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Substance use disorders are characterized by inhibition deficits related to disrupted
connectivity in white matter pathways, leading via interaction to difficulties in resist-
ing substance use. By combining neuroimaging with smartphone-based ecological
momentary assessment (EMA), we questioned how biomarkers moderate inhibition
deficits to predict use. Thus, we aimed to assess white matter integrity interaction
with everyday inhibition deficits and related resting-state network connectivity to
identify multi-dimensional predictors of substance use. Thirty-eight patients treated
for alcohol, cannabis or tobacco use disorder completed 1 week of EMA to report
substance use five times and complete Stroop inhibition testing twice daily. Before
EMA tracking, participants underwent resting state functional MRI and diffusion ten-
sor imaging (DTI) scanning. Regression analyses were conducted between mean
Stroop performances and whole-brain fractional anisotropy (FA) in white matter.
Moderation testing was conducted between mean FA within significant clusters as
moderator and the link between momentary Stroop performance and use as out-
come. Predictions between FA and resting-state connectivity strength in known
inhibition-related networks were assessed using mixed modelling. Higher FA values
in the anterior corpus callosum and bilateral anterior corona radiata predicted higher
mean Stroop performance during the EMA week and stronger functional connectivity
in occipital-frontal-cerebellar regions. Integrity in these regions moderated the link
between inhibitory control and substance use, whereby stronger inhibition was pre-
dictive of the lowest probability of use for the highest FA values. In conclusion, com-
promised white matter structural integrity in anterior brain systems appears to
underlie impairment in inhibitory control functional networks and compromised abil-

ity to refrain from substance use.

KEYWORDS
EMA, inhibition, resting state, Stroop, SUD, white matter

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited and is not used for commercial purposes.
© 2024 The Authors. Addiction Biology published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction.

Addiction Biology. 2024;29:e13400.
https://doi.org/10.1111/adb.13400

wileyonlinelibrary.com/journal/adb 10f13


https://orcid.org/0000-0001-7671-9941
https://orcid.org/0000-0002-6862-2362
https://orcid.org/0000-0002-1298-7418
https://orcid.org/0000-0002-8938-8683
https://orcid.org/0000-0001-6739-3716
mailto:melina.fatseas@chu-bordeaux.fr
https://doi.org/10.1111/adb.13400
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/adb
https://doi.org/10.1111/adb.13400
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fadb.13400&domain=pdf&date_stamp=2024-05-05

290 | \WI LE Y—

1 | INTRODUCTION

Substance use disorders (SUDs) are characterized by complex inter-
actions between cognitive and cerebral alterations that contribute to
an unhealthy use pattern. Among the spectrum of executive deficits
relevant to SUD,*? inhibitory control has been highlighted as a core
factor in the development and maintenance of addictive behav-
jours.®>* Disturbed connectivity of neural systems subserving inhibi-
tory control involves white matter bundles that link the frontal
cortex® to other cortical and subcortical regions.® While numerous
white matter pathways have been identified as underlying inhibitory
control, little is known about the mechanisms by which anatomical
connectivity disruption contributes to substance use expression in
everyday functioning. Ecological momentary assessment (EMA)
allows a fine-grain characterization of the interplay and fluctuations
of cognitive processes, mood and behaviours (e.g. substance use) by
assessing them multiple times over the course of several days via
smartphones.” Combining neuroimaging with EMA to identify com-
plex brain/behaviour interactions,® we address for the first time,
when, in addition to which, white matter connectivity influences
decisions to engage in or refrain from substance use by individuals in
treatment.

Inhibition reflects the ability to withhold dominant, automatic
or prepotent responses to avert an undesirable outcome.” Impair-
ment in inhibitory control has been widely described in SUD popu-
lations as powerful predictors of several indices of substance use
severity such as initiation of substance use,° treatment progress in
cocaine use disorders,** development of alcohol dependence? and
alcohol craving intensity.® These behavioural signals could act as
proxies for frontal system integrity, a crucial biomarker of SUD, for
which impairments directly mediate inhibition deficits.'* Exemplary
of its predictive validity, longitudinal studies of ‘at risk’ populations,
such as individuals with a family history of SUD, demonstrate fron-
tal predisposing alterations prior to the onset of substance
abuse.*>1® Furthermore, substance use induces long-lasting changes
in frontal regions that partially explain compromise of inhibition
function, leading to impaired control over use.!” Combining beha-
vioural and cerebral markers, we previously demonstrated that func-
tional connectivity within inhibition-related resting-state networks
could prospectively predict the frequency of substance use when
both inhibition and use are assessed throughout the day via EMA
(Chirokoff et al. submitted). Having demonstrated the value of com-
bining an executive functional network with a behavioural measure
of inhibition, the current study employed MR diffusion tensor
imaging (DTI) to extend our search for anatomical biomarkers that
underly inhibition dysfunction and enhance substance use predic-
tion. The integrity of the anatomical connections within the brain,
namely, white matter, is crucial for enabling efficient functional con-
nectivity'® and cognitive functioning.® Compromise of the white
matter bundles between the frontal cortex and other subcortical
and cortical sites has already been linked to tobacco,?° cannabis?!
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and alcohol““ use. Hence, white matter impairments could underlie
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both the pattern of functional connectivity disruption resulting
from SUD and in turn disturb inhibitory control assessed in daily
life, each leading to substance use. Accordingly, we now aim to
determine whether and when white matter integrity can predict
drug use.

We indexed white matter microstructural integrity with DTI-
derived fractional anisotropy (FA) to test cerebral regions underlying
inhibitory performance measured with EMA in SUD. These measures
enabled testing the hypothesis of white matter fibre integrity predict-
ing daily use, moderating momentary inhibition performance, and
predicting previously identified resting-state connections relevant to
predicting later substance use. To test for specificity of brain-
behaviour relations in patients with SUD, we included a sample of par-
ticipants without a history of SUD to compare measures of inhibition

and white matter integrity between the groups.

2 | METHOD

21 | Participants
Volunteers provided written informed consent to participate in this
study. Forty-one individuals with SUD were recruited from Centre
Hospitalier Charles Perrens, where they were initiating their first
month of regular outpatient treatment for addiction to substance use.
All patients fulfilled the DSM-5 criteria for a current primary use dis-
order related to alcohol, tobacco or cannabis. These patients received
comprehensive care, including pharmacotherapy, individual beha-
vioural treatments (such as relapse prevention and psychosocial sup-
port) or a combination of both. Abstinence was encouraged but with
no consequences for patient care or study participation if this goal
was not reached. Patients with multiple SUDs were eligible for inclu-
sion if one substance (alcohol, tobacco or cannabis) was prioritized for
treatment, as determined by the patient and the psychiatrist. Hence,
the primary substance was defined as the substance targeted for
treatment and used to constitute the alcohol, tobacco, and cannabis
groups. To evaluate substance-related data, a validated French version
of the Addiction Severity Index (ASl), which had been modified for
tobacco addiction, was employed.?>~2> The Interviewer Severity Rat-
ings from the ASI sections were used to assess the severity of addic-
tion. This rating generates a score from O to 9, representing mild
severity from 2 to 3, moderate from 4 to 5, severe from 6 to 7 and
very severe from 8 to 9.

Participants with a history or current diagnosis of bipolar or
schizophrenia disorder, as assessed using the Mini International Neu-

),26 were excluded. However, SUD

ropsychiatric Interview 5.0.0 (MINI
patients presenting with a current comorbid depressive disorder were
included. Thirty-six healthy control participants were recruited
through community announcement and had to have no past or cur-
rent psychiatric or neurological disorders. Additionally, all participants
needed to be free from conditions that would hinder the use of a

smartphone and MRI scanning. This study adhered to the ethical
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standards outlined in the Helsinki Declaration and received approval
from the ethical committee ‘Comité de Protection des Personnes de
Sud-Ouest et Outre-Mer I’ (no. 2014-A01668-39).

22 | Procedure
Prior investigations have demonstrated the feasibility and validity of
EMA methodology in studies related to SUD.?” Before commencing
the experimental phase, all participants underwent a training session
to ensure the successful use of a designated smartphone (Samsung
Galaxy S with a 10.6 cm screen, 12-point font size) employed in the
study. Each participant carried the smartphone for a duration of 7 days
and responded to five electronic surveys per day. These surveys were
randomly distributed across five equally spaced time intervals
between the participant's self-determined ‘start” and ‘end’ of the day.
Full completion was encouraged, and participants who completed
more than 75% of the assessments received 50€ in-store vouchers.
For a subsample of participants, magnetic resonance imaging
(MRI), including DTI, resting-state functional MRI and anatomical
scans, was conducted 48 h prior to the EMA phase. Subjects who
completed both the EMA assessments and the MRI scans were eligi-
ble to receive store vouchers with a value of up to 100€ as compensa-
tion. The sample size for the MRI analyses was estimated using the
package pwr available on R.22 For a linear regression with 1 predictor
(inhibition performance) with a minimal power of 0.80, an alpha level
of 0.05 to detect a medium effect size (R?> = 0.20), we estimated that

32 subjects would be needed.

2.3 | EMA assessments

2.3.1 | AQuestionnaires assessments

At each assessment, participants reported if they used any substance
or the substance they are treated for (nhamed primary substance) since
the last survey and rated their current craving level on a scale from
one (no desire or urge) to 7 (extreme desire or urge to use a substance).
Both any substance and the primary substance were later used in the

analysis as outcomes.

2.3.2 | Cognitive mobile tests: Stroop task

Mobile neuropsychological tests were randomly implemented in two
out of the five daily surveys to assess executive functioning via a vali-
dated mobile colour-word interference test similar to the Stroop
test.?? This test included the interference condition of a traditional
Stroop task where participants had to name as quickly as possible the
ink colours of 16 words of colour names that were incongruent with
the ink colour (i.e. the word ‘blue’ written in red). The resulting audio
files recorded through the smartphone were analysed for precise

response times, with longer time indicating poorer inhibition abilities.

Addiction Biolo
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24 | MRI acquisition

Brain imaging data were collected on a 3.0 Tesla GE MRI system using
a 32-channel head coil. Anatomical volumes were acquired using a sag-
ittal 3D T1-weighted (repetition time (RT) = 8.5 ms, echo time (ET)
= 3.2 ms, flip angle = 11°, field of view (FOV) = 256 mm x 256 mm,
voxel size =1 mm®, 176 slices, 9.58 mn). Following the anatomical
scan, resting-state functional images were collected using a single-shot
echo-planar sequence (RT=22 s, ET=27ms, flip angle =80°,
FOV = 192 mm x 192 mm, voxel size=3 mm x 3 mm x 3.5 mm,
42 axial slices, 11.07 mn), during which participants were instructed to
keep their eyes closed, remain awake and not think about anything in
particular. Lastly, the DTI images were collected following a spin echo
2D axial echo-planar weighting  protocol, with
5 b =0/1500 mm?/s, 64 gradients directions, TR = 16.025 mm,
TE = 86.8 mm, number of slices = 64, FOV = 256 mm, phase = A/P,
resolution = 2 x 2 x 2 mm, 17.54 mn).

diffusion

241 | Preprocessing

The structural and diffusion MRI were preprocessed using the publicly
available Scalable Informatics for Biomedical Imaging Studies (SIBIS)
pipeline.*® All MRIs were inspected by a radiologist for anatomical
anomalies that could interfere with image analysis, resulting in the
exclusion of 4 controls and 2 patients with SUD. For each subject,
skull stripping and aligning with the SRI 24 atlas®! were performed by
non-rigidly registering the T1w to the atlas with advanced normaliza-
tion tools (ANTs).3? The b = 0 scan of the DTI sequence was aligned
to the structural MRI by non-rigidly aligning the bO to the T1lw via
computational morphometry toolkit (CMTK) (https://www.nitrc.org/
projects/cmtk/). After realignment and skull-striping, the pipeline per-
formed removal of bad single shots, echo-planar structural distortion
and eddy-current distortion correction via FMRIB Software Library
(FSL),® and FA skeleton estimation by Tract-Based Spatial Statistic
(TBSS).%* The computed FA skeletons were later used in the whole
brain analysis. Images underwent automatic and visual quality control,

resulting in the exclusion of 1 control and 1 patient with SUD.

242 | Resting-state fMRI

Analyses were described previously (Chirokoff et al. submitted) and
summarized here. Preprocessing steps included bias field correction,
skull stripping, MNI normalization, segmentation, slice timing, motion
correction, distortion correction, coregistration, regression of
motion parameters and bandpass filtering were conducted using
fMRIPrep.> After preprocessing, resting-state networks were com-
puted via dictionary learning and decomposed into 84 regions of
interest. Regression analyses were conducted in the SUD group using
the Conn toolbox to identify connections in which connectivity
strength correlated with mean Stroop performance in the SUD

groups while correcting for age. The results were corrected for
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multiple comparisons using a false discovery rate (FDR) with an alpha
level of 0.05.

2.5 | Statistical analyses

2.5.1 | EMA variables of interest
We calculated each participant's mean Stroop performance (in ms)
across the entire week of EMA assessments to serve as the metric for

correlation in neuroimaging analyses.

2.5.2 | Rs-fMRI connections of interest
Regions of interest were based on activations studies citing the
involvement of the right middle occipital gyrus, right middle and

% angular gyrus®’

orbital frontal areas, right parietal inferior areas,’
and the cerebellum®® in Stroop tasks and previous work conducted in
our laboratory for which connections are illustrated in Figure S1.
Using the same sample, our previous work revealed that mean
Stroop time in the SUD group was significantly linked to rs-
connectivity strength in seven connections: the right angular - right
superior occipital area, right middle occipital area and - the interior
parietal, - middle orbital frontal, - middle frontal, - angular, - cerebellar
lobule IX and - vermis 10 (Chirokoff et al. submitted). For the current

study, connectivity strength within these connections was extracted

Time e
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both in the SUD and control group to be analysed conjointly with

white matter integrity.

2.5.3 | Whole brain analysis of TBSS skeletons in
the SUD group

General linear modelling (GLM) in the SUD group was used to assess
the link between the mean Stroop performance and whole-brain FA
skeletons derived from TBSS. Mean Stroop performance across the
week was entered into a regression model to predict whole-brain FA
values within the mean FA skeletons masks using the function ran-
domise from FSL.3? Results were tested against null distributions
using 500 permutations, corrected for multiple comparisons using
threshold free cluster enhancement (TFCE), and considered signifi-
cant at p < 0.05. Resulting clusters were automatically labelled via
Atlasquery from FSL using Johns Hopkins University (JHU) atlas®® in
the SRI24 space. Mean FA values in the surviving clusters were then
extracted in both the SUD and control groups to be analysed con-
jointly with demographics and EMA-derived variables.

2.54 | Conjoint analysis of FA values and EMA-
derived variables

We compared FA values within clusters between SUD and control

groups using analysis of covariance (ANCOVA) to control for the

Stroop
(In ms)

FA values* Stroop interaction model
Use Stroop
14000 (Yes=1; No=0) (In ms)
Momentary
Time t Previous Use Score

( / FA values
Time t +1 @

FIGURE 1 Mixed model procedure from the raw data. Legend: During a typical day of EMA assessment, participants had to report if they
used anysubstance and their primary substance (for the SUD sample) 5 times and had to complete theStroop mobile testing twice. The week of
assessment hence results in 35-time point assessmentsof substance use and 14 assessments of inhibition functioning that can be lagged in time
topredict the next time point's assessments (Time t+1) from the immediately preceding time pointassessments (Time t). By treating each time
point as a repetition, we modeled the prediction offuture use (at time t4-1) by the current Stroop performance (at time t) while controlling
fromprevious use (at time t). FA values within each cluster were then entered as a moderator of theStroop / use link. To do so the Stroop scores
at each time point is multiplied by FA values ofeach cluster, resulting in an interaction term FA value * Stroop for each time t. This interactionterm
is entered as predictor of subsequent use (at time t +1) while correcting for previous use(at time t). This is similar to a moderation analysis where
FA values (indicated by the red arrow)modified the strength of the prediction between inhibition and use (indicated by the blackarrow).
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interaction age * group effect. Similarly, in the SUD group, these
indexes were also compared between sex, comorbidity and type of

primary substances using ANCOVA while controlling for age.

2.5.5 | Hierarchical modelling analysis of FA values
and EMA variables

To assess a potential indirect relation between white matter integrity
and substance use in the SUD group, we conducted generalized linear
mixed-effects models (for binomial outcomes) using the Imer4 pack-
ages available on R.*!

EMA enables the assessment of target variables repeatedly and
intensively in real time, resulting in numerous successive observa-
tions of a variable at different time points t. We modelled a time lag
in our raw EMA measures to predict substance use at time t + 1
from momentary Stroop performance and substance use at time t. In
other words, each observation of the Stroop performance at the
given time predicted substance use at the following assessment
time, and this prediction was repeated for every successive time
point (Time 1 predicts Time 2 that predicts Time 3, ...). To avoid
contamination of night-time effects, this time lag excluded all predic-
tions of the first assessment of a new day by the last assessment of
the previous days.

We entered Stroop performance at time t into our model centred
around the subject's own mean for the week as a first-level predictor
of substance use at t + 1 while controlling for previous use at time
t. We then entered the interaction between FA values in the signifi-
cant clusters from the whole brain analysis and each time point assess-
ment of Stroop (FA values * Stroop time t) as a predictor of
subsequent use at time t + 1 while controlling for previous use at time
t, age, sex, primary substance type and addiction severity as control
variables. This iterative interaction model (FA values * Stroop) is equiv-
alent to moderation testing where white matter FA values could mod-
ify the relation between Stroop and subsequent use. To ensure that
the moderation effect was specific to the Stroop, we tested for a
potential interaction between FA values and craving at time t
(FA values * craving time t). In each model, control and independent
variables were entered as fixed effects, and random effects on the
first-level slope equations were added. First-level continuous predic-
tors were centred around the participant's own level, and second-level
continuous predictors were centred around the group mean. Dichoto-
mous predictors at each level were entered uncentred. Missing data at
the first level were discarded from the analyses. All analyses were con-
sidered significant at p < 0.05 uncorrected. lllustrations of the proce-

dure, from the raw data to the mixed model, are presented in Figure 1.
2.5.6 | Conjoint analysis of DTl and rs connectivity
with Stroop-related connection variables

Entering data from all participants (that is, SUD and controls), we con-

ducted a linear model using Imer4 packages available on R*! to predict

Addiction Biole

Descriptive statistics of the control and SUD sample (n = 69).

TABLE 1

= 6)

Cannabis (N

=13)

Tobacco (N

=19)

Alcohol (N

= 38)

Any SUD (N

=31)

Control (N

%

SD

%

sD

%

sD

%

SD

%

sD
7.

1245

32.33

10.15

46.46 ¢

11.36

44.32

11.86

43.16

73

34.35%**

Age

62.50 20 81.81

50

51.42

Sex (% male)

1.67

11

2.56

13.69

227

13.53

244

13.18

3.06

14.42

Education (years)

8.33

35.71

18.75

Current comorbidity
Addiction severity (ASI)

0.84
1.60
6.65

7.50

6.50
4.09
21.70
12.60
12.55
0.53
0.54

1.07
1.50
9.58
9.34

6.15
2.67
18.80
17.00
13.06

0.61
0.86
7.92

8.62

6.53
2.84
24.90
11.30
16.32

0.82
1.30
8.46
8.78

6.39
3.03
22.05

SS.

>

0.04
2.74

1.01
2.05

Craving level

Any substance use (occasions per week)

13.20
14.56
0.50
0.50

Primary substance use (occasions per week)

4.18

3.52
0.06
0.06

7.97

6.38

2.90

10.39*

Mean Stroop time (s)

0.04
0.05

0.50
0.51

0.49 0.06
0.06

0.49

0.06
0.06

0.04
0.04

0.53
0.52

Mean FA left anterior corona radiata and corpus callosum

Mean FA right anterior corona radiata and corpus callosum

Abbreviations: A, alcohol # tobacco; ASI, Addiction Severity Index; B, alcohol # cannabis; C, tobacco # cannabis; FA, fractional anisotropy; M, mean; Max, maximum; Min, minimum; s, second; SD, standard

deviation; SUD, substance use disorder.
*p < 0.05.**p < 0.01.**p < 0.001.
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FA value within our clusters from connectivity strength in the connec-
tions linked to Stroop performance highlighted in our previous stud-
ies. Group (control vs. SUD), age and sex were entered as control
variables, and results were considered significant at p < 0.05

uncorrected.

TABLE 2 Clusters and associated probabilities of belonging to
each label.

Cluster 1 Cluster 2
ROI
Anterior corona radiata 46.18% (left) 52.41% (right)
Superior corona radiata 0.17% (left) 4.23% (right)
Body of corpus callosum 19.35% 16.81%
Genu of corpus callosum 14.43% 14.75%
Unclassified 19.86% 11.80%

SSAEL™
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3 | RESULTS

3.1 | Sample characteristics

The SUD group was composed of 38 individuals (19 men,
mean age 43.16 + 11.86), including 19 treated for primary alcohol,
13 for tobacco and 6 for cannabis use disorders. The control
group included 31 healthy participants (16 men, mean age
34.35 +7.73). Table 1 presents the descriptive statistics for each

group.

3.2 | Whole brain analysis of TBSS skeletons

FA values within two clusters were significantly and negatively linked

to the mean Stroop times in the SUD group, that is, higher FA values

f= . R N
-._', H\ -
el i

FIGURE 2 Voxels in which fractional anisotropy (FA) values are significantly linked to shorter mean Stroop times, indicating better
performances, in the substance use disorder (SUD) group. Legend: Results of the GLM whole brain analysis using the function randomize from FSL
toevaluate the link between FA values in participant's skeletons and their mean Stroop Timeduring the week. Significant voxels are highlighted in
orange and negatively linked to theStroop Time, indicating that higher FA values is linked to better inhibition performance.
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TABLE 3
their interaction with Stroop and craving at time t.

Outcome at time t + 1 related to use of ...

Addiction Biole

s —WILEY--2%

Results of the substance use as outcomes models: prediction of substance use at time t + 1 by fractional anisotropy (FA) values and

Primary substance

Any substance

Predictors Y

Left anterior corona radiata and corpus callosum —-0.4310

Right anterior corona radiata and corpus callosum —0.3363

Left anterior corona radiata and corpus callosum * Stroop 0.4295
time t

Right anterior corona radiata and corpus callosum * Stroop 0.3358
time t

Left anterior corona radiata and corpus callosum * craving 0.0909
time t

Right anterior corona radiata and corpus 0.0425

callosum * craving time t

SE Z-value p-value vy SE Z-value p-value
0.2974 -1449 0.147 -0.6712 03912 -1.716 0.086
0.3099 -1.085 0.278 —0.8237 03991 -2064 0.039°
0.1596 2.691 0.007° 0.4675 0.2300 2032 0.042°
0.1609 2.087 0.036° 04165 0.2342 1778 0.075
0.0880 1.032 0.302 0.1025 0.1220 0.840 0.401
0.0929 0457  0.647 0.0276  0.1300 0.213  0.832

aSurviving correction for previous use at time t, age, sex, addiction severity and primary substance type.
bSurviving correction for previous use at time t, age, addiction severity but not sex and primary substance type.

predicted faster Stroop times. Both clusters encompass the left (for
Cluster 1) and right (for Cluster 2) anterior corona radiata and the

genu and body of the corpus callosum (Table 2 and Figure 2).

3.3 | Group comparisons

The results of all group comparisons are presented in Table 1. Com-
parison of the SUD versus control group did not reveal any significant
differences in FA values between groups while adjusting for an
age * group interaction. Within the SUD group, the FA values did not
differ significantly between the alcohol, tobacco and cannabis sub-
groups for either cluster (left and right left anterior corona radiata and

corpus callosum)

3.4 | Mixed models in the SUD group: use,
inhibition, FA value and resting-state networks

34.1 | Associations between FA values, Stroop
performance and substance use

As presented in Table 3, higher FA in the right anterior corona radiata
and corpus callosum significantly predicted a lower probability of any
substance use at time t + 1. FA in the left anterior corona radiata and
corpus callosum significantly moderated the link between Stroop per-
formance at time t and the use of any substance at time t + 1, indicat-
ing that higher FA significantly enhanced the link between greater
inhibition at a given time and subsequent use. As illustrated in
Figure 3A, a lower probability of any substance use at time t + 1 was
associated with higher FA value within left anterior corona radiata
and corpus callosum and shorter Stroop time compared with the rest
of the week at time t (—1 standard deviation). Lower FA value within

the same cluster was associated with a high probability of use regard-
less of Stroop functioning at time t.

The interaction between FA values in both clusters and Stroop
performance at time t significantly predicted the use of the primary
substance at time t 4+ 1. As illustrated in Figure 3B,C, higher FA values
within both clusters and shorter Stroop time compared with the rest
of the week (—1 standard deviation) were associated with the lowest
probability of use. However, for patients with the lowest FA values,
shorter Stroop Time was inversely associated with a high probability
of use. No significant interactions were found between FA values in
either cluster and craving.

34.2 | Associations between FA values and resting-
state networks

As a potential explanation for the interplay between white matter
and inhibition, higher FA values within left anterior corona radiata
and corpus callosum in the overall sample significantly predicted
stronger rs-fMRI connectivity between the right middle occipital
cortex and two regions: right frontal middle orbital and vermis lob-
ule 10. Higher FA value within the right anterior corona radiata and
corpus callosum significantly predicted weaker resting-state connec-
tivity between the right superior occipital and the right angular
region and stronger connectivity between the right middle occipital
and the right frontal middle orbital regions. These results are dis-

played in Table 4.

4 | DISCUSSION

Our study is the first to integrate white matter microstructural integ-

rity into the multiple levels of impairment that SUD patients exhibit in
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(A)

100% -

Probabilty of Any Substance use at time t+1

90% =

Stroop Time (s)
attime t
— -1sd
— Mean

— +1sd
80% -

70% -

032 0.38 0.44 0.50 0.56
FA values in Cluster 1

(B)

Probability of Primary Substance use at time t+1

80% -

60% -
Stroop Time (s)
attime t
— -1sd
~ Mean
— +1sd

40% -

20% -

0.32 0.38 0.44 0.50 0.56
FA values in Cluster 1

F ity of Primary Sub: use at time t+1
60% -
Stroop Time (s)
attimet
— -1sd
40% - —— Mean
— +1sd

20% -

I

0.32 0.38 0.44 0.50 0.56 0.62
FA values in Cluster 2

FIGURE 3 (A-C) Association between use of
substance at time t 4 1 for any (A) and primary
substance (B) and fractional anisotropy (FA)
values within left anterior corona radiata and
corpus callosum and right anterior corona radiata
and corpus callosum (C) for shorter, mean, and
longer Stroop time centred around the week at
time t. Legend: lllustration of the probability of
use associated with FA value in our clusters
dependingon Stroop Time performance at time t:
shorter time compared to the rest of the week (-1
standarddeviation) indicating better performance
in red, habitual mean time for the week in blue
andlonger time compared to the rest of the week
(+1 standard deviation) indicating
worstperformance in green. S.d.: standard
deviation (centered about each individual's mean
across the week).

real time as they decide to use or to refrain from the use of a sub- anticipate the time and type of substance use recorded daily, thereby

stance. Neuroimaging measures of functional and structural connec- identifying neural and behavioural mechanisms that contribute both

tivity were predictive of the degree of inhibitory control exerted to to enabling and to inhibiting substance use.
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TABLE 4

Addiction Biole

s —WILEY--22%

Prediction of rs connectivity strength within the seven previously highlighted connections by FA values in left anterior corona

radiata and corpus callosum and right anterior corona radiata and corpus callosum.

Predictors: FA value within

Left anterior corona radiata and corpus

Right anterior corona radiata and corpus

callosum callosum
Outcomes: resting-state connectivity strength between vy Z-value p-value vy SE Z-value  p-value
Occ. Sup R-Angular R -0.0275 0.0167 -1.642 0.106 -0.0439 00177 -2483 0.0162°
Occ. Mid R-Par. Inf. R 0.0086  0.0169 0.503 0.617 0.0071  0.0185 0.383 0.703
Occ. Mid R-Fron. Mid. Orb. R 0.0363  0.0165 2197  0.032° 0.0347  0.0167 2079 0.043°
Occ. Mid R-Vermis 10 0.0516  0.0236 2191  0.033? 0.0493  0.0259 1.904 0.062
Occ. Mid R-Angular R. -0.0006 0.0167 -0.037 0971 —-0.0037 0.0182 -0.20 0.843
Occ. Mid R-Fron. Mid. R 0.0020 0.0174 0.116 0.908 0.0024 0.0189 0.128 0.899
Occ. Mid R-Cereb. 9R 0.0279  0.0231 1.207 0.233 0.0104 0.0255 0.409 0.684

Abbreviations: FA, fractional anisotropy; SUD, substance use disorder.
aSurviving correction for control versus SUD, age and sex.
bSurviving correction for control versus SUD, sex but not for age.

The results herein highlight the well-defined role of frontal corti-
cal connections in sustaining inhibition functioning and acting as a risk
or resilience factor for substance use. We expanded our knowledge
about the constellation of mechanisms contributing to the timing of
substance use by demonstrating that FA fibre integrity of the corpus
callosum and corona radiata moderated the immediate protective
effect of inhibition function on use assessed in real life via EMA. As a
possible underlying mechanism, we also demonstrated that FA values
in these clusters were linked to the functional resting-state connec-
tions that subserve efficient inhibition abilities. Hence, our study
argues for a multiple level of impairments contributing to use,
whereby impaired white matter structural integrity in anterior brain
systems underlies functional impairment in executive inhibitory con-
trol networks and compromised everyday-life expression of inhibition,
leading to a weakened ability to refrain from using a substance.

Low FA values typically reflect low coherence of the linear micro-
structure of white matter tracts.*? As presumed outcomes of the toxic
effect of substance use, studies demonstrated that FA values
decrease with heavy*® or long-term drinking,** continued smoking*®
and cannabis use*® generally with lower scores being linked to poorer
clinical outcomes. In our study, lower FA values in clusters encom-
passing the callosal genu and body and the bilateral anterior corona
radiata were linked to poorer mean inhibition performance assessed
via mobile Stroop testing in the SUD sample. The corpus callosum is
the largest white matter tract of the brain*” in which fibres originating
from the genu cross to connect frontal areas, and fibres from the body
form the major interhemispheric brain tracts, including the corona
radiata.*® Microstructural differences in the corpus callosum between
the SUD and the controls are usually observed across all types of sub-
stances (for an extensive review of similarities across substances, see
Hampton et al.*%). Studies in non-SUD individuals additionally
revealed the high sensitivity and specificity of the corpus callosum
integrity to predict inhibition functioning compared with grey matter

indexes.”® Our clusters linked to mean inhibition functioning

additionally encompassed the anterior region of the bilateral corona
radiata, a region known for its projection from and to prefrontal
areas®! that form part of the limbic-thalamo-cortical circuitry.>?
Similarly, lower FA values in this tract have previously been linked to

greater tobacco,”® alcohol??

and polydrug use compared with con-
trols.>* In addition to its compromise in the SUD population,
integrity within the anterior corona radiata also predicts better inhibi-
tion functioning assessed via classic Stroop testing in healthy popula-
tions.>® Relevantly, this region was also found to mediate abnormal
activation during an inhibition task among individuals with a family
history of substance misuse, a population at high risk of developing
SuD.*

In addition to replicating the involvement of the corpus callosum
and the corona radiata in inhibition using mobile testing, our study
emphasized a strong link between brain anatomy and functioning. In
our overall sample, higher FA within both clusters was linked to
higher connectivity in right occipital-frontal connections that we pre-
viously highlighted as benefitting inhibition functioning (Chirokoff
et al. submitted). Higher FA value within left anterior corona radiata
and corpus callosum was also linked to higher connectivity strength
between the right occipital area and vermis 10. By contrast, higher
FA in our right anterior corona radiata and corpus callosum was
linked to weaker connectivity in occipito-angular connection at rest
that was identified as detrimental to inhibition performance
(Chirokoff et al. submitted). Indeed, white matter integrity has been
observed to constrain resting-state network organization, strength®”
and even adaptation.>® Notably, it has been demonstrated that
chronic substance use such as alcohol exposure affects white matter
microstructural integrity, leading through disturbed functional con-
nectivity to decreased cognitive flexibility in rats.>® A possible expla-
nation for the involvement of our highlighted white matter regions in
sustaining inhibition abilities in SUD populations could reside in its
links to functional connectivity, as previously suggested in patients

with hypertension.®®
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Our most striking result was the relation between white matter
integrity and the momentary expression of inhibition abilities, sustain-
ing its impact on subsequent use. We previously demonstrated in our
SUD sample that the efficiency of everyday-life inhibition functioning
was a strong predictor, and protector, of immediate use. In the current
study, this protective effect was found to be moderated by white mat-
ter integrity within the corpus callosum and corona radiata, whereby
higher integrity appeared to enable inhibition to protect against the
use of any substance. This moderation effect was more nuanced for
the primary substance, whereby high FA values were associated with
a low probability of use. Yet, patients with lower FA values exhibit a
surprising effect, whereby better inhibition was associated with higher
use risk. Further indication that the moderation effect was specific to
inhibition was our observation that interactions denoting moderating
effects did not occur with craving. As such, we speculate that our
results tend toward a dissociation of craving and inhibition in the
prediction of use. We previously suggested that the regulation of
craving and inhibition in real life could operate independently in non-
overlapping functional networks (Chirokoff et al. submitted). The
current study could lend additional credence to the view that craving

and inhibition could be operating in parallel®!

and on independent
processes themselves fluctuating in time.® Temporal fluctuations in
the interactions between both processes could explain the discrep-
ancy between the overlap®? or the independence (Chirokoff et al. sub-
mitted) that craving and inhibition can display and highlight the
necessity of assessing the fluctuations of these real-time predictors

of use.

4.1 | Limitations

This exploratory study offers preliminary leads of white matter
impact on everyday use that necessitates future replications, with a
larger sample size, hence our findings must be taken with caution.
Regarding further limitations, it should be noted that our study did
not replicate the previously observed differences between SUD and
the control group concerning FA values in our clusters.*’ However,
our SUD sample was significantly older than the control group, and
our comparison analyses included correction for an interaction
between age and group (control vs. SUD). The potential differential
effect of age in both populations has previously been highlighted®®
and emphasizes the need for further investigations with age-matched
groups. Similarly, and in response to the need to identify common
mechanisms across different types of SUD,%* we conducted our anal-
ysis in a mixed sample of patients treated for primary alcohol,
tobacco and cannabis use disorders, recognizing the need for replica-
tion in larger samples.

Whereas we hypothesized a possible dissociation between crav-
ing and inhibition regulation in real life, this study did not aim to
assess the specific links that both predictors shared in ecological set-
tings. Additional studies are needed to investigate the overlap
between the cerebral markers of real-time predictors of use related to

craving and inhibitory control. Furthermore, the relationship between

CHIROKOFF ET AL.

stronger inhibition in real time and use in the patients with the lowest
FA values calls for a better understanding of the moderator explaining
this unexpected relation if real or dispelling it if a chance event. As a
possible confounder, future studies could also incorporate objective
biomarkers of use before and after EMA assessments.

Finally, readers should consider the observed effects as modest
as our EMA analyses did not include corrections for multiple

comparisons.

4.2 | Conclusion

This study is the first to translate the involvement of white matter
integrity in inhibition and use into ecological conditions in a patient's
life, outside of classical laboratory testing, and demonstrate the neces-
sity of investigating how addiction-related impairments interact in real
time. As a possible interpretation, our results could indicate that rela-
tively preserved inhibitory functioning despite white matter alter-
ations in frontal connections would not enable efficient prevention
from use. In this context, targeting white matter plasticity and
recovery®® with sustained alcohol sobriety, brain stimulation® or even
cognitive training®” could be crucial to maximize the benefits associ-

ated with traditional addiction treatments.
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