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Shifts in the functional topography of frontal cortex‐striatum
connectivity in alcohol use disorder
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Abstract
Frontostriatal circuits are centrally involved in the selection of behavioral programs
and play a prominent role in alcohol use disorder (AUD) as well as other mental disorders. However, how frontal regions change their striatal connectivity to implement adaptive cognitive control is still not fully understood. Here, we developed
an approach for functional magnetic resonance imaging (fMRI) connectivity analysis
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in which we change the focus from connectivity to individual voxels towards spatial
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data of n = 66 participants with AUD and n = 40 healthy controls (HC) we used the
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information about the location of strongest functional connectivity. In resting state
approach to estimate frontostriatal connectivity gradients consistent with nonhuman primate tract‐tracing studies, characterized for each frontal voxel the striatal
peak connectivity location on this gradient (PeaCoG), and tested for group differences and associations with clinical variables. We identified a cluster in the right
orbitofrontal cortex (rOFC) with a peak connectivity shift towards ventral striatal
regions in AUD. Reduced variability of rOFC striatal peak connectivity in the AUD
group suggests a “clamping” to the ventral striatum as the underlying effect. Within
the AUD group striatal peak connectivity in the superior frontal gyrus was associated with self‐efficacy to abstain from alcohol, in the medial frontal and dorsolateral
prefrontal cortex with alcohol dependency, and in the right inferior frontal gyrus
with the urge to consume alcohol. Our results demonstrate that the functional
topography of frontostriatal circuits exhibits interindividual variability, which provides insight into frontostriatal network adaptations in AUD and potentially other
mental disorders.
KEY W ORDS

alcohol addiction, cognitive control, functional magnetic resonance imaging, resting state, top
down, ventral striatum
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I N T RO D U CT I O N

are characterized by an inflexible selection and a loss of control over
(overt or covert) behavior.

One of the central aspects of healthy human behavior is the appropri-

Central brain circuits involved in the selection of behavioral pro-

ate selection of behavioral programs, be they motor, cognitive, affec-

grams are

tive, or reward related. Especially disorders of addiction like alcohol

loops.1-3 Neurobiological models of AUD postulate that a dysfunction

use disorder (AUD), but to a certain degree, almost all mental disorders

between increased reward system and decreased executive control

Addiction Biology. 2019;24:1245–1253.
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activation results in addiction‐related behaviors such as compulsive

Importantly, the concept of separate frontostriatal circuits does

and impulsive use of alcohol.4,5 Cumulating research in AUD suggests

not imply that cortical regions are strictly connected to a single

that dysfunctional inhibitory control results from aberrant top‐down

striatal locus.2,3 Instead, cortical connections to the striatum have

5-9

regulation of the prefrontal cortex over the striatum.

distributed patterns in which connections of a given cortical region

Resting state functional magnetic resonance imaging (fMRI) studies where participants passively lie in the scanner without a task have

to the striatum are spread out and overlap with projections from
other cortical regions.16,17,22-27
On the basis of a comprehensive review of the literature, Shipp3

further identified changes in frontostriatal connectivity in AUD. For
10

compared AUD patients who

argues that corticostriatal projections follow an organizational princi-

relapsed with those who abstained from alcohol and found decreased

ple of both segregation and integration that is probably best described

functional connectivity between the ventral striatum and the dorsolat-

as “disclosed loops.” In this model, cortical regions are the origin of

example, a study by Camchong et al

eral prefrontal cortex (DLPFC), which was associated with poorer

cortex‐basal ganglia‐thalamus‐cortex loops that terminate at the corti-

inhibitory control. Müller‐Oehring et al11 found expanded nucleus

cal origin as well as of moderating connections projecting to striatal

accumbens (NAcc) connectivity with bilateral medial and inferior pre-

loci, which are part of loops terminating at other cortical locations.

frontal gyri (PFG) in AUD patients with more expanded NAcc‐medial

Corticostriatal projections leading to closed loops are called “opera-

PFG connectivity, correlating with higher‐trait anxiety scores. Using

tive,” while projections to other striatal areas are called “contextual.”

probabilistic independent component analysis, Zhu et al12 found

It is through these contextual projections that cortical regions can

increased within network functional connectivity in AUD patients in

exert influence on other operative circuits related to diverse cognitive

orbitofrontal and amygdala‐striatum networks that included parts of

functions. Hence, we hypothesize that functional connectivity of fron-

the striatum.

tal regions to the striatum can vary depending on whether they are in

In contrast, long‐term abstinent AUD patients, who successfully

an “operative” or “contextual” mode.

abstained from alcohol showed higher connectivity of the ventral stri-

The peak connectivity estimates provided by our approach can be

atum with the inhibitory control network including the DLPFC and

used to conduct statistical tests over the striatal projections of frontal

reduced connectivity with the appetitive drive reward network in

voxels, which enables us to identify such changes and map frontal cor-

comparison with nonsubstance abusing controls, which was associ-

tex regions where frontostriatal peak connectivity locations are sys-

13

tematically associated to interindividual differences. As a first

ated with cognitive flexibility in a set shifting task.

However, how frontostriatal circuits are functionally imple-

application, we apply the method to gain insight into functional
changes in the frontostriatal topography in alcohol addiction.

menting flexible cognitive control is still not fully understood.
Frontostriatal organization has been described on the broad scale
as a tripartite separation into dorsal motor, medial cognitive, and ventral affective/reward‐related circuits.1,3 While ventral circuits have

2

MATERIALS AND METHODS

|

been associated with motivational salience and goal‐directed behavior,
more dorsal circuits have been associated with habitual behavior, and

2.1

|

Study and participants

a shift from more ventral to more dorsal striatal processing likely plays
a central role in the development of addictions.14,15 Together,

Resting state data of 123 subjects were acquired. We excluded two

frontostriatal circuits are forming a functional hierarchy that integrates

subjects for anatomical anomalies, five for missing physiological data,

reward‐related information with cognitive planning capabilities to con-

four for excessive head motion (>3 mm movement or >33% small

2

trol the execution of motor programs.

movement affected volumes), and six subjects for restricted coverage

On a finer level, frontostriatal topography follows a gradient

of the brain in normalized functional data. The final analyzed sample

with medial‐lateral, ventral‐dorsal, and rostral‐caudal direction com-

included N = 106 participants, nAUD = 66 (16 female) with AUD and

ponents,1-3 which can also be identified in diffusion‐weighted

nHC = 40 (17 female) healthy controls (HC). Mean age did not differ

16-21

tractography and functional connectivity fMRI studies.

between the groups (AUD: 46.8 ± 9.16 years (mean ± standard devia-

Here, we develop an analysis approach aiming at extracting

tion [SD], range 25‐65 y; HC: 47.28 ± 9.21 y, range 22‐64 y; two sam-

information from fMRI data reflecting the fine topography of

ple t test t = 0.2566, P = 0.798), but a trend towards a higher ratio of

frontostriatal connectivity as described in Haber1 to make this

female participants in the HC group was present (Fisher's exact test

information accessible for testing and interpretation. Therefore, we

P = 0.052). Therefore, we conducted group comparisons with the

changed the focus of analysis from connectivity to individual voxels

whole sample first but repeated the analyses after exclusion of female

or regions (as in most conventional fMRI analyses), to the spatial

participants.

location of strongest (peak) functional connectivity. The first step

Patients were recruited from the Central Institute of Mental

of our method consists of identifying the location with highest

Health (CIHM) inpatient clinic. Trained psychologists diagnosed alcohol

functional connectivity in the striatum for every frontal voxel. This

addiction based on the International Classification of Disease (ICD‐10)

spatial

a

and the Diagnostic and Statistical Manual of Mental Disorders (DSM‐

frontostriatal connectivity gradient. The position of striatal peak

IV). Other mental disorders were assessed by the Structured Clinical

connectivity on this gradient provides a single value for each fron-

Interview for DSM‐IV (SCID‐I28). Verified by urine drug testing,

tal voxel, representing where it has the highest functional connec-

patients did not consume any other drugs, benzodiazepine, or

tivity in the striatum.

chlormethiazole. Prior to scanning participants were abstinent for at

information

is

then

used

to

empirically

estimate
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least 5 days and, if necessary, complete a medically supervised detox-

2.5

|

Resting state analyses: first level

ification program. Participants were scanned only if they were free of
any detoxification medicine for 3 days. On average, patients abstained

Analyses were implemented in SPM12 with two consecutive first

from alcohol prior to scanning for 10.12 ± 4.69 days (mean ± SD,

level analyses. The “first” first level analysis was conducted to extract

range: 5‐31 d). Before fMRI, all participants completed questionnaires

white matter (WM), cerebrospinal fluid (CSF), and global signals and

including the Obsessive Compulsive Drinking Scale (OCDS29), Alcohol

identify volumes affected by small scan‐to‐scan movements (move-

Abstinence Self‐Efficacy Scale (AASE30), Alcohol Dependence Scale

ment threshold = 1 mm; z = 5) with the ART‐toolbox (http://www.

(ADS31), and the Alcohol Urge Questionnaire (AUQ32).

nitrc.org/projects/artifact_detect). In this step, we included the six

The study was approved by the ethics committee of the Medical

standard movement parameters and performed analyses without

Faculty Mannheim, University of Heidelberg, Germany (2011‐303 N‐

prewhitening (autocorrelation correction), which is applied to the

MA), and procedures complied with the WHO's Declaration of Hel-

covariate time courses in the next step. In the “second” first level

sinki. Before participation, all participants were educated about the

we conducted analyses with prewhitening (AR [1]) and included as

study and provided written informed consent. Participants received

covariates the six movement parameters, WM, CSF, global signal,

50 € for scanning.

and dummy regressors for small motion‐affected volumes. For WM,

The analyzed resting state data were acquired in the baseline MRI

CSF, and global regressors, we used the eigenvariate extracted from

session of a larger study.33,34 The reported analyses are exploratory

WM, CSF, and global masks, respectively. The dummy regressors

and were not originally planned for the study. The difference in group

implement a spike regression procedure that controls for the effect

size is due to the existence of two clinical groups and one control

of small movements. A high‐pass filter with a cutoff of 128 seconds

group in the original experiment.

was used in first levels. The residual time series from the second first
level corrected for the nuisance effects were used for connectivity
analyses.

2.2

|

Functional magnetic resonance imaging

The number of motion‐effected volumes did not differ significantly between the groups, although the value is nominally slightly

Anatomical and resting state functional images were acquired as the
first two scans of the baseline session with a 3 T Siemens Trio TiM

higher in the clinical group (AUD: 2.62 ± 4.9% HC: 1.73 ± 4.8%; two
sample t test: t = 0.91, P = 0.36).

scanner (Siemens Healthineers, Erlangen, Germany) at the CIMH.
MPRAGE images were acquired with a repetition time (TR) of 2.3 seconds, an echo time (TE) of 3.03 ms, a flip angle of 9°, and a resolution
of 1 × 1 × 1 mm. In the 5:30 minutes resting state session, we acquired
220 functional echo‐planar imaging (EPI) images with a TR of 1.5 seconds, a TE of 28 ms, and a flip angle of 80° in 24 slices of 4 mm thickness with 1 mm gap and in‐plane resolution of 3 × 3 mm. During
functional imaging respiration and heart rate were monitored with
scanner built‐in equipment.

2.6

|

Masks

We constructed masks of the striata and the frontal cortices
(Figure S1) based on the Neuromorphometrics (NMM) atlas
(http://Neuromorphometrics.com/). We used this atlas because it
is distributed with SPM12 and is registered to the exact space of the
SPM12 TPM template. The striatum mask included the NMM masks
for caudate, putamen, and accumbens area. For a list of all regions in

2.3

|

Statistical analyses

Statistical analyses were conducted with SPM12 (v6685; Wellcome

the frontal masks, see Supplementary Table 1. Of note, we included
the anterior insula and the anterior cingulate cortex in the frontal
cortex mask.
To account for potential biases in normalization because of inter-

Department of Cognitive Neurology, London, United Kingdom) and
in‐house scripts running in MATLAB (R2011b; MathWorks Inc.,
Sherborn, Massachusetts, United States).

individual differences in the size of brain structures, we included individual mask sizes as covariates in group analyses. Frontal and striatal
maps were projected into individual subject's anatomical space by
using inverse projections obtained during normalization of the

2.4

|

fMRI preprocessing

MPRAGE. The voxels in the individual masks were counted to estimate mask sizes.

Preprocessing included segmentation of the MPRAGE and normalization onto SPM12's TPM templates in MNI space. Correction for physiological artifacts was conducted with AZTEC based on heart rate and

2.7

|

Peak functional connectivity location

respiration data acquired during scanning. AZTEC uses RETROICOR
and linear modelling of respiration volume, heart rate, and heart rate

In each subject, functional connectivity between voxels in the frontal

variability.35 Functional data were slice‐time corrected, realigned to

cortex and the striatum was estimated by Pearson correlation. For

the mean image, coregistered to the anatomical image, normalized

each voxel in the frontal cortex, the voxel in the striatum with highest

by applying forward deformation fields estimated during normalization

functional connectivity was identified, and 3D MNI coordinates of this

of the MPRAGE, resampled to 2 × 2 × 2 mm, and smoothed with a

striatal voxel representing the frontal voxels' striatal peak connectivity

FWHM = 6 × 6 × 6 mm Gaussian kernel.

location were saved. All analyses were conducted separately in the left
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and right hemisphere to avoid mixing up or averaging striatal locations

covariates. Analyses were conducted with SPM12 general linear

across hemispheres.

models (GLM) first. Because PeaCoG values might violate the
assumptions of the parametric tests applied by SPM we repeated

2.8

|

Principle component analysis

the analyses with nonparametric permutation tests with FSL's
“randomise” function.36

We applied a principle component analysis (PCA) approach to reduce
the three spatial MNI dimensions to a single representative axis. In a
set of data points, PCA identifies linearly independent dimensions,
which are each explaining the largest possible amount of variance.
These dimensions, or principle components (PC), are ordered with
respect to variance they explain, and selecting the 1st PC provides
the dimension explaining the largest variance. For our analyses, we
first averaged the peak connectivity locations of each frontal voxel
over subjects. Then, we conducted a PCA over all frontal voxels and
selected the 1st PC. This component represents the axis along which
averaged striatal peak connectivity location varied most across frontal
cortex, or, in other words, a frontostriatal connectivity gradient. MNI
coordinates of striatal voxels can then be projected onto this gradient,
resulting in a single value. Maps of these values for striatal voxels and
the averaged striatal peak connectivity location of each frontal voxel
are presented in Figure 1. In our analyses, positive values represent
lateral‐dorsal‐caudal and negative values medial‐ventral‐rostral striatal
locations, but direction of axes is arbitrary in PCA. For group level
analyses, we projected for each participant all frontal voxels' striatal
peak connectivity locations on the gradient (PeaCoG values) and
saved them as maps of frontal voxels containing the PeaCoG values
(Figure S2).

2.10

|

Group comparison

Frontal PeaCoG maps were first compared between groups with two‐
sample t tests in SPM12. As detection threshold we used a cluster‐
level threshold of P = 0.025 (P = 0.05 adjusted for two hemispheres)
with a cluster‐defining threshold (CDT) of P = 0.001 uncorrected.
Additional analyses were conducted with a voxel wise FWE‐corrected
threshold of P = 0.05 within the left and right frontal cortices. In the
nonparametric permutation tests, we used threshold‐free cluster
enhancement analysis (TFCE)36,37 with a corrected threshold of
P = 0.05 and a voxel wise peak‐level analysis with a corrected threshold of P = 0.05 within the left and right frontal cortices. After detection of a significant cluster, we extracted covariate‐corrected first
eigenvariates from the cluster and estimated the cluster‐level effect
size (Cohen's d). Post‐hoc inspection of the extracted values hinted
at a systematic difference in the variability of PeaCoG values
between the groups, which was verified by a post‐hoc Brown‐
Forsythe test for variance homogeneity.38 The Brown‐Forsythe test
is a modification of Levene's test and uses an F test over absolute
deviations from cell medians instead of means, which makes it more
robust for deviations from normality and different group sizes (Brown
and Forsythe39).

2.9

|

Group level analyses

Although we used sex as a covariate in the full analysis, we
repeated the group comparison with males only (N = 73, nAUD = 50,

In all second level analyses age, sex, and the estimated individual

nHC = 23) as a more rigorous control for confounding effects from

size of the striatum and the frontal cortex were included as

the higher ratio of females in the control group.

FIGURE 1 Frontostriatal connectivity gradients. Maps of striatal MNI coordinates projected on the estimated frontostriatal connectivity
gradients (1st principle component) for (a) the location of voxels in the striatum and (b) the mean locations of peak connectivity in the striatum
of frontal voxels. The units of the scales are spatial units representing a linear combination of the axes of the MNI coordinate system (in mm). The
color of frontal voxels represents the location in the striatum they were maximally connected to. The hemispheres were analyzed independently.
Please note that likely due to the use of averaged values, the dynamic range of the scale in b is more restricted than in a but was used for
illustrative purposes
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2.11 | Association with clinical variables and test
scores
To gain further insight into the clinical relevance of changes in the

TABLE 1 SPM results. Results of the group comparison and the
association with clinical variables. Cluster defining threshold (CDT) for
cluster‐level inference: P = 0.001 unc. The table shows three local
maxima more than 8.0 mm apart

location of striatal peak connectivity of frontal regions, we associated

Cluster Level

the PeaCoG values with clinical questionnaire scores in the AUD

pFWE‐corr

group by second level SPM regression analyses. Here, we applied
the same statistical thresholds as in the group comparison and again

Peak Level
kE

pFWE‐corr

Group comparison

0.008

19 0.044

AASE Z (negative)

<0.001

30 0.014

repeated the analyses with nonparametric permutation tests. We conducted analyses with eight different clinical scores: 3 scores of the

MNI
(mm; x, y, z)

4.82 22, 42, −16
5.37 22, 6, 60
3.28 18, 14, 62

ADS sum (positive)

OCDS, 3 scores of the AASE, the ADS sum score, and the AUQ sum
score. Please note that we report results with uncorrected nominal
significances. The nominal statistical significance threshold Bonferroni

t

0.013

17

4.71 6, 30, 34

0.017

16

4.55 20, 46, 38

0.002
AUQ sum (negative) <0.001

25

4.45 14, 54, 34

65 0.033

5.11 48, 22, −8

corrected for multiple comparisons for cluster‐level inference is

4.77 52, 18, −2

P = 0.025/8 = 0.003. Because participants with missing scores were

4.49 42, 18, 0

excluded from the respective tests, these analyses composed between
n = 61 and n = 64 participants with AUD.
Additionally, we tested for an association of clinical variables with

higher variability in rOFC striatal peak connectivity (Figure 2B). A

the PeaCoG values extracted from the cluster identified in the group

post‐hoc Brown‐Forsythe test supports this impression ( F = 23.34,

comparison.

P < 0.001).
Because the ratio of female participants showed a trend to be
higher in the HC group in the included sample, we repeated the anal-

3

RESULTS

|

yses after excluding females. While we were not able to cross the
detection threshold in the SPM analysis anymore, the effect size in

The

first

principle

component

of

the

PCA

over

averaged

frontostriatal peak connectivity locations in the striatum explains
65.9%/64.2% (left/right hemisphere) of the variance and shows a
medial‐ventral‐rostral (lower values) to lateral‐dorsal‐caudal (higher
values) gradient direction in both striata (Figure 1A). By projecting
3D MNI coordinates of the location of peak connectivity in the stri-

the rOFC cluster diminished only slightly (Cohen's d = 0.95 in comparison to d = 1.05), and a post‐hoc ROI analysis restricted to the cluster
remained significant (peak‐level t = 3.63, P = 0.003 FWE‐ROI corr.,
MNI: 26, 44, −12). Importantly, our observation of reduced PeaCoG
variability in the rOFC cluster was still highly significant (Brown‐
Forsythe test F = 13.19, P < 0.001; Figure S4).

atum onto the gradient, we obtained a single PeaCoG value for each
frontal voxel, which we mapped on the frontal cortex. Within subjects, these maps exhibited a “patchy” pattern of regions with relatively similar connectivity (Figure S2). Over participants, PeaCoG
values of frontal voxels in the striatum exhibited a substantial
amount of variation, with a higher standard deviation in dorsal parts
of the frontal cortex, distinguishing them from more ventral regions
(Figure S3). Mean PeaCoG shows a ventral‐to‐dorsal gradient in the
ventral part of the frontal cortex and a tendency towards more central striatal peak connectivity in dorsal regions of the frontal cortex
(Figure 1B).

3.2

|

Association with clinical questionnaires in AUD

We observed significant effects for three clinical variables in the right
hemisphere (Table 1; Figure 3). Again, SPM analyses and nonparametric permutation tests provided similar results. The AASE self‐efficacy
to abstain scale (AASE‐S) was associated with more ventral PeaCoG
in a cluster in the superior frontal gyrus (cluster‐level P < 0.001 corr.,
k = 30; peak‐level P = 0.014 FWE corr.; permutation tests: TFCE
P < 0.05 corr., nine voxels; peak‐level P = 0.0173 corr., MNI: 22, 6,
60). The ADS sum score was associated with more dorsal PeaCoG in

3.1

|

Group comparison

three clusters in the medial frontal and dorsolateral prefrontal cortex
(cluster‐level P < 0.013 corr., k = 17; P < 0.017 corr, k = 16;

Comparing frontal PeaCoG maps between groups allows us to ask the

P < 0.002 corr., k = 25; peak‐level: not significant [ns]). In the permu-

question whether frontal regions show systematic connectivity differ-

tation tests, TFCE analysis identified the same clusters together with

ences along the striatal gradient. We identified a significant cluster in

some additional effects in the medial frontal cortex (TFCE P < 0.05

the right orbitofrontal cortex (rOFC) with significantly lower values in

corr, 215 voxels), and peak‐level analyses did also not detect signifi-

the AUD group (cluster‐level P = 0.008, k = 19; peak‐level P = 0.044

cant effects. The AUQ sum score was associated with more ventral

FWE corr.; cluster effect size: Cohen's d = 1.05; Table 1 & Figure 2

PeaCoG in a cluster in the right inferior frontal gyrus (cluster‐level

A). Nonparametric permutation tests provided similar results at the

P < 0.001 corr., k = 65; peak‐level P = 0.033 FWE corr.; permutation

same location (TFCE P < 0.05 corr., four voxels; peak‐level:

tests: TFCE P < 0.05 corr., 99 voxels; peak‐level P = 0.0188 corr.,

P = 0.048 corr. [MNI: 22, 42, −16 mm]).

MNI: 48, 22, −8).

Importantly, a visual inspection of the PeaCoG values of the

We did not find any association with clinical variables in the rOFC.

identified cluster suggests that healthy control participants showed

Also, the first eigenvariates of the PeaCoG values in the rOFC cluster
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FIGURE 2 Group comparison. (a) Cluster in the right orbitofrontal cortex where striatal peak connectivity location was lower in the AUD group
in comparison with the HC group (cluster‐level P < 0.025 corr.). (b) Individual striatal peak connectivity location on the gradient (PeaCoG) values of
the cluster for each participant. The dashed line separates the AUD and HC group. The groups are clearly differing in PeaCoG variability with a
more restricted pattern in the AUD group. The color scale corresponds to the striatal gradient in Figure 1A

FIGURE 3 Association with clinical variables. Clusters where striatal peak connectivity location on the gradient (PeaCoG) was associated with
clinical self‐report questionnaires (cluster‐level P < 0.025 corr.) in the AUD sample. Association with (a) the AASE self‐efficacy to abstain
(AASE‐S) scale, (b) the alcohol dependence scale (ADS) sum score, and (c) the alcohol urge questionnaire (AUQ) sum score. DEF scatter plots of the
respective effects. AASE‐S: Alcohol abstinence self‐efficacy scale self‐efficacy to abstain, ADS: Alcohol dependence scale, AUQ: Alcohol urge
questionnaire. The color scale corresponds to the striatal gradient in Figure 1A

were not significantly associated (P < 0.05 uncorr.) with any clinical

striatum along an empirically estimated frontostriatal connectivity gra-

variable in the AUD group after exclusion of one outlier (>5 SD above

dient, compared these effects between participants with alcohol use

the group mean).

disorder and healthy controls, and assessed associations with clinical
variables.

4

|

DISCUSSION

First of all, it is noteworthy that the striatal medial‐ventral‐rostral
to lateral‐dorsal‐caudal gradient (Figure 1A) we estimated empirically

In this study, we characterized each voxel in the frontal cortex by the

from fMRI data is consistent with previous literature based on nonhu-

location of strongest resting state functional connectivity with the

man primate tract tracing studies.1 The mean connectivity profile in

GERCHEN

1251

ET AL.

the ventral part of the frontal cortex is exhibiting the pattern

impairments and alcohol craving. In monetary reward task data of

described in the literature (Figure 1B), supporting the assumption that

our subjects, we also found that task‐dependent connectivity changes

this gradient represents a general organizational principle of

between the VS and an adjacent DLPFC cluster were impaired34 and

frontostriatal projections.

that VS reward sensitivity was predictive for therapy‐related activa-

The dorsal part of the frontal cortex has more medial mean con-

tion changes in another adjacent DLPFC cluster.33

nectivity which seems to violate the expected pattern (Figure 1B)

More ventral rIFG peak connectivity was associated with the urge

but might be related to the higher standard deviation in dorsal parts

to drink alcohol. Disruption of the IFG has been associated with dys-

of the frontal cortex (Figure S3). Furthermore, more dorsal areas

functional response inhibition and impulse control, where the IFG fails

potentially have motor‐related functions that are probably less active

to act as a brake over response tendencies.42 This brake could be

when participants lie still in the scanner, which might dampen the

turned on in different modes (response suppression) and in different

operative component of these motor circuits. Overall, we identified a

contexts (external signals, goals).43 In our participants, an increased

substantial amount of interindividual variability of peak connectivity

urge to consume alcohol might thus require increased inhibitory con-

locations along the gradient (Figure S3), showing that frontal regions

trol of the rIFG over reward‐related ventral striatal regions.

indeed differ with respect to the striatal regions they are most
strongly interacting with.

Notably, several limitations apply to our study. First of all, our clinical sample comprises participants with AUD in a specific period of 5

On the basis of PeaCoG values, we identified a cluster in the

to 31 days abstinence, and our results might be specific for this period.

rOFC with more ventral striatal peak connectivity in AUD, suggesting

Furthermore, with our analyses, we are not able to differentiate

a stronger integration with more ventral striatal regions (Figure 2A).

whether the detected effects are representing a risk factor or a conse-

Importantly, while we identified this cluster due to a mean difference,

quence of the disorder.

the underlying effect might rather be characterized as reduced vari-

Because our analyses depend on the exact location of voxels, we

ability in the integration of the rOFC with the striatum (Figure 2B).

decided to include the individual size of the target structures in native

This effect could be interpreted as a “clamping” of the rOFC to the

space as covariates. This is especially relevant in a clinical sample like

ventral striatum or termed in the framework of Shipp,3 a bias towards

ours where anatomical damage can be expected at least in some par-

the “operative“component of rOFC‐striatal connectivity in comparison

ticipants. The covariates did not change the results, suggesting that

to “contextual” influences in healthy controls. This interpretation is in

individual differences in the size of the brain structures do not play a

line with models proposing that compulsive consumption of sub-

confounding role in our analyses.

stances is related to dysfunctions of the OFC‐striatal circuit.40 Volkow

We used the peak voxel as the exactly defined point in the stria-

and Fowler40 argue that activation of the OFC leads to an intense urge

tum frontal regions are most strongly interacting with. However, this is

or drive to consume, despite conflicting signals not to. Dopamine

a massive data reduction step that reduces the available information

release during intoxication strengthens this circuit and leads to a loss

and possesses the risk of increasing the noise and reduces the stability

of control and thus preservation of compulsive alcohol intake.

of the readout. To test for the stability of peak voxel selection, we

We did not find an association of the rOFC cluster with clinical

rerun the analyses with an additional cluster constraint and selected

self‐report questionnaires. We can only speculate that because of

the peak voxel only from clusters of k = 5 voxels with maximal connec-

the small variance within the AUD group, it might have been infeasible

tivity, which excludes peak voxels not neighboring other voxels with

to identify a significant association with disorder‐specific self‐report

maximal connectivity. These control analyses identified the same clus-

measures. However, we identified associations of striatal peak con-

ters (results not reported), demonstrating that our results are not

nectivity locations with clinical variables in the right superior frontal

overly influenced by noise from the peak voxel selection procedure.

gyrus, medial frontal cortex, DLPFC, and inferior frontal cortex. Here,

Also, choosing a single linear gradient per hemisphere to charac-

the different questionnaires identified distinct and nonoverlapping

terize frontostriatal connectivity is certainly a simplification of the real

clusters likely reflecting the diverse aspects of AUD symptomology

underlying structure and might dismiss potentially interesting informa-

the questionnaires are measuring.

tion. However, even by choosing the simplest linear approach, we can

In the superior frontal gyrus, more ventral PeaCoG values were

explain approximately 64% variance of the mean connectivity pattern.

associated with self‐efficacy to abstain from future drinking. Here, it

Furthermore, with our approach, we are able to detect meaningful

might be the case that more dorsal connectivity of the superior frontal

results in dorsal, medial, and ventral parts of the frontal cortex that

gyrus is associated with the experience of less control over drinking

are straightforward to interpret and fit well with previous addiction‐

behavior and less optimism because it might reflect the “operative”

related research.

component of dorsal striatal circuits, which are related to more habitual, automatic responses to alcohol stimuli.15

An open question is the correspondence of our functional connectivity measure to anatomical white matter tracts. While we expect

PeaCoG values in the medial frontal and dorsolateral prefrontal

peak connectivity locations to be constrained by the underlying ana-

regions were associated with alcohol dependence (ADS scale), which

tomical connectivity, we do not have the respective tractography data

likely reflects frontal control processes10,13 where more ventral peak

to test this in the data set at hand. This will be an important test to

connectivity represent stronger prefrontal control over reward‐related

verify the validity of the approach in the future.

41

have found that

After exclusion of female participants, we were not able to reach

impaired functional connectivity between the VS and the DLPFC in

our statistical detection threshold in the group comparison. Thus, we

a reward‐guided decision‐making task was associated with learning

cannot exclude that the detected mean group difference was

circuits of the striatum. For example, Park et al
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influenced by an excess of female participants in the control group.
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attributable to a loss of power as the effect size diminished only slightly,
and the effect was still present in a post‐hoc ROI analysis restricted to
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ter in the frequency range of 0.01 to 0.1 Hz, which is considered the
most relevant for resting state BOLD oscillations. This value is also
called Amplitude of Low Frequency Fluctuations (ALFF44). The amplitude of the rOFC signal was considerably larger in the clinical group
than in the control group (two sample t test, t = 2.35, P = 0.01) and
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associated with more ventral striatal peak connectivity over all subjects after correction for the group effect (GLM, t = 3.67, P < 0.001).
This suggests that patients have stronger signal fluctuations in the
rOFC cluster, which are related to more ventral striatal peak connectivity but not a reduced signal.
It might also be possible that the results of the group comparison
are confounded by higher variability in the patient data. However,
higher variability or data loss in the patients could be expected to
increase the variability of the results. This would be opposite to the
higher variability in striatal peak connectivity in the healthy control
group that we found (Figure 2B).
Here, we selectively focused on frontostriatal connectivity in
AUD because the striatum is a homogenous region with a topographical connectivity pattern. This provides only a partial view on the complex cortical and subcortical adaptations related to addiction.45 An
important subcortical region for addiction is for example the amygdala.
Decreases in amygdala‐frontal cortex resting state connectivity are
related to and predictive for alcohol use.46,47
It further remains open how specific our results are for AUD.
It will be interesting to test whether similar or divergent effects
exist in other mental disorders and especially in disorders with
compulsive behavior. For example, resting state alterations in
frontostriatal connectivity have also been described in internet
48

addiction disorder.

Overall, our results provide insight into the functional adaptations of frontostriatal circuits that are involved in alcohol addiction,
have the potential to inform future hypotheses about frontostriatal
connectivity, and might provide promising targets for novel treatment approaches for alcohol use disorder by real‐time fMRI
neurofeedback.49,50
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