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1. INTRODUCTION

Neurocognitive deficit and social and adaptive dysfunction have been observed in

individuals with prenatal alcohol exposure (PAE) (Guerri, et al. 2009; Mattson and Riley

1998). Adolescents with PAE generally have lower IQ, often accompanied by impaired

visuo-spatial, attentional, verbal learning, and memory abilities (Coles, et al. 1997; Conry

1990; Mattson, et al. 1998; Olson, et al. 1998). While behavioral studies have extensively

documented deficiencies in individuals with PAE, the underlying neuronal causes of the

outcomes are still not well understood. There are only a few functional neuroimaging studies

of the PAE population, and these mainly focus on the task-positive activation patterns

created by the blood-oxygen level dependent (BOLD) response in functional MRI (fMRI).

Two studies of spatial working memory have revealed functional differences in several task-

associated brain regions in children and adults with fetal alcohol effects (Malisza, et al.

2005; Spadoni, et al. 2009). Additionally, a study of verbal learning in children with heavy

PAE found exposed children had altered patterns of activation during a paired association

task (Sowell, et al. 2007), while a separate study of response inhibition found BOLD

differences in children and adolescents with heavy PAE (Fryer, et al. 2007). Two recent

studies investigated arithmetic-related processing in prenatally exposed populations.

Santhanam, et al. (2009) found less activation in calculation-associated regions in adults

with dysmorphic PAE, while Meintjes, et al. (2010) reported additional activation in

exposed children (as compared to control children) during a proximity judgement task and

more dispersed activation during an exact addition task. Though these studies do report

specific task-related changes in BOLD response in the PAE population, they do not examine

the possibility of altered underlying global attentional modulation.

Recent discovery of consistent regions that are more active during resting periods than

during cognitive demand has led to the characterization of a so-called “default mode

network” (DMN) in the brain (Greicius, et al. 2003). Comprised primarily of the medial

prefrontal cortex (MPFC), posterior cingulate cortex (PCC), precuneus, inferior parietal

lobules (IPL), and medial temporal regions, the network has been shown to exhibit reduced

activation in the presence of high cognitive demand (Golland, et al. 2008; Greicius, et al.

2003; Margulies, et al. 2007). Several studies have shown that DMN deactivation increases
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with increased task difficulty (McKiernan, et al. 2006; Singh and Fawcett 2008), and that

activity persists during simple sensory tasks, in which good task performance is achievable

with little attentional resources (Greicius, et al. 2003; Wilson, et al. 2008). Attention lapse,

marked by longer reaction time and lower accuracy on an attentional control task, has been

associated with less task-induced deactivation of the DMN (Weissman, et al. 2006). Thus

patterns of task-related DMN activity are thought to reflect an attentional modulation

unrelated to the specific task being performed (Broyd, et al. 2009).

Though characterized by higher activity at rest as compared to during task, the DMN was

originally identified by its resting state functional connectivity (Greicius, et al. 2003).

Functional connectivity, also known as time-series correlations between regions of interest,

can be measured at rest (spontaneous) or during task (activation-related) to determine

cognitive co-activity. Such correlations between specific regions can be positive, indicating

higher network connectivity/integration, or negative (anti-correlation), indicating

competitive or complementary function (Fox, et al. 2005; Fransson, et al. 2006). High

positive functional connectivity is often observed between homologous regions in the

contralateral hemisphere (Stephan, et al. 2007; Clarke, et al. 1994; Rissman, et al. 2004).

With regards to the DMN, alterations in resting state functional connectivity, as well as task-

related activity, have been noted in several patient populations (Mevel, et al. 2010; Broyd, et

al. 2009; Damoiseaux, et al. 2009).

Recently, Sonuga-Barke and Castellanos hypothesized that the attenuation of DMN activity

during cognitive demand is a point of dysfunction in those prone to attentional lapse (2007).

Their “default mode interference hypothesis” posits that as attention to a cognitive task

lessens, DMN deactivation also lessens, such that DMN activity is persistent in the task-

active state and thus interferes with task performance. Task-induced DMN deactivation has

been studied in several populations with dysfunctions of attention, including schizophrenia,

Alzheimer’s disease, normal aging, and autism spectrum disorder (Kennedy, et al. 2006;

Persson, et al. 2007; Pomarol-Clotet, et al. 2008; Rombouts, et al. 2005). While PAE is

known to result in cognitive task-related attentional problems, such as increased

distractibility and longer reaction times (Shaywitz, et al. 1981; Simmons, et al. 2002;

Streissguth, et al. 1986), it is unclear whether these outcomes contribute to the general

cognitive deficits seen in the population. Examination of task-related deactivation patterns

with PAE could reveal whether attentional modulation is contributing to poorer task

performance.

Previously, we identified arithmetic processing dysfunction with PAE by reduced task

performance and activation in arithmetic processing centers (Santhanam, et al. 2009). In the

present study, we examined “deactivation” (i.e., inhibition during higher cognitive demand)

of the DMN during the arithmetic task (using a letter-matching task, which requires less

cognitive demand, as baseline). Given known attentional problems and the lower task

performance and activation reported in the prior study, we expected less deactivation in the

DMN in affected groups as compared to control groups. Additionally, given known white

matter alterations in several areas of the brain caused by PAE, we examined structural and

functional connectivity of the DMN by diffusion tensor imaging (DTI) and resting state

fMRI signal correlation, respectively. We expected reduced correlation at rest between

DMN regions (namely the MPFC, PCC, and bilateral IPL) in groups with PAE as compared

to controls. Furthermore, as the underlying DMN structure has been shown to reflect its

functional connectivity (Greicius, et al. 2009; van den Heuvel, et al. 2008), we anticipated a

correlative relationship between the DTI and resting state synchrony measures.
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2. METHODS

2.1 Participants

Participants were young adults recruited from a longitudinal cohort, derived from a

predominantly African-American, low socio-economic status (SES) population, first

identified in the prenatal period between 1979 and 1986 (Smith, et al. 1986). All participants

were aged 18-24 at the time of participation. Participants were part of a longitudinal study

with large-scale follow-ups at birth, 7 years, mid-adolescence, and young adulthood.

Participants (and guardians, if necessary) gave informed consent to continue to participate in

the research when recontacted as adults. From the longitudinal cohort, three groups were

selected for participation in the current study based on prenatal maternal reports of alcohol

use in pregnancy and Dysmorphia Checklist (Coles, et al. 1985) ratings. This Checklist,

which was developed for use in the initial infancy study, is similar to that used by other

investigators (Jones, et al. 2006; Hoyme et al, 2005). It was administered without knowledge

of the participants’ alcohol exposure status by a pediatric geneticist or a nurse trained by this

geneticist and included a weighted list of 30 physical characteristics associated with prenatal

alcohol exposure. Those that are considered to be sentinel features of FAS (e.g., absent/

indistinct philtrum; short palpebral fissures) are weighted as “3” while other characteristics

that are observed in FASD may be weighted as 2 (e.g.,ptosis, hypoplastic mandible ) or 1

(e.g., clinodactyly). Weighted scores are then summed to yield a total score. Validity of this

measure has been measured by correlation with alcohol use levels reported by mothers

(Coles, et al. 1997) and reliability by test-retest assessments in a clinical setting (Blackston,

et al., 2004). This measure has been used consistently throughout this longitudinal study.

The ratings were completed at follow-up evaluations at birth, 7 years, and mid-adolescence.

Groups were defined as follows: 1) Exposed, positive for dysmorphia, (DYS: mother

reported use of alcohol during pregnancy and the participant received a dysmorphia rating

that was at least one standard deviation above the mean at one of the three evaluations); 2)

Exposed, without dysmorphia (Non-DYS: mother reported use of alcohol during pregnancy

and the participant received no dysmorphia ratings that were one standard deviation above

the mean); and 3) Unexposed controls (CON: mother reported no use of alcohol during

pregnancy) from the same SES population. Demographical information for these groups is

given in Table 1. The mean ounces of absolute alcohol consumption per week of pregnancy

for groups 1 and 2 were 13.8 (sd=13.4) and 7.7 (sd=13.3), respectively (Table 1). Before

imaging was done, potential participants who were left handed or had some risk during the

MRI procedure (e.g., due to pregnancy or metal in the body) were excluded. Additionally,

certain subjects were excluded post-imaging from each analysis described below due to

excessive head motion or artifact. As a result, the number of subjects in the final analyses

were as follows: Resting-state analysis: DYS n=21, Non-DYS n=21, CON n=22; Functional

(arithmetic) task analysis: DYS n=19, Non-DYS n=18, CON n=18; and DTI analysis: DYS

n=28, Non-DYS n=29, CON n=25. As image analyses spanned multiple modalities, the

analytic steps are summarized in the Figure 1 flowchart.

Participants whose data were used in each substudy analysis were compared on the same

variables to those whose data was not used in the substudy but were in the full pool (i.e., the

union of participants used in any substudy); few significant differences occurred.

Participants in the arithmetic analysis and the DTI analysis were likely to report currently

drinking less alcohol than those who were not included in each of these analyses. It can be

noted that none of the groups showed high alcohol usage (mean alcohol use for the

participating groups was in the 1-2 drinks/week range while that for the non-participating

groups was in the 3-4 drinks/week range). Participants were significantly younger than non-

participants in the arithmetic analysis and the resting state analysis,; the differences between

mean ages for participating and non-participating groups was ≤ 1 year in each analysis.
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2.2 Experimental Design

All data, including DTI, resting state, and the arithmetic run, were collected in a single

imaging session. For the resting state scan, participants were asked only to gaze at a fixation

cross. The arithmetic task was block-design, involving alternating between a letter-matching

control task (10 consecutive presentations) and a subtraction task (10 consecutive

presentations). Five blocks of each task, with questions in random order in each block, were

administered over 5 minutes. Visual presentation of the stimulus was similar to Figure 2.

Participants saw instructions stating either “Name the letter” or “Subtract from 11” shown

before each block, and were then asked to choose (based on the top letter/number) between

two letters or numbers on the bottom half of the screen by pressing the left or right button on

a response box. The paradigm is described in further detail in our previous publication

(Santhanam, et al. 2009).

2.3 Image Acquisition

All images were acquired on a 3T Siemens Trio scanner (Siemens Medical Solutions,

Erlangen, Germany). Both the functional and resting state scans used single-shot T2*-

weighted echo planar imaging (EPI) sequences with the following parameters: functional

run: 34 contiguous axial slices, 3 mm thickness, TR/TE/FA/FOV of 3000ms/32ms/90°/

22cm, scan time of 5:06 min, 102 time points; resting state run: 10 contiguous axial slices, 5

mm thickness, TR/TE/FA/FOV 750ms/34ms/50°/22cm, scan time of 3:34 min, 280 time

points. DTI data were acquired using a diffusion-weighted EPI sequence with the following

parameters: gradients applied in 12 directions (4 averages) with b-value of 1000 s/mm2, 34

contiguous axial slices, 2mm thickness, TR/TE/FOV of 7700ms/90ms/22cm, scan time of

7:08 min.

2.4 Image Analysis: fMRI

FMRI analysis was performed in AFNI (http://afni.nimh.nih.gov/afni). Preprocessing

included slice timing correction, volume registration, band pass filtering (resting data only),

signal normalization (functional data only), and 5mm FWHM Gaussian blur. Additionally,

multiple linear regression of the resting state data was done to remove contributions from

head motion (6 parameters: x, y, z displacements and roll, pitch, yaw rotations), white

matter, cerebrospinal fluid, and whole brain signals (Fox, et al. 2005). Recently, the

regression of whole brain signal from resting-state data has become controversial as it is

thought to introduce anti-correlated networks into functional connectivity measures

(Murphy, et al. 2009). However, a recent report quantifying the effect of various pre-

processing steps on connectivity measures determined that while using global signal

regression does introduce anti-correlations, it also approximately doubles the sensitivity to

positive correlations and is therefore recommended (Weissenbacher, et al. 2009). Given the

ongoing debate, we chose to analyze the data both with and without global regression.

In order to identify regions of deactivation during higher cognition, a general linear model

was derived using the letter-matching task as the baseline and arithmetic task blocks as the

stimulations. Convolution of the boxcar stimulation functions with a standard impulse

response function (y=t^b×exp(−t/c), where b and c are constants) produced the main

regressor (Cohen 1997). The 6 head motion parameters were used as additional regressors,

and the output of the regression analysis (group activation maps) was generated by Talairach

transformation (Talairach and Tournoux 1988) of the functional data to common space and

averaging across all subjects. To account for multiple comparisons, voxel-wise and cluster

thresholding were applied. Monte Carlo simulation revealed that these thresholds

corresponded to a false-positive discovery rate (alpha) of less than 1%.
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Clusters of significant deactivation (with voxel-wise thresholding of p<0.05 and cluster

thresholding of 5 contiguous voxels) at the MPFC and PCC were identified. These regions

of interest (ROIs) were identified based on the thresholded maps and previously established

studies of DMN network nodes. Further, it was verified that the ROIs generally overlapped

with the AFNI Talairach atlas, though individual activation maps were used for subsequent

analysis due to variability in head size among the PAE population. While negative activity

was also seen in other DMN-related regions, these two (MPFC and PCC) were chosen for

deactivation quantification purposes because they had the most consistent statistically

significant clusters on the individual subject level; additionally, bilateral IPL was

specifically not used in quantification due to involvement of this region in task-positive

arithmetic processing (Santhanam, et al. 2009). Differences in deactivation between the

letter matching and arithmetic tasks were determined by extracting and averaging the

regression coefficients from the clusters identified as the MPFC and PCC, respectively.

Deactivation differences in each ROI were examined independently given recent findings of

unique functional specialization for each of these two DMN loci (Uddin, et al. 2009). These

clusters were chosen as their robust activity and connectivity within the DMN is well-

established (Greicius, et al. 2003; Margulies, et al. 2007). Group maps were generated to

visualize the deactivation in each group over the MPFC and PCC regions, respectively

(voxel-wise thresholding of p<0.05 and cluster thresholding of 4 contiguous voxels). Due to

considerable head size differences in the PAE population, the deactivation clusters from the

group activation map were masked and back-projected into native space for each subject for

quantification of the deactivation difference. Average unthresholded regression coefficients

were converted to percent signal change and compared between groups by t-test. To further

verify a relationship between DMN deactivation seen during the arithmetic task and

attentional modulation, the percent signal change (absolute value) over the MPFC and PCC

regions combined was correlated with performance (i.e., accuracy) on the arithmetic task.

Using the deactivation cluster as a mask, corresponding PCC regions in the resting state

were extracted for each individual in native space, and correlation maps were derived.

Voxel-wise thresholding of p<0.001 and cluster threshold of 4 contiguous voxels

(corresponding to multiple comparisons correction of alpha<1% by Monte Carlo simulation)

were used. An average map of correlation for all subjects revealed significant correlation

clusters in the MPFC and bilateral IPL regions, using PCC as the seed. Correlation maps for

each group were also rendered to visually examine group differences (voxel-wise threshold

of p<0.01 and cluster threshold of 4 contiguous voxels). Masks of MPFC and IPL regions

from this group-level map were back-projected to native space for each individual, and the

average correlation coefficient was extracted over the masked region and compared between

groups by t-test. Additionally, to examine whether differences exist in signal amplitude in

DMN regions (i.e., those that survived the correlation map threshold), mean signal intensity

over the resting state run was compared between groups (Xu, et al. 2006; Yang, et al. 2007).

2.5 Image Analysis: DTI

Voxel-wise analysis of DTI data was performed using the tract-based spatial statistics

(TBSS) program from FSL 4.0 (http://www.fmrib.ox.ac.uk/fsl/). TBSS offers the advantage

of non-linear registration followed by projection onto an alignment-invariant white matter

“skeleton.” It was chosen because TBSS is less reliant on image registration between

subjects for comparison (Smith, et al. 2006) and was previously shown to elucidate

differences between exposed and control groups from the same cohort in subregions of the

corpus callosum (Li, et al. 2009). Briefly, a FA template specific to the PAE population in

this study was created from the FA images of all subjects. The average FA image was then

eroded to form a mean FA skeleton to which the FA map of each individual is aligned.

Details of the template creation, skeleton derivation, and alignment can be found in our
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previously published study (Li, et al. 2009). Skeletons were derived in the same manner

from fractional anisotropy (FA), mean diffusivity (MD), axial diffusivity (AD), and radial

diffusivity (RD) maps.

A permutation algorithm (Smith, et al. 2006) that does not require a Gaussian distribution

was used to run statistics on the group differences in DTI measures. Parameters were 5000

random permutations and comparisons were corrected to a family-wise (type I) error rate of

less than 5%. TFCE (FSL version 4.1) was used in place of voxel-wise or cluster

thresholding. TFCE is a relatively new technique that allows for statistical analysis without

an initial cluster-forming threshold. In this method, each voxel is given a value

corresponding to the sum of the “scores” of its surrounding voxels; the score is determined

by the height (increased incrementally from zero to the signal intensity of the given voxel)

and extent of the cluster that contains the voxel. TFCE has been shown to improve

sensitivity of signal detection, with an optimized height (H=2) and extent (E=0.5). Details of

TFCE implementation and validation are provided by Smith and Nichols (2009). As the

MPFC and PCC regions are known to be structurally connected via the bilateral cingulum

bundles (Greicius, et al. 2009; van den Heuvel, et al. 2008), these major white matter

structures were chosen for subsequent ROI analysis of DTI measures. Skeleton-based ROI

analysis of the bilateral cingulum bundles was performed by defining the ROI as the

intersection of the anatomical bilateral cingulum (as identified by a white matter atlas

provided by FSL) and the FA skeleton. The ROI mask was used to extract average FA, MD,

AD, and RD over this region. Statistical comparison of these DTI measures in exposed

versus controls (t-test) was performed in SPSS 15.0 (SPSS Inc., Chicago, IL).

In order to examine the relationship between structural and functional connectivity of the

DMN, correlation between DTI measures over the cingulum and functional synchrony

(defined by average correlation coefficient over MPFC region in correlation map with PCC

seed) was determined. Statistical analysis was again performed in SPSS 15.0. Pearson’s

correlation coefficient was reported for each exposure group respectively (n=19 for the

control group; n=16 for each the dysmorphic and non-dysmorphic PAE group).

3. RESULTS

Figure 3 is a group average activation map indicating regions of DMN deactivation during

the arithmetic task (using the letter-matching task as baseline). The most robust clusters of

deactivation were found in the MPFC and PCC regions, identified in the figure. As group-

level maps in Figure 4 indicate, deactivation was lower in the dysmorphic PAE group as

compared to controls, while the non-dysmorphic group had lower but not-significant

deactivation compared to controls. These differences were quantified by percent signal

change in the MPFC and PCC, respectively (Table 2). Deactivation was then correlated with

task accuracy, which is represented here (as group averages): 72.6%, 65.3% (p=0.104 vs

controls), and 60.1% (p=.022 vs controls) for control, non-dysmorphic PAE, and

dysmorphic PAE groups, respectively (Santhanam, et al. 2009). The percent signal change

over the MPFC and PCC regions combined was found to correlate with accuracy on the

arithmetic task for all groups (r=0.361, p=0.037).

The PCC cluster from Figure 3 was then used as a seeding region in the resting-state data to

examine functional connectivity. Figure 5 shows the group correlation map using the PCC

seed. Significant regions of correlation with the PCC were MPFC and bilateral IPL. Figure 5

indicates similar correlation extent and intensity (without introducing significant anti-

correlation in the regions of interest), regardless of global signal regression. . However,

global signal regressed data was chosen for subsequent analysis in light of recent evidence

that this method increases sensitivity to signal (Weissenbacher, et al. 2009). As a measure of
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baseline DMN connectivity, resting functional connectivity between MPFC-PCC and

bilateral IPL-PCC regions were examined, respectively. Average correlation coefficients

(derived from the Figure 6 statistical map) over the MPFC and bilateral IPL was compared

between the control group and each exposure group. The control group appeared to have

greater correlation in these regions (positive voxels in Figure 6), and the average correlation

coefficients, extracted from the MPFC and IPL regions, are shown in Table 2. Correlation

(reflecting resting state DMN synchrony) was significantly greater in the control group as

compared to both exposure groups, and the two PAE groups had comparable correlation.

Signal amplitude over the resting state time-course was found to be comparable between

PAE groups and controls (results not shown; p=0.34 for non-dysmorphic PAE group,

p=0.24 for dysmorphic PAE group).

Figure 7 indicates the location of the bilateral cingulum bundles in relation to the

deactivation clusters from Figure 3. Figure 8 contains the results of whole-brain TBSS.

Differences in FA were detectable at the bilateral cingulum bundle between groups using a

family-wise error of less than 5% (pFWE<0.05) and the threshold-free cluster enhancement

(TFCE) method for cluster identification. In the subsequent regional skeleton-based ROI

analysis (using bilateral cingulum bundles as the ROI), differences between groups in MD

and RD were additionally detectable (Table 3). ROI extraction was done to compare

differences in average FA, AD, MD, and RD between groups. Both PAE groups had lower

FA and higher RD values as compared to controls and additionally the dysmorphic PAE

group had a higher MD than controls.

To examine whether structural and functional connectivity were affected in a corresponding

manner, correlation between the MPFC-PCC correlation coefficient and DTI measures over

the cingulum was determined. A significant positive correlation with FA value was found

only for the control group (r=0.571, p=0.033). No significant correlations were found for

any other DTI measures.

4. DISCUSSION

Task-related deactivation and structural and functional connectivity of the DMN all appear

to be affected by PAE. Dysmorphic PAE individuals had significantly less deactivation in

the MPFC and PCC during the arithmetic task as compared to controls. Functional

connectivity among the PCC, MPFC, and IPL regions was also lower for both PAE groups

as compared to controls at rest, as well as structural connectivity between the PCC and

MPFC via the cingulum bundles.

As previously mentioned, deactivation of the DMN has been observed to be altered in

several clinical populations. In general, these studies agree that there exists a competition

between an extrinsic (cognitive functioning) network and an intrinsic (default mode)

network (Clare Kelly, et al. 2008), and that this competition can be a point of dysfunction.

For this study, a positive correlation was found between arithmetic task deactivation (i.e.,

absolute value of percent signal change) and task accuracy, implying a relationship between

DMN deactivation and attention to task. Attentional modulation during the arithmetic task

appears to be affected for the dysmorphic PAE group in this study, which can be related to

their poorer task performance and lower activation in arithmetic centers (previously

reported). It should be noted that even without the lowest scoring dysmorphic PAE

participants, the reduced activation was still observed (previously reported), implying that

the arithmetic centers are at least partially responsible for the lower performance. However,

one limitation of this study is that poorer arithmetic performance in the dysmorphic group

cannot be attributed in a definite manner to either math skill impairment or task engagement.
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Though both deficits can be reported for the dysmorphic PAE group, it is unclear how they

contribute to the overall behavioral effect.

The DMN “interference hypothesis” has been further supported by recent studies reporting

intrinsic anti-correlation between the DMN and task-related networks in the resting state

(Fox, et al. 2005; Fox, et al. 2006; Fransson, et al. 2006). Though the majority of literature

on DMN functioning regards the network as homogenous, recently Uddin, et al. has

investigated the possibility of unique functional specialization within the DMN (2009). They

examined the positively and anti-correlated regions for the ventral medial PFC (vmPFC) and

PCC regions, respectively, as these are the most robust nodes of the network. Findings

included significant differences in networks anti-correlated with each node, with vmPFC

activity anti-correlated with parietal visual spatial and temporal attention networks as

compared to PCC activity, which was anti-correlated with motor control networks (Uddin, et

al. 2009). Granger causality results also suggested modulation of these loci upon the task-

positive activity in these networks. Therefore, the authors speculate that activity in these two

DMN loci may independently and uniquely influence task-positive activation in the

networks with which they are anti-correlated. As the present study found significant DMN

deactivation differences in the MPFC only (and not in the PCC region), it follows that

arithmetic task activation would be affected, given the strong reliance on bilateral parietal

visual spatial networks for arithmetic processing (Dehaene, et al. 2004; Santhanam, et al.

2009).

Both PAE groups had reduced structural and resting state functional connectivity between

the MPFC and PCC. The cingulum bundles connecting these two nodes of the DMN had

lower FA and higher RD in both groups, and additionally increased MD in the dysmorphic

PAE group. . FA and MD are known measures of white matter integrity (Alexander, et al.

2007; Stebbins, et al. 2009); thus, the lower FA in both groups and higher MD in the

dysmorphic group likely reflect significant damage to the cingulum bundles. That both PAE

groups also had differences in RD may be indicative of myelin-related insult, as higher RD

is associated with demyelination specifically (Klawiter, et al. 2011; Avram, et al. 2010;

Song, et al. 2005). Furthermore, the resting state connectivity was reduced in both PAE

groups, with comparable signal magnitude among groups confirming a dysfunction of

synchrony specifically (Xu, et al. 2006; Yang, et al. 2007).

The non-dysmorphic PAE group had intermediate (but not significant from controls)

deactivation of the DMN during the arithmetic task, which accompanies their previously

reported intermediate task performance and activation. However, structural and baseline

functional connectivity was significantly impaired in this group as compared to controls,

with measures more comparable to the dysmorphic PAE group. Additionally, while the

functional connectivity of the control group had a positive correlation with FA, the PAE

groups did not. Correlation between these measures in the control group implies a

relationship between structural and functional connectivity in parts of the DMN in healthy

individuals.

This study is the first to examine DMN activity in individuals with prenatal exposure to

alcohol. Dysmorphic PAE individuals appear unable to sufficiently deactivate the DMN

during cognitive tasks, which could contribute to lesser task-related positive activation,

lower task-related attentional modulation, and poorer task performance. Additionally, there

appears to be a “disconnect” between nodes of the DMN in individuals with PAE, reflected

in reduced structural and functional network connectivity. To our knowledge, this is the first

paper to relate structural connectivity, functional connectivity, and task-related deactivation

of the DMN in a clinical population. PAE appears to affect all these aspects of the network,

implying a global effect on this resting state network and warranting further study.
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Examination of other resting state networks would aid in better understanding whether PAE

is having a global effect on rest or specifically on the default network. Additionally, it would

be interesting to note whether DMN deactivation is dependent on the task type and/or task

performance. In the current study, we used an arithmetic task, which is highly cognitively

demanding for individuals with PAE, and in our case task performance was lower in

affected groups. However it is possible the deactivation patterns would differ with a less

demanding task or when task performance is controlled. Finally, this study implies

attentional modulation plays a role in cognitive deficit seen with PAE, but more studies

controlling for specific types of attentional control and cognition are needed to elucidate the

contribution of each to behavioral outcomes.
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Figure 1. Flowchart of the steps of image analysis in the present study

1: indicates analysis performed in previously published study (Santhanam, et al. 2009).
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Figure 2.

Example of visual presentation of arithmetic task.
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Figure 3. Regions of default mode deactivation during arithmetic task using letter-matching task
as baseline

MPFC and PCC clusters from these average activation maps (of all subjects included in

functional task analysis; p<0.05 and cluster threshold of 5 contiguous voxels) were used for

subsequent resting-state analysis. Color bar (also applicable to Figure 4) indicates these

regions are negatively activated.
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Figure 4. Group maps of default mode deactivation

Regions of significant deactivation in control, non-dysmorphic PAE, and dysmorphic PAE

groups. Voxel-wise threshold was p<0.05 with a cluster threshold of 4 contiguous voxels.
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Figure 5. Resting-state functional connectivity group maps

Resting correlation maps with (GSR+) and without (GSR−) global signal regression. At

threshold p<0.001, only positive correlation (red-yellow: see color bar in Figure 1) was

noted with the seeding region regardless of regression method. Seeding was in the PCC

region defined in Figure 1. Color bar (also applicable to Figure 6) indicates these regions

have robust positive correlation.

Santhanam et al. Page 17

Psychiatry Res. Author manuscript; available in PMC 2012 December 30.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 6. Group maps of resting-state correlation

Seeding-correlation maps for control, non-dysmorphic PAE, and Dysmorphic PAE groups.

Seed was the PCC region identified in Figure 1. Notable regions of significant correlation

are MPFC and bilateral IPL for all groups. Threshold used was p<0.01 and 4 contiguous

voxels.
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Figure 7. Structural connectivity of default mode network nodes

Three-dimensional rendering of MPFC and PCC regions of deactivation (blue) and bilateral

cingulum bundles connecting them (red). Figure reflects deactivation regions from Figure 1

and bilateral cingulum bundles from mean FA skeleton (for all subjects included in DTI

analysis). A,P = indicate anterior and posterior directions in image.

Santhanam et al. Page 19

Psychiatry Res. Author manuscript; available in PMC 2012 December 30.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 8. TBSS results indicating FA differences in bilateral cingulum

Regions of significant difference in FA between control and non-dysmorphic PAE groups

and control and dysmorphic PAE groups are shown. Green indicates mean FA skeleton and

red indicates regions of significant difference between groups, with thickened red-yellow for

the bilateral cingulum ROI. Axial slices shown are z=107 to z=112.
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Table 2

Comparison of resting-state DMN correlation and task-based DMN deactivation between control and PAE

groups.

Connectivity/Activation Measure Control Non-Dys PAE Dysmorphic PAE

Percent Signal Change in MPFC (SEM) −0.808 (0.087) −0.789 (0.094) −0.604* (0.098)

Percent Signal Change in PCC (SEM) −0.265 (0.095) −0.168 (0.060) −0.174 (0.110)

Mean Correlation Coefficient in MPFC and IPL
using PCC seed: with GSR (SEM)

0.256 (0.060) 0.185* (0.036) 0.194* (0.042)

Mean Correlation Coefficient in MPFC and IPL
using PCC seed: without GSR (SEM)

0.405 (0.036) 0.316* (0.019) 0.321* (0.024)

*
= significantly different from control group by t-test (p<0.05)

SEM = standard error of the mean

GSR = global signal regression.
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Table 3

Comparison of DTI measures between control and PAE groups by skeleton-based ROI analysis of bilateral

cingulum.

Mean over cingulum bundles Control Non-Dys PAE Dysmorphic PAE

FA (SEM) 0.570 (0.008) 0.539* (0.007) 0.545* (0.008)

MD (SEM) 0.731 (0.006) 0.742 (0.009) 0.750* (0.008)

AD (SEM) 1.265 (0.012) 1.241 (0.015) 1.273 (0.012)

RD (SEM) 0.464 (0.008) 0.492* (0.009) 0.491* (0.011)

FA = fractional anisotropy

MD = mean diffusivity (x10−3 mm2/s)

AD = axial diffusivity λ1 (x10−3 mm2/s)

RD = radial diffusivity λ2+λ3/2 (x10−3 mm2/s)

*
= significantly different from control group by t-test (p<0.05)

SEM = standard error of the mean.
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