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The default mode network (DMN) comprises brain structures
maximally active at rest. Disturbance of network nodes or their
connections occurs with some neuropsychiatric conditions and may
underlie associated dysfunction. DMN connectivity has not been
examined in alcoholism, which is marked by compromised DMN
nodes and impaired spatial working memory. To test whether
performance would be related to DMN integrity, we examined
DMN functional connectivity using functional magnetic resonance
imaging (fMRI) data and graph theory analysis. We assumed that
disruption of short paths between network nodes would attenuate
processing efficiency. Alcoholics and controls were scanned at rest
and during a spatial working memory task. At rest, the spontaneous
slow fluctuations of fMRI signals in the posterior cingulate and
cerebellar regions in alcoholics were less synchronized than in
controls, indicative of compromised functional connectivity. Graph
theory analysis indicated that during rest, alcoholics had signifi-
cantly lower efficiency indices than controls between the posterior
cingulate seed and multiple cerebellar sites. Greater efficiency in
several connections correlated with longer sobriety in alcoholics.
During the task, on which alcoholics performed on par with
controls, connectivity between the left posterior cingulate seed and
left cerebellar regions was more robust in alcoholics than controls
and suggests compensatory networking to achieve normal
performance.
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Introduction

The default mode network (DMN) is defined by intrinsic and

correlated activity of selective brain regions (Raichle et al.

2001) when the brain is not involved in an externally imposed

goal-directed activity. The regions of activity reliably correlated

are the posterior parietal cortex, precuneus and posterior

cingulate cortex, medial prefrontal cortex, cerebellar Crus I

and Crus II, and cerebellar lobules VI and IX (Greicius et al.

2003; Habas et al. 2009; Andrews-Hanna et al. 2010).

Compromise of this network can affect working memory

performance (Sambataro et al. 2010) and may explain, in part,

how some neuropsychiatric pathologies without space-

occupying lesions cause such impairment (Zhou et al. 2007;

Damoiseaux et al. 2008; Kennedy and Courchesne 2008;

Skudlarski et al. 2010). Some of these neuropsychiatric

pathologies could cause decoupling of this intrinsic connec-

tivity, thereby disturbing function, even without local struc-

tural damage or disconnecting lesions (Nomura et al. 2010).

The DMN seems to be a core feature of brain activity that

defines a functionally relevant ‘‘baseline’’ state. Although the

DMN has been studied in neuropsychiatric conditions such as

schizophrenia (Skudlarski et al. 2010) and Alzheimer’s disease

(Greicius et al. 2004), to our knowledge, DMN functioning in

chronic alcoholism, known to affect nodes of the DMN, has not

been investigated.

Chronic alcoholism has been characterized by structural

damage of both widespread and selective brain regions and

networks (Jernigan et al. 1991; Pfefferbaum et al. 1992; Sullivan

2003; Chanraud et al. 2007; Harris et al. 2008; Cardenas et al.

2007; for review, Chanraud, Zahr et al. 2010). Relationships

among pathophysiological mechanisms, clinical symptoms, and

cognitive impairment, however, cannot be fully explained by

local structural damage. Alcoholism-induced neuropathology

does not typically eliminate a function; rather, it results in

anatomically injured tissue or functionally disturbed networks

that contribute to cognitive dysfunction, especially deficits of

executive functions such as verbal and spatial working memory

(for review, Sullivan and Pfefferbaum 2005; Oscar-Berman and

Marinkovic 2007). Further, insults to subcortical nodes of the

frontocerebellar circuitry can be better predictors of executive

impairments than tissue loss in prefrontal regions (Sullivan

2003; Chanraud et al. 2009).

Functional magnetic resonance imaging (fMRI) studies of

working memory have provided evidence for inefficient

cognitive processing in alcoholism as they have revealed that

alcoholics activated either a different neural network from

controls (Pfefferbaum et al. 2001) or activated appropriate

regions but more widely than controls (Desmond et al. 2003)

to perform on par with controls in working memory tasks. The

‘‘inefficient processing’’ model derives from observations in-

dicating inefficiency of allocating or sharing resources between

different cognitive processes (Wagner et al. 2006) and the use

of atypical neuronal networks to compensate for compromised

areas (Audoin et al. 2006). In alcoholics, the concept of

inefficiency includes difficulties in isolating irrelevant informa-

tion (Nixon et al. 2002), which is necessary for discriminating

between targets and distractors. One source of inefficient

processing in chronic alcoholism could arise from disruption of

functional brain networks and their dynamics, whether at rest

or while engaged in a task. Thus, processing inefficiency could

reflect or arise from disorganization of a network, leading to

inefficiency in conveying information from place to place.

Given a potential role for the DMN in working memory because

of the commonality of neural systems to both processes, we

hypothesized that the spatial working memory deficit of

alcoholics (Chanraud, Pitel et al. 2010) could be related to

disruption of the DMN.

Human brain networks, including the DMN, have been

described as having ‘‘small-world’’ characteristics (Latora and

Marchiori 2001) comprising sets of nodes connected by

anatomical or functional links and used for shuttling in-

formation. Therefore, small-world organization provides com-

ponents, that is, the nodes and thus a structure that maximizes
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functional segregation (Sporns and Zwi 2004) and facilitates

the adaptation of neuronal assemblies in response to changing

cognitive demands (Bassett and Bullmore 2006). This structure

is characterized by short length paths that are responsible for

efficient information processing. Local efficiency can be

weighted via the path length connecting a node to all its

neighbors within a network, such that some links are shorter

than others, offering a shorter distance for information to

travel. Local efficiency can be quantified by graph theory

analysis, which provides a means of characterizing complex

systems, as has been applied to functional imaging data (Achard

and Bullmore 2007; Hua et al. 2008; Wang et al. 2009). Graph

theory analysis allows detection of small-scale changes in

regional organization that may underlie more global network

changes (Nomura et al. 2010). Here, we used graph theory

analysis for characterizing between-groups differences and

determining whether connectivity alteration would be related

to poor test performance on a spatial working memory task by

alcoholics.

Based on anatomical evidence (Mesulam 1998) and compu-

tational analysis (Sporns et al. 2007), nodes with dispropor-

tionately numerous connections can enhance network

efficiency by providing a limited number of long-distance

connections that integrate local networks (Bassett and

Bullmore 2006) and are considered hubs. Modulations within

and between brain networks are dynamic and likely perform as

such via interconnections through neural hubs. The posterior

cingulate region has been described as a hub because it is

activated during passive and active states, although at different

levels, and because it has the highest global connectivity and

perfusion of any region (Hagmann et al. 2008; Raichle et al.

2001; Pfefferbaum et al. 2010). Physiologically, this region

appears as a ‘‘crossroad’’ of information processes, probably

related to its high level of perfusion even at rest (Raichle et al.

2001; Pfefferbaum et al. 2010). Although the role of the

posterior cingulate cortex is well established as a part of the

DMN (Greicius et al. 2003), this brain region is also active in

working memory processes involving selection, which operates

to retrieve the most relevant item in an array to be

remembered (Bledowski et al. 2009). Thus, involvement of

the posterior cingulate cortex within the DMN has the

potential to influence and predict the working memory

efficiency and thus working memory performance (Esposito

et al. 2009). This dual function may be particularly relevant to

alcoholism where processing can be inefficient in isolating

irrelevant information (Nixon et al. 2002).

Here, we tested the hypothesis that functional connectivity

stemming from the posterior cingulate hub during rest and task

states would be different in alcoholics and controls and that the

connectivity of brain networks revealed in controls would be

disturbed in alcoholics. For this purpose, we used blood oxygen

level--dependent (BOLD) fMRI with one block of rest and one

block of a working memory task, which has been shown to

involve frontocerebellar networks in controls and alcoholics

(Chanraud, Pitel et al. 2010). Specifically, we tested the

hypothesis that functional connectivity in networks involving

the posterior cingulate and frontocerebellar regions would

differ between the groups. First, we defined networks

connecting to the posterior cingulate region during rest and

task in control and alcoholic groups; then, we estimated local

efficiency in networks presenting different patterns of connec-

tivity between groups. Finally, relationships between network

metrics and task performance were tested in each group.

Materials and Methods

Subjects
The two subject groups comprised 15 alcohol-dependent subjects and

15 healthy controls. The alcoholics were recruited from community

treatment centers, outpatient clinics, hospitals, and by word of mouth.

Controls were recruited through flyers, announcements, and word of

mouth. All participants provided written informed consent to

participate in studies assessing the impact of alcohol on brain structure

and function and received a modest stipend for study participation. All

were right-handed as determined by quantitative testing (Crovitz and

Zener 1962). All participants were administered the Structured Clinical

Interview for DSM-IV (SCID; First et al. 1998) by a clinical research

psychologist or research nurse, and diagnosis was determined by

consensus of at least two calibrated interviewers. Volunteers meeting

lifetime diagnostic criteria for schizophrenia or bipolar disorder were

excluded. Controls did not meet criteria for any lifetime Axis I

pathology or drug or alcohol use disorders. Approximate lifetime

alcohol consumption was quantified using a modification (Pfefferbaum

et al. 1988) of a semi-structured, timeline interview (Skinner 1982;

Skinner and Sheu 1982). Drinks of each type of alcoholic beverage

(wine, beer, spirits) were standardized to units containing approxi-

mately 13.6 g of alcohol and summed over the lifetime.

Alcoholics were younger than controls but did not differ significantly

(t(28) = 1.775, P = 0.083) (Table 1). Compared with the controls, the

alcoholics had fewer years of education (t(28) = 2.09, P = 0.046) but did

not differ in general intelligence (t(28) = 0.651, P = 0.521) estimated

with the National Adult Reading Test (Nelson 1982). As expected,

alcoholics reported significantly higher lifetime alcohol consumption

than controls (t(28) = 3.252, P = 0.003). The average length of lifetime

alcohol dependence based on the SCID interview was 14.79 ± 9.0 years,

the mean total lifetime alcohol consumption was 1078.2 ± 1161 kg, and

the mean length of sobriety for alcoholics was 66.5 ± 32.4 days with

a range of 5--126 days. The alcoholic sober for 5 days was an exception;

all the others had past the early withdrawal period.

Working Memory Task Conditions during Image Acquisition

Active Condition

Before going to the scanner, all the participants practiced the working

memory task until reaching a satisfactory level of performance. Stimuli

were presented via E-Prime software (Psychology Software Tools, Inc.).

Table 1
Demographic characteristics of subjects

Group Age (years) Education (years) NART IQ Lifetime alcohol consumption (kg) Duration of dependence (years) Duration of abstinence (days)

Alcoholics
Mean 40.1 13.3 108.9 1078.2 14.8 66.5
Standard deviation 10.9 1.6 8.104 1161 9 32.4

Controls
Mean 47.7 14.9 111.1 28.1 NA NA
Standard deviation 12.29 2.4 9.6 35.9

P value P 5 .09 P 5 0.05 P 5 0.52 P 5 0.0003
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For their responses, subjects used a keypad connected to the laptop

running E-prime (http://www.pstnet.com). The working memory tasks

included two different interference tasks and one control task without

interference. Each working memory task included two memoranda

loads: 3 and 6 items. Stimuli consisted of crosses presented in the right,

center, or left part of the screen.

All conditions followed the same general pattern: presentation of

memoranda, imposition of a retention interval (8 s), and a period of

recall (4.5 s for the 3-item sequences and 9 s for the 6-item sequences,

Chanraud, Pitel et al. 2010). The sequence of either 3 or 6 items had to

be recalled in the order of presentation. During the retention interval,

subjects had either to wait (no interference condition) or to perform

another task (interference condition: arithmetic or tracking). Partic-

ipants were instructed to give equal priority to the primary and the

interference task. For the arithmetic interference task, participants

read 3 numbers, added them together, and then said whether the sum

was less than, equal to, or greater than 15. The percentage of correctly

answered problems was recorded. For the tracking interference task,

participants had to press a key on a computer keyboard corresponding

to the position of a target, which was a white circle, presented for 1100

ms with intervals of 280 ms during the 8s period of retention. To

ensure that the participants were performing the interference task, we

set a 60% level-of-accuracy response criterion for the interference task

in each domain for each task (Chan and Newell 2008).

Data Acquisition
The scanning was conducted on a GE (General Electric Medical

Systems) 3T whole-body MRI scanner equipped with an 8-channel head

coil. A T2-weighted fast spin-echo anatomical scan (axial acquisition;

time echo [TE] = 17 ms; time repetition [TR] = 5000 ms; field of view =
24 cm; 256 3 192 matrix; Number of excitations = 1.0; slice thickness =
5 mm; 36 slices) was acquired with the fMRI scans. A field map was

generated from a gradient recalled echo sequence pair (TE = 3/5 ms

TR = 460 ms, slice thickness = 2.5 mm, 62 slices). Whole-brain fMRI data

were acquired with a gradient echo planar pulse sequence (axial,

mode = 2D, scan timing: TE = 30 ms, TR = 2200 ms, flip angle = 90�,
matrix = 64 3 64, slice thickness = 5 mm, 36 slices). Four blocks of

3 min and 10 s each, synchronized with the beginning of fMRI volume

acquisitions were acquired. Four sessions of 3096 functional images

were acquired for each subject with the following pseudorandomized

conditions: 5 dummy scans + 10 pseudorandomized trials: 3 retention

conditions 3 2 loads = 6 trials (9 TR required for 3 memoranda and 13

TR required for 6 memoranda) + 2 interference trials without

memoranda (1 block of arithmetic without any memoranda run for 5

TRs; 1 block of tracking without any memoranda run for 5 TRs) + 2

blocks of rest run for 5 TRs each. The scan for the rest condition,

during which subjects were instructed to lie still with eyes closed,

relaxed, and to not fall asleep, lasted 4 min and 57 s (135 TR, 4860

images) and occurred after the active task.

Image spatial preprocessing and statistical analysis were performed

using SPM8 (Wellcome Department of Cognitive Neurology). Func-

tional images were realigned for motion corrections and unwarped

(correction for fields distortions) using the gradient echo field maps

(constructed from the complex difference image between 2 echoes [3

and 5 ms] of the gradient-recalled echoes series). Unwarped functional

images were coregistered to structural images for each subject. The

anatomical volume was then segmented into gray matter, white matter,

and cerebrospinal fluid. The gray matter image was used for

determining the parameters of normalization onto the standard

Montreal Neurological Institute gray matter template. The spatial

parameters were then applied to the realigned and unwarped

functional volumes that were finally resampled to voxels of 3 3 3 3 3

mm and smoothed with an 8-mm full-width at half-maximum Gaussian

smoothing kernel.

Construction of Functional Connectivity at Rest and during Task

Functional Connectivity Analysis

The last block of the task acquisition was used in the correlational

analysis because it was the closest in time to the rest block. For rest and

task separately, a connectivity analysis on preprocessed data was

conducted with the ‘‘conn’’ toolbox, implemented in SPM (http://

www.fil.ion.ucl.ac.uk/spm/ext/) (Fig. 1). Correlational analyses be-

tween the BOLD signal from an a priori selected seed, that is, the

posterior cingulate region taken from the Tzourio-Mazoyer template

(Tzourio-Mazoyer et al. 2002), and from every other brain voxel during

Figure 1. Study design schematic. HC, healthy controls; ALC, alcoholics.
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the entire acquisition condition (rest and task) provided seed-to-voxel

connectivity estimations. Age and education were entered as first-level

covariates in the model. Before averaging individual voxel data, the

waveform of each brain voxel was filtered using a bandpass filter

(0.0083/s < f < Inf) to reduce the effect of low-frequency drift and

high-frequency noise. Several sources of spurious variance along with

their temporal derivatives were then removed from the data through

linear regression: signal from ventricular regions and signal from the

white matter. Global signal was not included as a regressor, given

evidence that this may introduce spurious anticorrelations into the data

(Murphy et al. 2009). Because further steps included between-groups

comparisons, temporal connectivity maps were generated for each

subject across the conditions in one-sided analyses, showing only

positive correlations in order to avoid interaction effects. These images

were then included in a second-level between-groups, random-effects

analysis. The magnitude and extent of temporal connectivity between

the groups were thresholded using a false discovery rate (FDR)

correction of PFDR < 0.05 for the whole-brain volume with a minimum

cluster extent of 10 contiguous voxels.

Graph Construction (Unweighted Network)

The above analyses resulted in a graph G that included N nodes

(regions) and E edges (connections). The analyses were focused on the

regions highlighted by between-groups differences at rest: cerebellar

regions and seed of interest, the posterior cingulate cortex. Correla-

tional analyses of functional time course during rest and task were run

between all these regions for each subject, and an unweighted network

was created by thresholding the correlation matrix considering

a threshold T. We ran the analysis with a published threshold, that is,
>0.2 (Dosenbach et al. 2007). When the absolute value of the

correlation between two nodes was higher than the threshold value

T, the connection (edge) between these two nodes was considered as

part of the resulting graph (Stam and Reijneveld 2007). In other words,

if a correlation between the BOLD signals of two nodes measured

during a whole condition was significantly higher than the threshold

used, the connection existed in the new graph. Connections between

nodes, therefore, either existed or did not exist; because of the

thresholding, connections lost their graded values. In our case,

presence of a direct connection (statistically strong correlation)

between nodes of the graph should be interpreted as the shortest

distance identified in the graph. The more connections needed for

linking two nodes, the longer is the distance. Here, distance does not

correspond to a physical distance between nodes in the graph but

rather to the number of connections between end points, that is,

a node and an ultimate destination.

Graph Analysis (Estimation of Local Efficiency at Rest and during

Task)

Network metrics are affected by the number of nodes in a graph. Here,

we used a network that differed between groups with nodes more

functionally synchronized to the posterior cingulate cortex in controls

than in alcoholics. For exploring links between the network efficiency

and neuropsychological performance, we focused our analysis on

a local level, that is, specifically on nodes that were derived from the

between-groups comparison at rest, to be part of the DMN. Using graph

theory at a local level allowed addressing the question of the

organization of subnetworks with and without a lesion anywhere in

the network. Therefore, a basic measure for each node within the

network, local efficiency (‘‘Elocal’’), was computed as a measure of the

connectivity using standard graph theory (Gong et al. 2009). First, the

characteristic path length L was computed; L gives the average number

of connections (1 for a direct edge) that have to be crossed to travel

from each node to every other node in the network (van den Heuvel

et al. 2008).

Local efficiency of a given node i that measures the communication

efficiency between a node i and its neighbors (Achard and Bullmore

2007) is defined as:

Elocal =
1

NGi
ðNGi

– 1Þ +
j ;k2Gi

1

Lj ;k
;

where NGi
is the total number of nodes in the subgraph Gi that includes

all the neighbors nodes of the node i. Because efficiency is inversely

related to path length, a short path length reflects a high level of local

efficiency.

Statistical Analyses

Performance

We conducted a 2 group (controls vs. alcoholics) 3 3 interference

condition (no interference vs. arithmetic vs. tracking) 3 2 memory load

(3 vs. 6 items) analysis of covariance with age and education entered as

confounding variables on the dual-task accuracy. Follow-up t-tests

identified between-group differences for significant analysis of variance

effects. Reaction time was subjected to 2 groups 3 2 memory loads 3 3

interference conditions ANOVA and t-tests. Mean accuracy across the

interference conditions was calculated for each subject and was used in

correlation analyses with local efficiency.

Network Metrics

Comparison of Elocal between the 2 groups was performed by using

a 2-sample 2-tailed t-tests.

Relationship between Elocal and Performance/Clinical Variables

Pearson correlation coefficients evaluated relationships between the

network metrics (Elocal) of the brain network of interest and several

clinical variables (total lifetime alcohol consumption, duration of

dependence, and duration of abstinence) of the alcoholic group.

Because these analyses were exploratory, we used a statistical

significance level of P < 0.05 (uncorrected) but expected that

alcoholism severity would be related to lower efficiency between

nodes. Pearson correlation analyses were also conducted in each group

separately between Elocal and the mean accuracy in the working

memory task.

fMRI Analysis

In the present study, we conducted between-group connectivity

analysis across the whole task without regard for working memory

condition (Chanraud, Pitel et al. 2010). Therefore, we first generated

contrasts for each subject by comparing a block comprising all

experimental conditions with a block comprising all rest runs. The

results of these contrasts were submitted to a factorial analysis with the

group (controls vs. alcoholics), the interference (no vs. arithmetic vs.

tracking), and the factor memory load (3 vs. 6 items) entered as main

factors. fMRI analyses were thresholded as in the connectivity analysis

at PFDR < 0.05 for the whole-brain volume with a minimum cluster

extent of 10 contiguous voxels.

Results

Table 2 displays the recall accuracy and response time for each

group in each condition.

Accuracy and Reaction Time on the Working Memory
Task

The 2 group 3 3 condition (No Interference or Tracking) 3 2

memory load ANOVA did not reveal any significant group

differences in performance (F1,168 = 0.022, P = 0.978) or

reaction time (F1,168 = 1.079, P = 0.342). Similarly, neither the

2 group 3 3 condition (F2,168= 0.322; P = 0.725) nor the 2

group 3 2 memory load interaction (F1,168 = 2.621; P = 0.107)

was significant for performance. Nor did we find significant

interactions for 2 group 3 2 condition (F2,168 = 0.435; P =
0.648) or 2 group 3 2 memory load (F1,168 = 1.153; P =
0.284) for reaction time.

We examined whether reaction time during the tracking

task or performance during the arithmetic task differed by

group. The mean time on target of the combined 3 items and
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6 items conditions for the tracking task was 431.43 ± 98.89 ms

for the controls and 490.12 ± 223.43 ms for the alcoholics

(t(28) = –0.76; P = 0.46). The mean number of correct

responses of the combined 3 items and 6 items conditions

was 87% for the arithmetic task for each group. On neither

performance measure did the control and alcoholic groups

differ significantly.

Functional Connectivity in the DMN within and between
Groups: Rest Condition

At P < 0.05 FDR corrected, both groups revealed a pattern of

functional connectivity commonly described in the literature,

with significant functional connectivity between the seed

(bilateral posterior cingulate cortex) and the bilateral precu-

neus, medial prefrontal cortex, and medial temporal cortex

(Fig. 2). Also in both groups, functional connectivity with

cerebellar regions was also revealed at P < 0.001 uncorrected.

Between-groups differences in connectivity were not

observed with the right posterior cingulate cortex used as

a seed but were with a left posterior cingulate cortex seed.

Relative to alcoholics, controls while at rest had more positive

connectivity between signal in the left posterior cingulate

cortex and voxels in the cerebellum, particularly, the left

anterior cerebellar lobule III, left and right inferior cerebellar

lobules VIIb, left inferior cerebellar lobule VIII, and vermis 3

and vermis 8.

Functional Connectivity in the DMN between Groups:
Task Condition

No between-group difference was found with the right

posterior cingulate region used as a seed. During the task,

connectivity between the left posterior cingulate region and

the left anterior/medial cerebellar lobules IV/V was greater in

alcoholics than controls (Fig. 3).

Elocal Between-Groups Analysis

When local efficiency for nodes of the network of interest was

evaluated during rest scans, t-tests revealed significantly higher

efficiency indices in the controls than alcoholics in bilateral

posterior cingulate regions, left anterior lobule cerebellum III,

right inferior cerebellar lobule VIIb, and left inferior cerebellar

lobule VIII, vermis 3 and vermis (Table 3). By contrast, no

between-groups difference was revealed during the task.

Correlation between Local Efficiency and Performance

At rest, mean accuracy of the alcoholics correlated with local

efficiency in the left inferior cerebellar lobule VIII (r = 0.522,

P = 0.046). No significant correlation was found between

Figure 2. Functional connectivity at rest using the posterior cingulate cortices as seeds. Left: control group; right: alcoholic group. P\ 0.05 FDR corrected.

Table 2
Descriptive statistics for accuracy scores and reaction times by condition and group

Retention interval task Delayed condition Arithmetic condition Tracking condition

Memory load 3 Items 6 Items 3 Items 6 Items 3 Items 6 Items

Accuracy (%)
Alcoholics
Mean 81.1 68.3 61.1 53.0 63.1 51.9
Standard deviation 22.15 16.65 27.6 25.18 30.219 19.27

Controls
Mean 95.0 71.7 70.5 51.1 76.2 56.8
Standard deviation 9.85 24.15 27.6 15.7 19.46 19.2

P value P 5 0.35 P 5 0.663 P 5 0.31 P 5 0.737 P 5 0.156 P 5 0.50
Reaction time (ms)
Alcoholics
Mean 2205.5 5362.3 2905.8 5998.2 2705.5 5695.7
Standard deviation 650.13 1084.74 749.4 1539.95 637.28 1384.77

Controls
Mean 2938.3 4970.8 2692.6 5741.7 2626.0 5633.4
Standard deviation 1945.54 1418.61 858.27 1316.17 546.72 1337.62

P value P 5 0.177 P 5 0.403 P 5 0.474 P 5 0.628 P 5 0.717 P 5 0.90
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performance and local efficiency at rest in controls. During the

task, better performance correlated with greater efficiency in

the right anterior cerebellar lobule III of the alcoholics (r =
0.52, P = 0.047) and controls (r = 0.614, P = 0.015) (Fig. 4).

fMRI Between-Groups Comparison of the Task Block

We used group-by-regional activation ANOVAs to test whether

group differences in functional connectivity could be accounted

for by group differences in functional activation measured by the

BOLD response during the task block (Table 4). This analysis

revealed a significant effect of group, where bilateral frontal

cortices, bilateral insula, and the right postcentral were more

activated in the alcoholic than control group, whereas the

fusiform gyrus (extending to the cerebellar region VI) and the

left lingual gyrus (extending to the posterior cingulate region)

were more activated in the control than alcoholic group. Group

differences were not present, however, in regions relevant to

DMN connectivity.

Correlation between Performance, Connectivity, and
Clinical Variables in Alcoholics

Longer abstinence from alcohol correlated with greater local

efficiency at rest in the left anterior cerebellar lobule III (r =
0.640, P = 0.010) and in the left inferior cerebellar lobule VIII

(r = 0.538, P = 0.039; Fig. 5). Neither total lifetime consumption

nor duration of dependence correlated significantly with local

efficiency between any nodes of the network, either at rest or

during the task.

Discussion

Functional connectivity analysis conducted on the BOLD signal

at rest and during a spatial working memory task enabled

statistical assessment of functional brain networks in alcoholics

and healthy subjects. We thresholded the correlational

matrices to construct a set of unweighted binary graphs for

each subject and weighted connectivity of each node of the

network for which connectivity differed between the 2 groups.

At rest, the spontaneous slow fluctuations of the signal in the

posterior cingulate and cerebellar regions in the alcoholics

were less synchronized than in controls, indicative of compro-

mised functional connectivity. To our knowledge, this is the

first report of abnormalities in functional connectivity associ-

ated with the DMN in alcoholics. The DMN is defined as a set of

functionally connected regions in the resting brain and is part

of the default settings of the brain. The posterior cingulate

cortex plays a key role in this network (Raichle et al. 2001;

Fransson and Marrelec 2008), and the cerebellum has more

recently been identified as a node in the default network

(Habas et al. 2009). In the healthy brain, modulation of the

DMN plays a crucial role in normal functioning. Several reports

have shown, for example, that weaker suppression of the DMN

while engaged in a task is associated with inferior cognitive

performance, for example, inferior memory formation (Dase-

laar et al. 2004) and poor learning of cognitive skill (Mason

et al. 2007). Also, with increasing working memory demands,

greater suppression of the DMN is required (McKiernan et al.

2003). Thus, a failure in this suppression would compound

a cognitive challenge (Whitfield-Gabrieli et al. 2009). In the

case of alcoholics, a deficit in DMN modulation between the

posterior cingulate and cerebellar regions between rest and

task could reflect processing inefficiency. Compromised

connectivity detected in alcoholics represents a decoupling

of synchronization between regions that are functionally

synchronized in controls. Corrupted synchronization could

result in disturbed connectivity, precluding direct transmission

between nodes and requiring longer paths to reach nodes of

the graph.

Task engagement elicited another pattern of group differ-

ences in cerebellar involvement. Alcoholics showed more

robust connectivity than controls between the posterior

cingulate cortex and the left anterior/medial lobules IV--V of

the cerebellum. The group differences in connectivity cannot

be a direct result of activation differences because the groups

did not show such differences.

Brain networks other than the ones invoked by controls

could thus be involved when alcoholics engage in a task. The

addition of new direct functional connections may have led to

greater connectivity and better than expected results in this

sample of alcoholics who were able to reach the same level of

performance as controls (cf. Chanraud, Pitel et al. 2010). Such

a mechanism, however, would involve additional connections

within the network that would have been detected as an

increase of the local efficiency in alcoholics. Yet, we detected

Table 3
Local efficiency at rest in the matrix of interest

Group
Nodes R posterior cingulate

cortex
L posterior cingulate
cortex

R lobule
III

L lobule
III

R lobule
IV/V

L lobule
IV/V

R lobule
VIIb

L lobule
VIIb

R lobule
VIII

L lobule
VIII

Vermis 3 Vermis 8

Alcoholics
Mean 0.40 0.48 0.88 0.57 0.71 0.73 0.70 0.71 0.74 0.75 0.62 0.70
Standard deviation 0.2 0.4 0.2 0.08 0.1 0.069 0.089 0.07 0.08 0.073 0.09 0.07

Controls
Mean 0.60 0.69 0.85 0.71 0.77 0.79 0.76 0.74 0.80 0.78 0.73 0.84
Standard deviation 0.3 0.4 0.1 0.16 0.06 0.14 0.063 0.16 0.128 0.14 0.15 0.12

P value P 5 0.015 P 5 0.035 P 5 0.60 P 5 0.009 P 5 0.55 P 5 0.05 P 5 0.06 P 5 0.43 P 5 0.45 P 5 0.011 P 5 0.019 P 5 0.041

Note: R, right; L, left.

Figure 3. Between-group comparison of the functional connectivity during the task
with the left posterior cingulate cortex as seed. P\ 0.05 FDR corrected.

\
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an extra connection between the posterior cingulate cortex

and a specific region within the cerebellum but outside of the

DMN. With further probing, these results might reveal the

presence of anatomical connections or functional synchroni-

zation in alcoholics not present in controls.

The presence of extra connections outside the DMN

together with the observations of comparable performance of

the controls and alcoholics led us to speculate that a compen-

satory system could operate through an alternate network, as

also suggested by other studies (Pfefferbaum et al. 2001;

Desmond et al. 2003; Chanraud-Guillermo et al. 2009), and

counteract compromise in another network (Caplan et al.

2007). The anterior/medial cerebellar lobule IV/V complex,

a region that was more correlated with the posterior cingulate

region during the task in alcoholics, and thus a candidate for

compensation, is usually involved in motor functions (Habas

et al. 2009; Marvel and Desmond 2010). The alcoholics may

have recruited the motor loop, potentially spared in alcoholism

(Harper et al. 2003), to compensate for the executive one,

which is likely compromised in alcoholism (Harper et al. 2003)

and necessary for performing the spatial working memory task

(Pfefferbaum et al. 2001). Involvement of the motor network to

compensate for inefficient functioning within a closed cere-

brocerebellar loop, such as the executive network, comports

with previous findings (Chanraud, Pitel et al. 2010). Further to

this point, the activity in the posterior cingulate cortex has

been shown to be negatively correlated with the activity of

nodes of the prefrontal-based motor control circuits, and its

influence has been speculated to modulate the activity within

this circuit involved in execution and observation of goal-

directed actions (Uddin et al. 2009).

Other cerebellar regions are also relevant for performance of

the working memory task used. Local efficiency of the anterior

cerebellar lobule III during the task was correlated with

performance in both the controls and the alcoholics. While at

rest, local efficiency in the inferior cerebellar lobule VIII, which

is also a node of the DMN, was related to performance only of

the alcoholics. Higher efficiency value in these regions also

correlated with longer sobriety in alcoholics, suggesting that

whatever the compensatory processes were used by alcoholics

involving these regions, sustained abstinence was associated

with better performance. A further implication is that longer

sobriety provides extended time for recovery and repair, and

this variability contributed to performance differences within

the group of alcoholics. Similarly, variability of cognitive

performance has been shown to correlate with path length

across a combined group of control and patients with

Alzheimer’s disease (Stam and Reijneveld 2007) and with

network efficiency in groups of healthy subjects and schizo-

phrenic patients (Rubinov et al. 2009). Also, intellectual

performance measured with IQ correlated with path length

in healthy subjects (van den Heuvel et al. 2009). In heroin

users, path length in the bilateral cerebellum is linked to

duration of use, suggesting that length of consumption is

influential in functional connectivity alteration (Yuan et al.

Table 4
Results of the factorial analysis

Group effect Brain region Peak T value MNI coordinates

x y z

Right frontal cortex 6.05 48 41 13
Fusiform gyrus 5.85 �30 �67 �14
Left frontal cortex 4.74 �33 50 25
Right postcentral gyrus 4.5 45 �19 46
Left Insula 4.38 �42 11 �14
Lingual gyrus 4.34 18 �70 �11
Right Insula 4.27 42 �1 �14

Note: MNI, Montreal Neurological Institute.

Figure 4. Regression slopes between local efficiency during the task in right cerebellar lobule III and performance for controls (top-left figure; r5 0.614, P5 0.015) and for alcoholics
(top-right figure; r5 0.52, P5 0.047) and between local efficiency at rest in the left inferior cerebellar lobule VIII and performance for alcoholics (r5 0.522, P5 0.046).
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2010). In alcoholics, however, working memory performance

was also positively related to local efficiency in a cerebellar

node measured during the rest period (the inferior cerebellar

lobule VIII). One interpretation is that this region is part of

a network of compensation that facilitates cognitive perfor-

mance. An alternative interpretation derives from the between-

groups difference at rest. Specifically, alcoholics had less

connectivity than controls between the posterior cingulate

cortex and the inferior cerebellar lobule VIII, the efficiency of

which correlated with working memory performance and

duration of abstinence in alcoholics. One interpretation of

these results suggests that this region needs to be available,

even at rest, for alcoholics to meet high task demands. This

hypothesis is further corroborated by the significant relation-

ship between the efficiency in the cerebellar region and the

strength of functional connectivity between the posterior

cingulate cortex and the inferior cerebellar lobule VIII during

the task.

Anatomically, cerebrocerebellar circuits are based only on

indirect projections through the thalamus and pontine nucleus

(Kelly and Strick 2003). Functional connectivity reveals

contralateral cerebellar correlations with cortex, consistent

with polysynaptic connectivity of the cerebellum (Allen et al.

2005). Thus, unlike imaging analyses that use anatomy directly

(Sporns et al. 2007; Hagmann et al. 2008), connectivity patterns

defined herein could reflect both direct and indirect anatom-

ical projections. Functionally, regions of the cerebellum are

active during rest and task engagement, and patterns of BOLD

activity can be modified by the order of experimental blocks,

that is, whether rest follows task or task follows rest. Evidence

for such modulation derives from application of a probabilistic

independent components analysis (Albert et al. 2009), which

identified 2 distinct resting-state networks, one of which was

a cerebellar network that was modulated by learning as the

network strength increased following a novel motor learning

task but not following a simple motor performance task.

Because the rest block followed the task block in this

experiment, the modulatory process of the cerebellum may

be disrupted in alcoholics and potentially underlie their spatial

working memory impairment.

A principal assumption of the statistical approach taken by

graph theory to model processing is that short path lengths

between neural nodes can help preserve transmitted signals

from decay with time and degradation over multilocal trans-

mission. Events and conditions that disrupt short paths can

impair connectivity. With respect to the untoward effects of

alcoholism on the DMN, even if the principal network nodes

are themselves not pathological, subtle disruption of their

functional connections could result in inefficiency of in-

formation transmission and manifest as impairment (cf., Sullivan

and Pfefferbaum 2005). We conclude that the results obtained

in this study comport with pathophysiological models of

alcoholism as a functional disconnection syndrome (Geschwind

1965; Chanraud, Zahr et al. 2010) marked by processing

inefficiency arising from compromised connectivity of required

functional networks.
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