, p=.008) regions. No relationship between facial dysmorphology
and functional connectivity was observed. Exploratory correlations suggested that global
efficiency and characteristic path length are associated with capacity for immediate verbal
memory on the CVLT (r=.41, p=.05 and r=.41, p=.01 respectively) among those with FASD.

Conclusions—Resting-state functional connectivity measures provide new insight into the
integrity of brain networks in clinical populations such as FASD. Results demonstrate that
children with FASD have alterations in core components of network function and that these
aspects of brain integrity are related to measures of structure and cognitive functioning.
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INTRODUCTION

Although numerous brain anomalies are recognized in Fetal Alcohol Spectrum Disorders
(FASD) (Riley et al., 2004), there is mounting evidence that white matter may be
disproportionately impacted. In early studies, complete agenesis of the corpus callosum was
reported and other callosal abnormalities were seen including thinning, hypoplasia, and
partial agenesis (Riley et al., 1995). Volumetric MRI studies show that prenatal alcohol
exposure is associated with widespread abnormalities in white matter macrostructure beyond
the corpus callosum (Archibald et al., 2001). Diffusion Tensor Imaging (DTI) provides
further evidence of white matter pathology in FASD including microstructural abnormalities
in corpus callosum (Ma et al., 2005; Wozniak et al., 2006) — but also elsewhere in the brain
(Fryer et al., 2009; Lebel et al., 2008; Sowell et al., 2008a; Spottiswoode et al., 2011). This
disruption in white matter microstructure is associated with cognitive dysfunction in FASD
including abnormal conditioned-response learning (Spottiswoode et al., 2011), visual-motor
deficits (Sowell et al., 2008a) and poor perceptual organization (Wozniak et al., 2009).

Based on consistent findings of structural connectivity disturbances in FASD, we sought to
understand the impact of these abnormalities on functional connectivity. We first conducted
a DTI-tractography/fMRI study to evaluate inter-hemispheric functional connectivity in
brain regions with underlying microstructural abnormalities in FASD, especially in posterior
corpus callosum (Wozniak et al., 2011). Results demonstrated a disturbance in inter-
hemispheric connectivity as evident by low right-left correlations in resting-fMRI signal for
FASD compared to controls. This was especially evident for right and left para-central
cortical regions, which are heavily inter-connected by posterior callosal projection fibers.
The current study sought to extend our understanding of functional connectivity in FASD
beyond individual regions toward an examination of global cortical connectivity. This study
utilized global metrics that can be compared readily across groups and can be evaluated
against other important clinical characteristics of FASD including cognitive functioning. We
explicitly set out to examine global connectivity rather than individual functional network or
specific region-to-region connectivity because: 1) the effects of alcohol on the developing
brain have been shown to be so widespread rather than discrete; 2) there is value in
characterizing the overall severity of brain effects of prenatal alcohol exposure; and 3)
measures of global brain functioning will ultimately have great utility in FASD intervention
studies.

“Functional connectivity” characterizes distributed brain activity that is coordinated in time
and space across brain. Friston (1993) described it as the “temporal correlation between
spatially remote neurophysical events”. Functional connectivity studies often measure brain
activity during rest. Correlations in fMRI data can be used to “map” brain networks based
on regionally synchronized activity (Biswal et al., 1995). Networks can be extracted
empirically with independent components analysis (ICA) or seed-based strategies can be
employed. As one example, Raichle et al. (2001) described a “default mode network” — a set
of brain regions that operate as a “system” in real-time when the subject is disengaged from
tasks. Resting-state networks are involved in non-task, off-line activities including memory
consolidation and planning (Raichle and Snyder, 2007). These networks follow
developmental trajectories; child “task” networks are characterized by high local
connectivity and lower long-distance connectivity than adults (Fair et al., 2009). In task
networks, local connectivity decreases with age and long-distance connectivity increases. In
contrast, the default-mode network has relatively few local connections in children, but
subsequently matures to a more distributed form by adulthood (Fair et al., 2008).

Previous studies have demonstrated that functional brain activity fits small world network
parameters both temporally and spatially (Bassett and Bullmore, 2006). Small world
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networks are characterized by highly clustered, modular processing centers — along with a
few highly efficient long-distance communication paths (Rubinov and Sporns, 2010). In a
small world network, individual nodes (brain regions in this case) are highly connected with
neighboring regions (clustered) and long-distance communication is enhanced by a few
“short-cuts” that facilitate efficient jumps between distant regions without traversing all
intervening nodes (Watts and Strogatz, 1998). In the brain, white matter provides these
highly efficient routes between distant grey matter regions where more modular/clustered
processing occurs.

Graph theory provides a set of robust metrics for evaluating the properties of small-world
networks (Achard and Bullmore, 2007). One standard metric, mean clustering coefficient,
reflects the density of connections between neighbors surrounding a single node. High
clustering is a defining characteristic of small-world networks. Local efficiency is the mean
of the efficiency of local sub-graphs and is a measure of “connectedness” at the
neighborhood level. Local efficiency reflects the “fault tolerance” of a network; it
characterizes the remaining efficiency of local connections when a node is removed (Latora
and Marchiori, 2001). A third metric, characteristic path length, is the length of the shortest
connections between pairs of nodes (averaged over the brain) and is a measure of serial
information transfer between nodes. Small-world networks are characterized by short path-
length that yields efficient long-distance communication. Lastly, the mean of the inverse of
path length, global efficiency, similarly reflects communication efficiency but accounts for
parallel information transfer (which occurs on a massive scale in the brain). Global
efficiency has the advantage of being robust even with networks that are not fully connected
(Achard and Bullmore, 2007) and is particularly useful in evaluating pathological networks.
Overall, small-world network topology reflects a balance between network segregation
(local clusters) and /ntegration (efficient communication between clusters) (Sporns and Zwi,
2004). The clinical relevance of connectivity measures is illustrated by studies showing
relationships between network characteristics like path length and 1Q (networks with greater
path length are less efficient and are associated with lower 1Q) (van den Heuvel et al., 2009).

To date, there are very few functional MRI studies of FASD and only two previous studies
that examined resting-state functional connectivity (Santhanam et al., 2011; Wozniak et al.,
2011). The Santhanam study examined the default mode network comprising medial
prefrontal cortex, posterior cingulate, precuneus, inferior parietal, and medial temporal
regions; it shows increased activity during non-task periods. The expected network
“deactivation” upon initiation of an arithmetic task was abnormal in prenatally-exposed
adults with dysmorphic facial features. The findings suggest that resting-state networks
normally work in conjunction with “active” cognitive networks — each inhibiting the other in
turn — and that dysfunction may occur at the level of coordinating these alternating
networks. Task-based fMRI studies have also revealed functional connectivity abnormalities
in FASD, including alterations in frontostriatal coupling (Roussotte et al., 2012).

Based on what is known about the widespread effects of prenatal alcohol exposure on both
grey and white matter development, we hypothesized that global cortical functional
connectivity would be disturbed in children with FASD. We expected to see low network
efficiency and evidence of disconnectivity. Summary measures of network connectivity
were expected to correlate with cognitive functioning including components of 1Q, memory,
and executive functioning. In all cases, we expected to see low network efficiency and poor
overall connectivity to be associated with greater cognitive impairment.
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MATERIALS AND METHODS

Participants

Participants, ages 10-17, were all right-handed. Thirty-two children with FASD were
recruited from the University of Minnesota’s FASD Clinic. Thirty-three control subjects
with no prenatal alcohol exposure were recruited from the Twin Cities metropolitan area
from diverse neighborhoods and socioeconomic levels. Participants with FASD were seen
by a pediatric psychologist and developmental pediatrician with formal training and more
than twelve years experience using the 4-Digit Diagnostic System (Astley and Clarren,
2000). Participants with FASD were assessed for alcohol and other drug use as part of their
clinical work-up and again as part of a telephone screening with the parent.

The 4-Digit Diagnostic system classifies individuals on: 1) growth, 2) facial characteristics,
3) Central Nervous System (CNS), and 4) alcohol exposure (Astley and Clarren, 2000). FAS
is defined by growth deficiency (<10t percentile height and weight or <3 percentile on
either), severe facial abnormalities (thin upper lip, smooth philtrum, and palpebral fissure
width more than 2 SD below the mean), moderate or severe CNS impairment (microcephaly
and/or cognitive deficits more than 2 SD below the mean in three domains), and confirmed
prenatal alcohol exposure. Partial FAS (pFAS) is characterized by at least moderate facial
abnormalities (one or more of: thin upper lip, smooth philtrum, or palpebral fissure width
more than 2 SD below the mean), moderate or severe CNS impairment, and confirmed
prenatal alcohol exposure. Static Encephalopathy is characterized by moderate or severe
CNS impairment. For pFAS, confirmed maternal alcohol consumption is required at either a
“high risk” level (estimated >100 mg/dl blood alcohol concentration weekly, early in
pregnancy) or a lower level that is associated with “some risk.” For Static Encephalopathy,
maternal alcohol exposure may be either confirmed as heavy or may be only suspected - but
only when facial dysmorphology is also present. For maximum clarity to all readers, we
have also classified all FASD participants in Table 1 according to the modified Institute of
Medicine criteria (Hoyme et al., 2005).

Eight participants with FASD were excluded for excessive motion during MRI; one control
subject was excluded for motion and one additional control subject did not meet the
threshold for a fully-connected network (see below). These exclusions resulted in 24 FASD
participants and 31 controls with good fMRI data. Table 1 contains the participant
demographics.

Of the 24 participants with FASD, 20 had confirmed documentation of prenatal alcohol
exposure (self-report by the biological parent or social service records indicating heavy
maternal use during pregnancy). Four FASD participants had only suspected exposure, but
each had FASD facial characteristics and cognitive deficits. Participants were excluded if
alcohol exposure was minimal (e.g. a single drink on occasion). FASD participants were
excluded for other documented heavy prenatal drug exposure (except nicotine and caffeine),
although there was suspicion of maternal cocaine use in two cases and suspicion of
marijuana use in four cases, but the extent of use was unknown. In all cases, alcohol was the
predominant substance of abuse.

Additional exclusion criteria for all subjects were developmental disorder (ex. Autism), very
low birthweight (<1500 grams), neurological disorder, traumatic brain injury, medical
condition affecting the brain, substance use by the participant, or contraindications to safe
MRI scanning. Control subjects were excluded for parent-reported history of prenatal
substance exposure, substance use (including alcohol use) by the participant (assessed
during a telephone screening with the parent), and for psychiatric disorder or learning
disability. Psychiatric co-morbidity (see Table 1) was not an exclusion criterion for
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participants with FASD because it is well-recognized that co-morbidity is high in FASD
(Streissguth and O’Malley, 2000). Participants’ medications (see Table 1) were not altered
for this study.

Participants underwent a University of Minnesota IRB-approved consent process and were
compensated for their time.

Neuropsychological Evaluation

Participants were administered either the Wechsler Intelligence Scales for Children — Fourth
Edition (WISC-1V) (Wechsler, 2003) (ages 10-16) or the Wechsler Adult Intelligence
Scales — Third Edition (WAIS-111) (Wechsler, 1997) (age 17) and either the California
Verbal Learning Test — Children’s Version (CVLT-C) (Delis et al., 1994) or the Adult
Version (CVLT-1I) (Delis et al., 2000) by a psychometrist. Parents competed the Behavior
Rating Inventory of Executive Functioning (BRIEF) (Gioia et al., 2000).

MRI acquisition procedures

Subjects were scanned on a Siemens 3T TIM Trio MRI scanner with a 12-channel parallel
array head coil. The imaging sequence included a structural T1-weighted scan, a resting-
state fMRI scan, and a field map scan; details of the specific parameters are in Table 2.
During the resting-state scan, participants were instructed to close their eyes and remain still.
MRI scans were performed within one year of the neurocognitive tests. Participants were not
sedated for the MRI scan nor were their usual medications modified.

MRI processing

Resting-state fMRI processing—The fMRI data were processed using a slightly
modified version of the 1000 Functional Connectome (TFC) pre-processing scripts
(wwwe.nitrc.org/plugins/mwiki/index.php/fcon_1000). Tools from AFNI (Cox, 1996) and the
FMRIB Software Library (FSL) version 4.1.6 (Smith et al., 2004; Woolrich et al., 2009)
were used in the TFC processing. This included skull stripping, motion correction,
geometric distortion correction using FSL’s FUGUE (added to the TFC pipeline), spatial
smoothing (FWHM of 6 mm), grand mean scaling, band pass temporal filtering (0.005 to
0.1 Hz), and quadratic de-trending. The TFC processing of the T1 volume included skull
stripping and FSL’s FAST tissue segmentation to define whole brain, white matter and
ventricular cerebrospinal fluid (CSF) regions of interest (ROIs). The skull-stripped T1 and
tissue segmentation ROIs were registered to the fMRI data using FSL’s FLIRT.
Timecourses from the three tissue segmentation ROIs, along with the six motion parameters,
were used as voxel-wise nuisance regressors in the TFC processing of the fMRI data.

T1 cortical parcellation—Cortical parcellation of the T1 volume was done with
FreeSurfer version 4.5 (surfer.nmr.mgh.harvard.edu) (Dale et al., 1999). Processing included
removal of non-brain tissue, automated Talairach transformation, segmentation, intensity
normalization, tessellation of the grey matter/white matter boundary, topology correction,
surface deformation, and automated parcellation of the cortical grey matter into 34 ROIs per
hemisphere. Each subject’s data was visually inspected by a trained operator (C.J.B.) to
ensure accuracy of the cortical parcellation. Hand editing was not employed.

Time-series extraction—The 68 Freesurfer cortical parcellations (34 per hemisphere)
were registered to the TFC-processed fMRI data using Freesurfer’s bbregister (Greve and
Fischl, 2009). The parcellations were dilated during registration but none were allowed to
overlap and voxels outside the TFC brain-mask were excluded. ROIs that contained fewer
than 10 fMRI voxels for any subject were excluded from the final analysis. This resulted in
the exclusion of 6 ROIs (bilateral entorhinal, frontal pole and temporal pole), leaving a total
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of 62 ROIs (31 per hemisphere). The mean fMRI time-series of all voxels within each ROI
were then extracted for each subject.

Computation of the network metrics—Pearson correlations were computed between
the time-series from all possible pairs of the 62 cortical ROIs using MATLAB (Mathworks,
Natick, MA). Graph theory network metrics were computed for each subject’s Pearson
correlation matrix (Bullmore and Sporns, 2009; Rubinov and Sporns, 2010) utilizing tools
from the BCT toolbox (http://sites.google.com/a/brain-connectivity-toolbox.net/bct/Home).
Cortical ROIs served as network nodes and correlation values served as the connections
(edges). The cost of a network is defined as the ratio of existing connections to the total
number of possible connections in the graph ((62*61)/2 = 1891 for a 62 node network).
Binary, non-directional adjacency matrices were determined by applying a subject-specific
threshold to each subject’s data across a range of costs from 0.1 to 0.5, with 0.05 step
increments. Four metrics of interest were characteristic path length, mean clustering
coefficient, local efficiency and global efficiency (Latora and Marchiori, 2001; Watts and
Strogatz, 1998).

Path length is the smallest number of connections that must be traversed to connect any pair
of nodes in the network. The characteristic path length is the average path length between all
pairs of nodes in the network. A higher than normal characteristic path length implies less
reliance on highly efficient hubs for long distance communication and more reliance on
multiple smaller “jumps” between regions. The mean clustering coefficient reflects the
density of local connections. Global efficiency, inversely related to path length, reflects
properties of the network associated with long-range connections that facilitate rapid
communication between remote brain regions; it reflects the network’s capacity for parallel
information propagation. In contrast, focal efficiency reflects properties of the network
associated with modular processing within more localized brain regions (Latora and
Marchiori, 2001).

In network graph mathematics, cost has implications for overall topology of the network and
there are multiple costs at which the network metrics can be examined. We examined the
network at the minimum cost at which all participants had fully-connected networks. A
fully-connected network contains at least one possible pathway between every node. All
participants except one control subject had fully-connected networks at a cost of 0.20 (at
which 20% of all possible node-to-node connections are made). At costs above 0.20, many
subject’s networks lost small world properties (sigma < 1.5) (Bassett and Bullmore, 2006).

Testing for group differences in motion—Motion during fMRI can lead to spurious
correlations in voxel intensity, even after the TFC processing stream (motion correction
followed by regression against the six motion timecourses and CSF, WM and whole brain
timecourses). Translational and angular motion were examined (Liu et al., 2008). Included
participants had less than 1.3 mm of translational displacement and less than 0.015 radians
of angular displacement (maximum volume to volume displacements). The root mean
square (RMS) of translational and angular movements (similar to the averaged amount of
movement across all fMRI volumes) was less than 0.17 mm. (translational displacement)
and 0.0015 radians (angular displacement) for included subjects. These thresholds resulted
in the exclusion of one control and eight FASD participants. A group comparison tested for
differences in RMS motion for the remaining participants. Independent samples t-tests
revealed no group difference in the amount of translation [£(1,52)=1.27, p=.209] or rotation
[41,52)=.391, p=.697]. Therefore, motion was not entered as a covariate in any of the
remaining analyses.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 May 01.
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Examining group differences in network connectivity—There was not a group
difference in minimum cost to achieve a fully-connected network, [t(1,53)=-.214, p=.831].
Mean costs to fully-connect were 0.121 (+0.03) for the control group and 0.123 (+0.03) for
the FASD group. There was no group difference in threshold to achieve a cost of 0.20,
[t(1,53)=-1.30, p=.897. Mean threshold to obtain a cost of 0.20 was 0.263 (+0.24) for the
control group and 0.264 (+0.04) for the FASD group. Across costs, there was not a group
difference in small-world index or sigma, [t(1,53)=.609, p=.545]. At the cost examined
(0.20), sigma was 2.17 (£0.19) for controls and 2.13 (+£0.21) for FASD. Thus, the graph
theory metrics in the following analyses were computed for networks with equivalent
parameters.

Table 3 contains means and effect sizes for global cortical network connectivity measures
with adjacency matrices evaluated at a cost of 0.20. There was a significant group difference
in characteristic path length, [t(1,53)= —-2.13, p=.038] with the FASD group having 3.1%
higher path length compared to controls. The mean clustering coefficient differed at a trend
level [t(1,53)= -1.87, p=.066] with the FASD group having 3.5% higher mean clustering
coefficient compared to controls. There was a trend-level difference in focal efficiency
[t(1,53)= -1.70, p=.096], with the FASD group showing 1.3% higher local efficiency than
controls. A significant group difference was observed for global efficiency [t(1,53)=2.08,
p=.042], with the FASD group having 1.9% lower global efficiency than controls. Effect
sizes for global efficiency, characteristic path length, and mean clustering coefficient were
all in the medium range (Cohen, 1992).

There was no difference in characteristic path length for FASD participants taking any
medication (n=14) vs. those taking no medications (n=10), [t(1,22)= -.14, p=.894] nor was
there a difference for those taking stimulant medications (n=10) vs. those taking no
medications (n=10), [t(1,22)= -.28, p=.782]. Similarly, there was no difference in global
efficiency for FASD participants taking any medication vs. those taking no medications,
[t(1,22)=.09, p=.932] nor was there a difference for those taking stimulant medications vs.
those taking no medications [t(1,22)=.13, p=.897].

There was no difference in characteristic path length for FASD participants with co-morbid
ADHD (n=15) vs. those without ADHD (n=9), [t(1,22)=.77, p=.449] nor was there a
difference in global efficiency for participants with ADHD vs. those without ADHD,
[t(1,22)= -.71, p=.4840.

Network connectivity and structural brain relationships—Regional brain volumes
and cortical thicknesses measures were computed with FreeSurfer. Relationships between
the two network connectivity measures that showed group differences (characteristic path
length and global efficiency) and three volumetric measures were tested with Pearson
correlations for the FASD group. Neither of the network measures was significantly
correlated with cerebral cortex volume, white matter volume, or corpus callosum volume
(all adjusted for whole-brain volume).

Previous studies have demonstrated both greater and lesser cortical thickness in FASD
(Sowell et al., 2008b; Yang et al., 2011; Zhou et al., 2011), especially in frontal, temporal
and parietal regions. In this study, cortical lobe thicknesses were computed by averaging
across appropriate bilateral Freesurfer ROI cortical thickness measures, resulting in
measures of frontal, temporal, parietal, and occipital thickness. There was not a significant
group difference in mean frontal cortex thickness, [t(1,52)=.679, p=.500], temporal cortex
thickness, [t(1,52)=.475, p=.667], parietal cortex thickness, [t(1,52)=.809, p=.422], or
occipital cortex thickness [t(1,52)= —.484, p=.631]. Relationships between characteristic
path length and global efficiency and these regional cortical thickness measures were
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examined with Pearson correlations. Because there were no group differences in cortical
thickness, these correlations were done across all subjects (FASD and controls combined).
Table 4 contains the results.

In frontal, parietal, and temporal regions, cortical thickness was inversely correlated with
characteristic path length (thinner cortex was associated with greater path length) and
positively correlated with global efficiency (thicker cortex was associated with higher global
efficiency). No association was seen for thickness in the occipital region. Figure 1 illustrates
the relationship between frontal cortical thickness and global efficiency as an example.
Because cortical thickness and network connectivity change over the age range we
evaluated, a second set of correlations, with age partialled out, were conducted (see Table
4). The relationship between frontal lobe thickness and global efficiency remained
significant, while the other correlations were reduced to a trend or non-significant level.

Network connectivity and physical manifestations of FASD—The relationship
between global cortical connectivity and facial dysmorphology was examined in the FASD
group with four ANOVAS, each testing for mean differences by facial rating (Astley&
Clarren rank 1-4) for one of the four network metrics (characteristic path length, mean
clustering coefficient, local efficiency, and global efficiency). None of these statistical tests
was significant or at the trend level. Thus, network connectivity did not vary by level of
facial abnormality.

Network connectivity and cognitive functioning—Exploratory tests examining the
relationship between the network connectivity measures and cognitive performance were
also conducted. Only the two network connectivity measures that showed group differences
(characteristic path length and global efficiency) were examined. Results are in Table 5.
Because there were group differences in cognitive performance, these correlations were only
computed for participants with FASD.

Although none of these correlations survived Bonferroni correction, the strongest
associations were seen with the immediate memory measure from the CVLT in contrast to
the long-delay memory measure. Also noteworthy was the relatively strong association
between characteristic path length and problems with executive functioning as noted by the
BRIEF parent-report instrument. In this set of analyses, the network connectivity measures
did not show any significant associations with measures of general intellectual functioning.

DISCUSSION

The findings complement our previous study that examined regional functional connectivity
in children with FASD (Wozniak et al., 2011) and found inter-hemispheric connectivity
abnormalities, notably in para-central cortical regions that are connected by posterior
callosal fibers. MRI studies have consistently revealed posterior callosal macrostructural and
microstructural anomalies in children with FASD (Bookstein et al., 2007; Fryer et al., 2009;
Lebel et al., 2008; Li et al., 2009; Sowell et al., 2008a; Wozniak et al., 2006; Wozniak et al.,
2009). Our findings suggest that those structural abnormalities have functional consequences
at a very basic level.

We sought to extend our earlier findings to an evaluation of global cortical network
connectivity. Brain structure and function are organized in terms of small-world network
properties. Chief among these properties are high regional clustering of information
processing combined with an efficient hub organization that facilitates long-distance
communication. Small-world network organization maximizes communication efficiency
while minimizing the cost of “wiring” the network (Achard and Bullmore, 2007; Bassett and
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Bullmore, 2006). Small-world organization allows for network resilience to regional
damage. Evaluating pathological brain functioning from this perspective is appropriate in
the study of FASD because: 1) only a limited number of network metrics need to be
examined; 2) network metrics may be sensitive to developmental changes, allowing for
examination of trajectories; 3) the measures may be sensitive to treatment effects; 4) the
methods are applicable to younger participants and those with cognitive deficits because no
task is needed and shorter MRIs lead to fewer motion artifacts.

The current findings suggest that global measures are useful in understanding the functional
consequences of prenatal alcohol exposure. Examining a network of 62 cortical ROls, we
observed correlated brain activity with clear small-world properties. Sigma was equivalent
for the two groups, allowing for comparisons of equivalent networks (same cost, number of
nodes, and full-connection criteria) (Sporns and Zwi, 2004). Significant differences with
moderate effect sizes were seen for characteristic path length and global efficiency. Children
with FASD showed 3% higher characteristic path length than controls and those with FASD
had approximately 2% lower global efficiency than controls. Although global efficiency is
inversely related to path length, global efficiency is a useful measure because it is more
robust when networks are not fully-connected and because it preferentially reflects the
contributions of hubs (Achard and Bullmore, 2007). Although we do not yet fully
understand the clinical relevance of a 2—-3% deficit in network efficiency, this type of
network abnormality likely represents a chronic deficit that affects both conscious and
unconscious brain functioning 24 hours a day. Because the network properties measured
here may reflect capacity for critical “offline” processing, such as planning and memory
consolidation (Raichle and Snyder, 2007; Tambini et al., 2010), even a small decrement in
efficiency likely has functional consequences. Although correlations were not statistically
significant, the data suggest a relationship between immediate memory capacity and both
characteristic path length and global efficiency. We did not observe significant correlations
between network measures and long-term memory.

Participant age was an important correlate of functional connectivity that we did not
examine because of sample size limitations. Prior evidence indicates that functional
connectivity changes over early development. In infants, the picture is dominated by strong
inter-hemispheric connectivity (Fransson et al., 2011) but there is a shift toward increased
cortical-cortical connectivity from childhood to adulthood (Supekar et al., 2009). Little is
known about the developmental unfolding of structural and functional brain anomalies in
FASD, but their presentation may vary by developmental stage. Longitudinal data will
ultimately be necessary to fully understand these functional connectivity abnormalities.

We did not observe group differences in cortical thickness, but network status was
correlated with cortical thickness. After partialling out age, one finding remained significant:
thinner frontal cortex was associated with lower global efficiency. Others have reported both
thicker cortex in FASD compared to controls (Sowell et al., 2008b) and thinner cortex in
FASD (Zhou et al., 2011). One potential reason for these discrepancies may be the
diagnostic makeup of the groups: In the Sowell study, 67% had dysmorphic facial features
whereas only 15% did in the Zhou study. In the current study, 50% had facial dysmorphia.
Differences in facial characteristics across samples suggest possible differences in the
pattern and timing of alcohol exposure. This, in turn, could have contributed to differences
in cortical thickness across samples. Previous studies showed an association between
cortical thickness and cognitive functions. Shaw et al. (2006) reported that cortical thickness
was negatively correlated with 1Q in younger children, but positively associated with 1Q in
older children and adolescents. It is possible that we did not observe a significant
relationship between cortical thickness and 1Q because the study included children from
ages 10 to 17.
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There are limitations to the specificity of our findings. Psychiatric co-morbidity is a reality
in FASD (Streissguth and O’Malley, 2000). We included participants with common co-
morbidities to maximize generalizability of the results. Children with ADHD (a common co-
morbidity in FASD) have functional connectivity abnormalities (Tomasi and Volkow,
2012). Within our FASD sample, we evaluated connectivity in those with and without
ADHD and did not observe differences. Medication status was not a significant contributor
to network connectivity. Another potential confound is the known association between
resting-state connectivity and in-scanner motion (Satterthwaite et al., 2012). Increased
motion is associated with either increased or decreased connectivity, depending on the
network measure. This potential confound is concerning in children (who move more than
adults) and in clinical populations (like FASD) who frequently have hyperactivity. We
addressed this at several levels, including the elimination of participants with excessive
motion, the use of motion correction, and testing for group differences in motion (there were
none).

The conclusions from resting-state studies must be tempered by the novelty of the methods.
Although resting-state connectivity measures are reliable (Braun et al., 2012), including in
children, the reliability varies somewhat depending on pre-processing and data handling
steps (Braun et al., 2012). More broadly, the interpretation of results is partly dependent on
pre-processing decisions. For example, the application of global signal regression remains
controversial because it introduces negative correlations whose neurophysiological meaning
is debated (Fox et al., 2009). Global signal regression introduces anti-correlations but is
recommended because it enhances specificity (Weissenbacher et al., 2009). We applied
global signal regression based on Weissenbacher’s observation that it reduces noise and
increases specificity. Resting-state connectivity methods are still in their infancy and
interpretive questions remain, yet the methods show great promise in characterizing
pathological brain functioning.

Global functional connectivity measures may someday serve as quantitative metrics of brain
status in studies of clinical populations. Such metrics could be useful in examining
subgroups, further exploring relationships with cognitive functioning, and evaluating the
efficacy of new FASD interventions. Certainly, connectivity abnormalities of this kind are
not specific to FASD and there are important confounds to examine such as co-morbid
ADHD and other psychiatric conditions. Nonetheless, functional connectivity explorations
are likely to lead to important advancements in our understanding of the full range of effects
of prenatal alcohol exposure.
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Figure 1.

Illustration of the relationship between cortical thickness in bilateral frontal regions and
global efficiency for participants with Fetal Alcohol Spectrum Disorder and control subjects.
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Demographic characteristics of included participants.
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N(%) or mean + SD FASD (n=24)  Control (n=31)
Age at MR/ scan 143+22yrs. 13.7+23yrs.
Gender

Male 13 (54%) 17 (55%)

Female 11 (46%) 14 (45%) x?=.002, p=.960
Handedness

Right 24 (100%) 31(100%)
Growth

Height 62.7£4.8in. 64.1+6.41in.

Weight 118 + 34 Ibs. 129 + 50 Ibs.
Facial Features

1. None 5 (21%) -

2. Mild 7 (29%) -

3. Moderate 4 (17%) -

4. Severe 8 (33%) -
Alcohol Exposure

1. No Risk 0 (0%) -

2. Unknown Risk 4 (16%) -

3. Some Risk 15 (63%) -

4. High Risk 5 (21%) -
4-Digit Classification (Astley & Clarren)

“Other FASD” including Sentinel Physical Findings & Static Encephalopathy 15 (63%) -

Partial FAS 7 (29%) -

FAS 2 (8%) -
Modified IOM Diagnosis (Hoyme)

FAS without confirmation of alcohol 2 (8%) -

Partial FAS with confirmation of alcohol 9 (38%) -

Partial FAS without confirmation of alcohol 2 (8%) -

ARND 11 (46%) -
Co-morbid-diagnoses

Attention Deficit Hyperactivity Disorder 15 (63%) -

Oppositional Defiant Disorder 8 (33%) -

Depressive Disorder 4 (17%) -

Anxiety Disorder 3 (13%) -

Reactive Attachment Disorder 3 (13%) -

Learning Disability 2 (8%) -
Medications

No Medications 10 (42%) 31 (100%)

Stimulants 10 (42%) -

SSRIs 5 (21%) -
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N(%) or mean + SD FASD (n=24) Control (n=31)  Statistical Test
Atypical antipsychotics 2 (8%) - -
Sleep medicine 2 (8%) - -
Medicine for tics (guanfacine, clonidine) 2 (8%) - -
SNRI 1 (4%) - -
Cognitive Functioning
Verbal Comprehension Index 86 +10.9 113+13.2 1=8.20, p<.001
Perceptual Reasoning Index 88+15.8 116 £ 13.3 t=7.25, p<.001
Working Memory Index 85+17.9 108 +12.2 t=5.69, p<.001
Processing Speed Index 86 +15.8 102 £11.9 t=4.31, p<.001
Full-Scale 1Q 83+135 114+ 12.0 1=9.20, p<.001
CVLT Total Score 43 +115 57+76 t=5.69, p<.001
CVLT Trial 1 -23x11 52+ .83 t=2.90, p=.005
CVLT Long Delay Free Recall -75+10 48 +.70 t=5.38, p<.001
BRIEF General Executive Composite 71+16.3 44+74 t=-8.05, p<.001

NOTE: ARND = Alcohol Related Neurobehavioral Disorder; SSRI = Selective Serotonin Re-uptake Inhibitor; SNRI = Selective Norepinephrine
Re-uptake Inhibitor; CVLT = California Verbal Learning Test (children’s version [CVLT-C] or adult version [CVLT-2]);
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Group differences in network properties for FASD and control groups at cost = 0.20.

Table 3

Mean £ SD

FASD (n = 24)

Control (n =31)

% Difference

Cohen’s d Effect size

Characteristic Path Length 2.27+0.19

Mean Clustering Coefficient 0.58 + 0.05

Local Efficiency

Global Efficiency

0.76 £0.03

0.52 £0.02

2.20£0.09
0.56 +0.04
0.75+0.03

0.53+0.01

3.1%
3.5%
1.3%

1.9%

Hok

0.47

*

0.44

*

0.33

Hok

0.63

*
trend level of p<.1;

*Kk
significant at p<.05;
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Table 4

Page 19

Correlations between network connectivity measures and regional cortical thickness measures (FASD and

control groups combined).

Characteristic Path CPL (partial Global Efficiency (GE) GE (partial
Length (CPL) correlation with age) correlation with age)
Frontal lobe cortical thickness r=-.36, p=.008 " r=-.26, p=.057 r=.38, p=.005"" r=.28, p=.044"
Temporal lobe cortical thickness  r=-.25, p=.066 r=-.15, p=.172 r=.28, p=.043* r=.17, p=.218
Parietal lobe cortical thickness r=-.35, p=.009 r=-.26, p=.064 r=.36, p=.008 "~ r=.25, p=.075
Occipital lobe thickness r=-.18, p=.198 r=-.08, p=.559 r=.19, p=.168 r=.09, p=.530
NOTE:

*
significant correlation p<.05;

Hok

significant correlation after correction for multiple comparisons.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Wozniak et al.

Correlations between network connectivity measures and cognitive performance (FASD group only).

Table 5

Characteristic Path Length

Global Efficiency

Wechsler VCI

Wechsler POI

Wechsler WMI

Wechsler PSI

CVLT Total Score

CVLT Trial 1 (immediate memory)

CVLT Long Delay Free Recall (delayed memory)

BRIEF General Executive Composite

r=.18, p=.41
r=.23, p=.28
r=.18, p=.39
r=.23, p=.29
r=—18, p=.41
r=-.41, p=.05"
r=—11, p=.63

r=.41,p=.05"

r=-.19, p=.38
r=—.23, p=.28
r=-.15, p=.48
r=-.27,p=21
r=.21, p=.32
r=.41, p=.01**
r=.16, p=.47
r=.13, p=.54

NOTE:

*
trend level correlation;

Ak
significant correlation p<.05;

VCI = Verbal Comprehension Index; POI = Perceptual Organization Index;
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WMI = Working Memory index; PSI = Processing Speed Index; CVLT = California Verbal Learning Test (children’s version [CVLT-C] or adult

version [CVLT-2])
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