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Abnormal brain activity may reflect compensation when observed
in patients who perform normally on tests requiring functions
usually observed as impaired. Operational criteria defining com-
pensation have been described and aid in distinguishing compen-
satory from chance events. Here, we tested whether previously
published functional magnetic resonance imaging data acquired in
15 recovering alcoholics and 15 controls at rest and while
performing a spatial working memory task would fulfill criteria
defining functional compensation. Multivariate analysis tested how
well abnormal activation in the affected group predicted normal
performance, despite low or no activation in brain regions invoked
by controls to accomplish the same task. By identifying networks
that uniquely and positively correlated with good performance, we
provide evidence for compensatory recruitment of cerebellar-based
functional networks by alcoholics. Whereas controls recruited
prefrontal-cerebellar regions VI/Crus | known to subserve working
memory, alcoholics recruited 2 other parallel frontocerebellar
loops: dorsolateral prefrontal cortex (DLPFC)-cerebellar VIII system
during rest and DLPFC-cerebellar VI system while task engaged.
Greater synchronous activity between cerebellar lobule VIII and
DLPFC at rest and greater activation within cerebellar lobule VI and
DLPFC during task predicted better working memory performance.
Thus, higher intrinsic cerebellar activity in alcoholics was an
adequate condition for triggering task-relevant activity in the frontal
cortex required for normal working memory performance.
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Introduction

Neuropsychiatric disorders are marked by cognitive dysfunc-
tioning of selective processes characterizing each disorder.
Occasionally spontaneously and sometimes with training, these
impairments can be minimized or overcome (for review, see
Schlaug et al. 2011). Functional magnetic resonance imaging
(fMRI) studies have documented instances of these improve-
ments in normal aging (Voss et al. 2010), traumatic brain injury
(Voytek et al. 2010), anxiety disorder (Goldin and Gross 2010),
dyslexia (Hoeft et al. 2011), and chronic alcoholism (Pfefferbaum
et al. 2001). Typically, fMRI identifies differences between
groups in brain activation patterns, measured as local activation
differences between experimental and control tasks in the
blood oxygen level-dependent (BOLD) response. Before exam-
ination of a specific cognitive process with functional imaging,
however, the cognitive impairment is identified behaviorally.
Then tasks assessing the impaired cognitive process are devised
for examination with fMRI but under conditions in which the
affected group performs at levels of a healthy comparison group.
The goal of the functional study is to detect potential differences
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in activation patterns assumed to enable normal performance in
the affected group. Difference in activations is interpreted as
compensation and the new constellation of activated sites as the
mechanisms of compensation (e.g., Marinkovic et al. 2009).
Whether such differences can be considered “compensatory”
remains controversial.

We pursued evidence for the operation of compensatory
mechanisms by subjecting previously reported fMRI data to
new analyses to examine whether alternative processes were
invoked and whether they met criteria to deem them
compensatory (cf., Davis et al. 2008). One criterion requires
that abnormal brain activity, that is, activity not seen in an
unaffected comparison group, be associated with normal level
performance. A second criterion requires that abnormal
increases of activity in the supposed compensatory region
occur with lower activity in processing by the damaged regions
(cf,, Davis et al. 2008). Thus, we tested the hypothesis that, if
compensatory, the “abnormal” brain activities would support
good cognitive test performance. Our analysis focused on
alcoholics whom we had previously shown to draw on different
frontocerebellar circuits from controls to rescue processes
otherwise impaired because of their reliance on circuitry with
alcoholism-related damage.

The harmful effects of alcoholism are especially prominent
in circuits involving the prefrontal cortex (Harper et al. 2003)
and one frontocerebellar loop in particular. Frontocerebellar
circuitry has multiple parallel loops, as revealed structurally by
viral tracing studies (Kelly and Strick 2003) and functionally
with in vivo imaging (Habas et al. 2009; Krienen and Buckner
2009). The structural loops involve multisynaptic connections
between Crus II and area 46, which support cognitive
functions, including motor sequencing in spatial working
memory and connections between cerebellar lobules IV-VI-
VIII and primary motor cortex, which support motor functions,
including motor tracking (Kelly and Strick 2003). Functional
systems have been identified with task-activated fMRI (Krienen
and Buckner 2009) and resting state connectivity analysis
(Habas et al. 2009) and are characterized by synchronous BOLD
activity between selective cerebellar regions and cortical sites.
Cerebellar cortical functional connectivity revealed with task-
activated synchrony is consistent with the cognitive and motor
loops identified in the primate structural tracing study, linking
Crus II and prefrontal cortex as a cognitive loop and lobules IV-
VI-VIIIB and primary motor cortex as a motor loop (Krienen
and Buckner 2009). Although the structural and functional
circuits are largely closed, there is potential for structural
(Kelly and Strick 2003) and functional (Habas et al. 2009)
interchange between loops. Because compensatory mecha-
nisms are thought to rely on shift in function from one to
another brain circuit, the circuits involved in the shift usually
have a pre-existing functional relation (Matthews et al. 2004)



and structural proximity (Dosenbach et al. 2008; Schlaug et al.
2011). Thus, we hypothesized that functional compensatory
mechanisms recruited by alcoholics could involve other,
possibly undamaged, frontocerebellar loops that are parallel
to the prefrontal loop structurally damaged in alcoholics and
that underlie spatial working memory in controls.

Accordingly, we reanalyzed data from a sample of chronic
alcoholics who performed at control levels on a spatial working
memory task (Chanraud et al. 2011). Our initial analysis revealed
task-related functional activity differences between alcoholics
and controls when achieving similar accuracy and reaction time
(RT) performance levels (Chanraud et al. 2011). The between-
group contrasts of BOLD activity revealed the same pattern of
brain activation differences regardless of experimental condi-
tion: the alcoholics exhibited greater activation than controls,
most profoundly in bilateral insular and right middle frontal
cortices, whereas the controls exhibited greater activation than
alcoholics in left cerebellar regions Crus I and lobule VI, left
parietal and cingulate cortices, and right postcentral and lingual
gyri. Our initial analysis identified concurrent activity in local
brain regions, which is an initial step in establishing compen-
satory mechanisms. To expand our understanding of the
multiple components of cognitive processes employed in
complex tasks requires knowledge about activity within and
between networks enabling communication among brain
loci. Therefore, in complement to a description of localized
activation, the current analysis employed effective functional
connectivity analysis, which permits exploration of normal and
abnormal causal interactions between neuronal sites (Friston
et al. 1997) in response to a task.

In addition to task activation of brain regions effectively
enhancing performance, functional networks are active while
the brain is at rest, that is, when the brain is not involved in
externally guided activity (Greicius et al. 2003; Fox and Raichle
2007; Krienen and Buckner 2009; Van Dijk et al. 2010). The
brain’s functional intrinsic architecture may serve as an index of
resources that predict the success of compensatory efforts (Etkin
et al. 2009). Thus, we expanded our analysis by questioning
whether diagnostic differences in task-related activation patterns
and performance levels can be predicted by differences in the
pattern or degree of synchronous activity at rest.

Efficiency of intrinsic functional networks and its relations
with performance on tasks was evaluated with graph analysis
(e.g., Salvador et al. 2005; Hua et al. 2008; Wang et al. 2009),
which measures network connectivity locally (efficient in-
formation processing) and globally (efficient communication
across the network and integration of information). Our
previous analysis indicated that, at rest, cerebellar region VIII
efficiency predicted alcoholics’ performance on the spatial
working memory task (Chanraud et al. 2011). We posited that
the intrinsic function of this region would be participating in
compensatory mechanisms recruited for the task. Accordingly,
we tested whether alcoholics took advantage of an intact
functional frontocerebellar loop to overcome impairment
associated with a parallel frontocerebellar loop and whether
this activity met criteria to be considered compensatory.

Materials and Methods

Participants
Study participants, described previously (Chanraud et al. 2011), were
15 men with alcohol dependence recruited from community treatment

98 Remapping the Brain to Compensate for Impairment Chanraud et al.

centers, outpatient clinics, hospitals, and by word of mouth, and 15
healthy control men, recruited through flyers, announcements, and
word of mouth. All participants were right-handed, as determined with
a quantitative test (Crovitz and Zener 1962). Alcoholics (mean *
standard deviation [SD] age = 40.1 £ 10.9 years) and controls (mean *
SD age = 47.7 years) did not differ significantly in age (g = 1.775, P=
0.083). Although alcoholics had fewer years of education (13.3 = 1.6
years) than controls (14.9 = 24 years) (bLg = 2.09, P = 0.046), both
groups reached on average an education beyond high school and did
not differ significantly in estimated verbal intelligence quotient (IQ)
(alcoholic IQ = 108.9 £ 8.104; control IQ = 111.1 £ 9.6) (&g = 0.651,
P=0.521) (Nelson 1982).

The psychiatric history of each participant was reviewed to exclude
those with a previous history of any major psychiatric disorder, head
trauma, neurological disorders, and drug or alcohol use disorders for
healthy participants. Diagnosis was made according to DSM-IV-TR
criteria. All participants were interviewed by a clinical research
psychologist or research nurse using the Structured Clinical Interview
for the DSM-IV (First et al. 1998), and diagnosis was determined by
consensus of at least 2 calibrated interviewers. Approximate lifetime
alcohol consumption was quantified using a modification (Pfefferbaum
et al. 1988) of a semistructured time-line interview (Skinner 1982;
Skinner and Sheu 1982). Drinks of each type of alcoholic beverage
(wine, beer, and spirits) were standardized to units containing
approximately 13.6 g of alcohol and summed over the lifetime. As
expected, alcoholics reported significantly higher lifetime alcohol
consumption (1078.2 £ 1161.0 kg) than controls (28.1 = 35.9 kg) (fg =
3.252, P = 0.003). Alcoholics had been abstinent from alcohol for at
least 30 days, except for one participant, who had been abstinent for
5 days but exhibited no withdrawal signs.

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.

Working Memory Task Conditions during Image Acquisition
The spatial working memory task had 2 memoranda load conditions: 3
and 6 items. Subjects memorized spatial memoranda and recalled
spatial sequences after a retention interval. Stimuli consisted of crosses
presented in the right, center, or left part of the screen. The retention
interval was either without interference (control) or with interference
from a secondary task, which was either cognitive interference with an
arithmetic task or motor interference with a tracking task (Fig. 1).
Before going to the scanner, all the participants practiced the working
memory task until they understood how to perform the task. Stimuli
were presented via E-Prime software (Psychology Software Tools Inc.,
Pittsburgh, PA). For their responses, subjects used a keypad connected
to the laptop running E-prime (http://www.pstnet.com). Recorded
within-scanner behavioral measures included RT and accuracy (see
Chanraud et al. 2011 for further details).

Data Acquisition

The scanning was conducted on a GE (General Electric Medical
Systems, Signa, Waukesha, WI) 3T whole body MRI scanner equipped
with an 8-channel head coil. A 7>-weighted fast spin-echo anatomical
scan (axial acquisition; time echo [TE] = 17 ms; time repetition [TR] =
5000 ms; field of view [FOV] = 24 c¢m; 256 x 192 matrix; NEX = 1.0; slice
thickness = 5 mm; 306 slices) was acquired together with the fMRI scans.
A field map was generated from a gradient recalled echo (GRE)
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 x 64, slice thickness = 5 mm,
306 slices).

For the “spatial working memory task,” 4 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 pseudorandomised trials): 3 retention conditions
x 2 loads = 6 trials + 2 interference trials without memoranda + 2 blocks
of rest.
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Figure 1. Dual-tasks paradigm: Subjects watched and memorized a sequence of spatial positions; and after an 8-s retention interval during which they had to perform either
a tracking or an arithmetic task or just wait, subjects tapped out the sequence of spatial positions on a keypad.

The “rest condition” fMRI session followed the spatial working
memory task fMRI session. During the rest scan, subjects were
instructed to lie still with eyes closed, be relaxed, and remain awake.
This session lasted 4 min and 57 s (135 TR, 4860 images).

Image Preprocessing

Spatial preprocessing and statistical analysis of functional images were
performed using SPM8 (Wellcome Department of Cognitive Neurol-
ogy). Motion artifacts were assessed in individual subjects by visual
inspection of realignment parameter estimations to confirm that the
maximum head motion in each axis was less than 2 mm, without any
abrupt head motion. Functional 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 GREs series). Unwarped
functional images were registered 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 (MNI) gray matter template. The
spatial parameters were then applied to the realigned and unwarped
functional volumes that were finally resampled to voxels of 3 x 3 x 3
mm and smoothed with an 8 mm full-width at half-maximum kernel.

Statistical Analyses

Localized Functional Activation: fMRI Contrast Analysis with the
Task

First, contrast images for each of the 3 memory task conditions (No-
interference, Arithmetic interference, and Tracking interference)
versus rest were computed for each load in every subject (for details,
see Chanraud et al. 2011). 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 memory load
(3 vs. 6 items) entered as main factors. A complementary between-
subgroup comparison was conducted for alcoholics with good
performance in contrast to poor performance in order to test for
abnormal brain activations to fulfill criteria of association with
performance. The alcoholic group was divided into good and poor

performers using their performance median, which corresponded to an
accuracy score of 50% of correct responses.

Analyses of fMRI data were thresholded at Pepr < 0.05 for the whole
brain volume with a minimum cluster extent of 10 contiguous voxels.

Activations were located anatomically using MRIcro software (http://
www.mricro.com) for the cerebrum. For the cerebellum, peaks of
activation were referenced with a supplemental manual delineation of
probabilistic atlas of human cerebellar nuclei (Diedrichsen et al. 2009)
implemented with MRIcro software and also with the cerebellar atlas
of Schmahmann et al. (1999) after MNI coordinates were converted
into Talairach coordinates (http://www.bioimagesuite.org/Mni2Tal/
index.html).

Effective Connectivity: Psychophysiological Interaction during the
Task
Psychophysiological interaction (PPI) analysis measures differences in
regression slopes between activities in 2 brain regions under different
behavioral contexts. This measure detects responses in specific brain
regions in terms of the interaction between inputs from another brain
region time series and its variation with changes in psychological
context (Friston et al. 1997). PPI analysis has been described as
a measure of effective connectivity, that is, the direct influence of one
region on another while engaged in a specific activity (experimental
condition). PPI does not measure intrinsic functional connectivity
unrelated to task demands. Rather, PPI analysis can provide information
about the direction of the connectivity during task engagement.
Based on results revealed in fMRI contrast analyses (see Results
section), we extracted the deconvolved time course of activity in the
right middle frontal cortex (a 10-mm radius sphere centered on the
peak activity) found to be more activated by alcoholics than controls to
test for evidence of compensatory activity. PPI analyses were
conducted for each alcoholic on BOLD data acquired during the most
challenging condition, arithmetic interference, and 6 items load
because it yielded the largest between-group differences in brain
activation (see Results section). Then, associated connectivities were
entered into a one-sample group analysis (thresholded at P <0.001 and
a cluster size of >10 voxels).

Intrinsic Connectivity: Rest Analysis
We used resting-state functional connectivity analysis for each group
separately to explore the intrinsic connectivity between the right
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middle frontal cortex with all other brain regions. The connectivity
analysis on preprocessed data was conducted with the “conn” toolbox,
implemented in SPM (Benjamin et al. 2010), following the steps
described previously (Chanraud et al. 2011). Correlational analyses
conducted between the BOLD signal from the selected seed (right
middle frontal cortex) to every other brain voxel provided seed-to-
voxel connectivity estimations during the rest session.

Correlations

Correlational analyses were conducted between localized functional
activation levels, functional connectivity, and performance. Spearman
rank order correlations (PASWStatistics 18.0) were used to test
relations between level of change in functional activation within brain
regions of interest, Fisher-transformed Z-value measures of functional
connectivity between brain regions of interest and performance.

Results

Localized Functional Activations

The between-group contrasts (alcoholics > controls and
controls > alcoholics) and the within-group contrast (good
performers > poor performers in the alcoholic group) are
presented as rtest maps (P < 0.05 false discovery rate [FDR]
corrected, & > 10). Results of the between-group contrast as
presented in Table 1 are taken from Chanraud et al. (2011)
(Fig. 2).

The comparison at P < 0.05 FDR corrected between good
and poor performers in the group of alcoholics revealed
stronger activation, specifically in the middle frontal cortex
(MRICro coordinates x = 45, y = 29, z = 34; or dorsolateral
prefrontal cortex [DLPFC]| in Brodmann terminology), in the
good performers relative to the group of poor performers
(Fig. 2C). Consistent with this result, higher activation in the
DLPFC positively correlated with greater accuracy (7 = 0.700;
P = 0.003; Fig. 34) but not processing speed (r = -0.317; P =
0.25) in alcoholics. Also in alcoholics, whole brain correlation
analyses revealed that the level of activation of the cerebellar
region VI correlated significantly with greater accuracy (7 =
0.463; P = 0.041; Fig. 3B) but not RT. No other brain region
presented a significant relation between level of activation and
performance. In controls, better performance correlated with
higher activation levels in the bilateral cerebellar regions Crus
I/VIL, left inferior parietal cortex, and right postcentral gyrus.
There was no significant relation between level of activation in
any brain region and RT in controls.

Effective Functional Connectivity of the DLPFC: Task-
Related Connectivity

To test whether the DLPFC contributed to a compensatory
functional brain network, we focused the PPI analysis in the

alcoholic group on the most challenging condition, that is,
arithmetic interference and 6-item load (Table 2) (Chanraud
et al. 2010). Results revealed significant positive connectivity of
the right middle frontal cortex with the calcarine gyrus,
precuneus, right caudate, and left cerebellar region VI (Fig. 3).

Intrinsic Functional Connectivity of the DLPFC: Rest-
Related Connectivity

During rest, the alcoholics and controls showed a similar
pattern of intrinsic connectivity using the right DLPFC as
a seed, which was positively connected with frontal and
parietal cortices, insula, and cerebellar region VIII (P < 0.05
FDR corrected). In alcoholics but not controls, significant
synchronizations were observed between time-series of spon-
taneous fluctuations of the right DLPFC with left premotor
cortex, middle cingulate cortex, and precuneus (significant at P
< 0.05 FDR). In alcoholics, correlations between strength of
intrinsic connectivity and performance revealed that greater
synchronous activity between the DLPFC and cerebellar region
VIII (x = -24, y=-56, z=-45) was related to greater accuracy in
alcoholics (7 = 0.564; P = 0.028; Fig. 3C). Thus, rest-related
connectivity in the alcoholics was predictive of accuracy in the
task-activated conditions. No other regional correlations were
significant, and none occurred with RT in alcoholics. Rest-
related connectivity correlations were not significant in the
controls. As a follow-up exploratory analysis of synchronous
regions meeting the FDR-corrected criterion of P < 0.5,
a significant interaction was revealed between group perfor-
mance and connectivity at rest involving synchrony between
the right dorsolateral prefrontal and supramarginal cortices.
This interaction indicated that better performance was
correlated with greater regional synchrony in the alcoholics,
whereas the controls showed the opposite pattern of
performance and synchrony.

Discussion

An advantage of neuroimaging data is their permanence and,
therefore, availability for reanalysis with new developments.
Since the initial publication of the data used herein, novel
approaches for connectivity analyses became available and
permitted reassessment of these data to address whether
initially observed findings met criteria for compensation and
whether consideration of the dynamic interchange of rest and
task could reveal information about diagnostic differences in
functional connectivity, efficiency in connectivity, and pre-
diction of cognitive performance. Here, we identified, in
recovering alcoholics, brain abnormalities that may be involved
in compensatory mechanisms. These mechanisms include the

Table 1
Results of the factorial analysis (Group by condition by load effect) at *P < 0.05 FDR corrected)

Brain regions with FDR significant activationst

Peak F and T values MNI coordinates

X y z
Analysis of variance Right middle frontal cortex 42.69 48 47 7
Left cerebellum Crusl/region VI 39.8 -27 —70 -17
Left parietal cortex 39.41 —42 -25 —43
Left middle cingulate cortex 38.68 —6 —40 37
Left middle frontal cortex 25.64 -33 50 25
Right postcentral gyrus 23.09 45 -19 46
Right lingual gyrus 21.54 18 —70 -1
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Controls > Alcoholics

Good performers > Poor performers

Figure 2. Left: Brain regional activation in A alcohalics relative to controls at the top and B controls relative to alcoholics at the bottom, while performing on the task. (C) Brain
regional activation in good alcoholics performers (8 subjects) relative to poor alcoholics performers (7 subjects). Cutoff for performance estimated with accuracy = 50% of good

responses; P < 0.05 FDR corrected and k > 10 voxels.

participation of cerebellar region VIII in compensatory pro-
cesses even during rest. We posited a model proposing that the
cerebellar region VIII launches the involvement of the middle
frontal cortex for performing the task; then, once recruited the
middle frontal cortex would launch the activation of the
cerebellar region VI, normally engaged for performing on this
task. Therefore, we identified a set of positive outcomes in the
performance of alcoholics that meet criteria for inferring the
operation of compensatory mechanisms enabling normal
performance on a spatial working memory task, impairment
on which is a common feature of alcoholism.

Are Observed Abnormal Brain Processes Involved in
Compensation?

Our results fulfill the 2 criteria presented necessary for
considering brain activations as compensatory (cf., Davis et al.
2008). First, we identified a relationship between a brain region
that was less activated in alcoholics than controls (cerebellar
region VI/Crus I) and a brain region that was more activated in
alcoholics than controls (DLPFC). This relation satisfies the
criterion requiring that abnormal increases of activity in the
supposed compensatory region also be related to abnormally
low activation in other brain regions normally associated with
the task. Indeed, the effective connectivity analysis revealed
that the 2 regions were related when engaged in the spatial
working memory task. Specifically, greater activation in the
DLPFC of alcoholics while performing the task was correlated
with greater activation in cerebellar region VI. This relation

provided a basis to speculate that activity in the DLPFC could
launch activity in cerebellar region VI when required to boost
performance. Secondly, even though activation within cerebel-
lar region VI was related to accuracy in controls, this region
was not activated at control level in alcoholics. However, the
same significant relation between level of activation in
cerebellar region VI and accuracy was revealed in the
alcoholics. Positive correlations with accuracy in the 2 groups
support involvement of this region as essential for performing
the task. The abnormal activation pattern associated with
normal behavioral performance in the alcoholic group fulfills
the second criterion for a brain mechanism to be considered as
compensatory.

Together, these results provide evidence for functional
reorganization of frontocerebellar circuitry in alcoholics who
performed at high levels. A biological interpretation is that the
recruitment of an unaffected loop parallel to the affected one
leads to rapid changes in connectivity, which depends on
already present but “silent” connections rather than new ones.
This assumption is supported because in controls functional
connectivity between the DLPFC and the cerebellar lobule VIII
was present in addition to functional connectivity between
DLPFC and cerebellar lobule VI. Furthermore, results showing
a relation between synchronization of the cerebellar region
VIII with the DLPFC at rest and accuracy suggest that bottom-
up resources recruited via cerebello-cortical connections are
likely to compensate for top-down cortico-cerebellar deficits,
thereby enabling accurate task performance.
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Figure 3. Correlation in the group of alcoholics between accuracy and A middle frontal cortex activation while engaged in the working memory task; (B) cerebellar region VI
activation while engaged in the working memory task; (C) strength of intrinsic functional connectivity between middle frontal cortex and cerebellar region VIII at rest.

Abnormal Brain Processes Observed in Alcobolics:
Recruitment of an Emergent Functional Loop
Group comparisons of functional activation measured with
the BOLD response revealed differences in nodes of 2 known
frontocerebellar loops. Cerebellar and frontal nodes of these
2 loops have been recently described using functional
connectivity analysis (Habas et al. 2009). The executive
loop mainly involves cerebellar regions Crus I and II and
dorsolateral-dorsomedial prefrontal cortex; the salience loop
involves cerebellar lobule VI, the DLPFC, and frontoinsular
cortices in the frontal lobe. We observed lower activation of
cerebellar regions VI/Crus I in alcoholics than controls,
denoting functional difference within the executive network
of alcoholics. Cerebellar lobule VI and Crus I, which together
form the superior/lateral cerebellum, are both activated
during working memory tasks in healthy subjects (Chen and
Desmond 2005; Kirschen et al. 2010), for review see Marvel
and Desmond (2010). Furthermore, the activity in these
regions can be modified with variation in working memory
demands (Desmond et al. 1997; Kirschen et al. 2005). Mental
rotation and spatial transformation tasks also activate these
posterior cerebellar regions (Bonda et al. 1995; Parsons
et al. 1995; Vingerhoets et al. 2002; Zacks et al. 2002). Taken
together, our results comport with the concept of a favorable
functional alteration and recruitment of the extended
executive loops in high-performing chronic alcoholics
(Chanraud et al. 2010; Tessner and Hill 2010).

When engaged in tasks of attention, response selection, and
working memory, nodes of the executive network (cerebellar
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Table 2
Subjects’ performance in terms of accuracy and RT (from Chanraud et al. (2011) Cerebral Cortex
2011)

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
SD 22.15 16.65 27.6 25.18 30.219 19.27
Controls
Mean 95.0 71.7 71.5 51.1 76.2 56.8
SD 9.85 2415 27.6 15.7 19.46 19.2
Reaction time (ms)
Alcohalics
Mean 2205.5 5362.3 2905.8 5998.2 2705.5 5695.7
SD 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
SD 1945.54 1418.61 858.27 1316.17 546.72 1337.62
P value P =10177 P=0403 P = 0474 P =10628 P=0717 P=109

regions Crus I and Crus II and prefrontal and posterior parietal
cortices) can be coactivated with nodes of salience network
(Curtis and D’Esposito 2003; Menon and Uddin 2010). The
salience network, as identified with functional activation
analysis, includes cerebellar lobule VI (Habas et al. 2009),
anterior cingulate cortex, and orbital frontoinsular cortices
(Seeley et al. 2007). As integrated activation sites, the executive
and salience networks constitute a “task activation ensemble”
(Seeley et al. 2007). This integration is consistent with the
separate and complementary purposes of these networks: the



executive loop is invoked to carry out a specific process or
task, whereas the salience network is activated to maintain
a goal-directed behavior (Dosenbach et al. 20006), typically in
response to sensory salience (Seeley et al. 2007). Thus, the
salience network plays a role in recruiting relevant brain
regions for processing task-relevant sensory information
(White et al. 2010). The insula, in particular, has been
associated with “bottom-up” detection of salient events and
mediating information flow across brain networks involved in
attention and cognition (Menon and Uddin 2010). The finding
herein of bilateral coactivation of insula and DLPFC in
alcoholics adds support to the insula as involved in the
transient detection of salient stimuli and in the initiation of
attentional control signals, which are then taken over by other
regions specialized in the activity at hand (Menon and Uddin
2010). The nonspecificity of this network’s function makes it
a potential candidate for compensatory roles because it is well
positioned to participate in cognitive control processes
(Johnston et al. 2007)

To coordinate these functional alterations, we present
a model (Fig. 4) that describes the 2 known anatomical and
functional loops of frontocerebellar circuitry (depicted in blue
and red). We illustrate (in green) the recruitment by alcoholics
of a hypothesized compensatory third loop. The functioning of
this hypothetical loop is supported by the involvement of the
cerebellar lobule VIII even during rest (involvement being
therefore not task-specific) enabling, as necessary, the launch-
ing of the activation of the middle frontal cortex, which in turn
triggers the activation of the cerebellar lobule VI. This
possibility comports with our earlier observation that the
efficiency of the cerebellar region VIII connectivity at rest was
predictive of alcoholics’ performance (Chanraud et al. 2011).
Thus, we speculate that this region is available at rest for
triggering compensatory processes when needed to enhance
performance.

. | Mot
Middle frontal | g
A

cortex

v '’ ‘.'. L.' C.erobdlar

region VIl

Cerebellar
region VI

Figure 4. Hypothetical functional model explaining normal performance in alcoholics
on a spatial working memory task. The red loop describes the anatomical and
functional executive loop and the blue loop describes the anatomical and functional
motor loop. The green loop describes the hypothetical functional loop underlying
compensation in alcoholism.

The results reported here should be considered in light of
certain limitations. First, although commonly used, the crite-
rion chosen for movement parameters, that is, , 2 mm, could
have biased the observed results. It seems unlikely, however,
that functional connectivity results were significantly affected
by movement because such influence has been revealed to
weaken measured connectivity in long-range networks and
enhance shorter range connections, therefore in the opposite
direction to the results revealed in this study. Second, the
compensatory mechanisms identified here might be limited to
alcoholism or to conditions that affect a common set of neural
systems to those affected by alcoholism.

In summary, our results suggest that alcoholics recruited
pathways parallel to those used by controls to compensate for
impairment in the normally invoked executive frontocerebellar
loop. We provide evidence that the pattern of brain activity and
associated behavioral performance meet criteria for deeming
the abnormal activation pattern as compensatory. Evaluation of
differences in activation and connectivity in relation to
performance has important implications for concepts of
neuroplasticity and reorganization in therapeutic settings. If,
for example, compensatory responses can be brought under
external or internal control, our results may be useful in
therapeutic efforts involving cognitive remediation following
brain insult. Our model of the novel recruitment of a parallel
loop employed to produce normal function highlights the
potential gain of region-to-region synchronization. Further
studies need to explore factors affecting cognitive reserve that
could enhance or hamper brain reorganization, whether it is
functional or structural in nature. The specific pattern of
synchronization observed in the alcoholic men might also serve
to distinguish those who can maintain abstinence from those
who cannot.
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