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Abstract

Background—Similarities between behavioral and substance addictions exist. However, direct
neurobiological comparison between addictive disorders is rare. Determination of disorder-
specificity (or lack thereof) of alterations within white-matter microstructures will advance
understanding of the pathophysiology of addictions.

Methods—We compared white-matter microstructural features between individuals with
gambling disorder (GD; n=38), cocaine-use disorder (CUD; n=38) and healthy comparison (HC;
n=38) participants, as assessed using diffusion-weighted magnetic resonance imaging (dMRI). To
provide a more precise estimate of diffusion within regions of complex architecture (e.g., cortico-
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limbic tracts), analyses were conducted using a crossing-fiber model incorporating local-
orientation modeling (tbss_x). Anisotropy estimates for primary and secondary fiber orientations
were compared using ANOVAs corrected for multiple comparisons across space using threshold-
free cluster enhancement (pFWE<.05).

Results—A main effect of group on anisotropy of secondary fiber orientations within the left
internal capsule, corona radiata, forceps major and posterior thalamic radiation, involving reduced
anisotropy among GD and CUD participants in comparison to HC participants. No differences in
anisotropy measures were found between GD and CUD individuals.

Conclusions—This is the first study to compare diffusion indices directly between behavioral
and substance addictions and the largest dAMRI study of GD. Our findings indicate similar white-
matter microstructural alterations across addictions that cannot be attributed solely to exposure to
drugs or alcohol and thus may be a vulnerability mechanism for addictive disorders.

Keywords

behavioral addiction; substance-use disorder; diffusion tensor imaging (DTI); impulsivity; alcohol-
use disorder; pathological gambling

Introduction

Neuroimaging data suggest similarities between behavioral and substance addictions which
may relate to disease etiology (1-9). However, direct comparisons between addiction
subtypes are needed to confirm this hypothesis and to advance pathophysiological
understanding of disorder subtypes via identification of unique versus shared
neurobiological characteristics (10), as is consistent with ongoing transdiagnostic research
efforts (11-13).

Alterations within white-matter (WM) tracts, as assessed using diffusion-weighted magnetic
resonance imaging (dAMRI), have been reported among individuals with gambling disorder
(GD) (1-3) and with substance addictions including cocaine-use disorder (CUD) (6, 7, 14),
consistent with theories of common mechanisms of addictions (3). In addition, recent studies
indicate neural functional similarities between CUD and gambling disorder GD (4, 9).
However, the extent to which neural structural alterations are truly shared across addictive
disorders has not been assessed previously. Identification of common and distinct neural
structural features of addiction subtypes may be used to guide development of novel
intervention based on known brain features, particularly as dMRI measures have been shown
to link to neurocognition and behavior and may be sensitive to behavioral and
pharmacological interventions (3, 15-17). Therefore, this study tests the hypothesis of
shared WM tissue alterations between behavioral and substance addictions, via comparison
of dMRI measures from individuals with GD, individuals with CUD and healthy comparison
(HC) individuals.

All previous dMRI studies of GD (1-3) and CUD (6, 7, 14, 15, 18-25) have utilized tensor-
derived indices of diffusion such as fractional anisotropy (FA), mean diffusivity (MD),
parallel (‘axial’) and perpendicular (‘radial’) diffusion. Interpretation of these measures is
relatively straightforward within the context of anatomical structures with uniform fiber
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orientations (26), such as the corpus callosum (27). However, within the context of more
complex WM architecture - i.e., when a given voxel contains fibers of different orientations,
as in most areas of the brain (28) - interpretation of these measures is more ambiguous,
making it difficult to make appropriate inferences with respect to underlying biology (26,
29-33). This limitation has been recognized for years (28, 33, 34), and it was recently
estimated that up to 90% of WM voxels contain crossing fibers (28).

To address the ambiguity of tensor-derived measures, newer analytic approaches allow for
estimation of diffusion for multiple fiber orientations per voxel and provide more precise
estimates of diffusion within regions of complex fiber architecture (26, 30, 31, 35); for
example, cortico-limbic and association tracts implicated in reward-processing and addiction
vulnerability such as the corticospinal tracts, corona radiata and thalamic radiations (36, 37).
Reduced FA within these and other regions of complex fiber organization have been reported
among individuals with GD and CUD, albeit not consistently across studies; e.g., (2, 3, 14,
18, 19). Estimation of multiple diffusion orientations for regions of complex fiber
architecture in addicted populations may therefore be helpful in reconciling existing data.

We compared dMRI measures between individuals with GD, individuals with CUD, and HC
individuals using the crossing fiber model proposed by Behrens and colleagues (35). We
hypothesized that individuals with GD and individuals with CUD would exhibit reductions
in anisotropy measures when compared to HC participants but would not differ from one
another on these measures. Specifically, we anticipated that, as in earlier studies of GD and
CUD separately (1-3, 14, 19, 20, 24), individuals with addictions would have reduced
anisotropy within WM tracts including the genu, splenium, internal capsules, thalamic
radiations, corona radiata and superior longitudinal fasciculus.

Given effects of chronic alcohol-use on WM (38, 39), previous dMRI studies have either
excluded GD participants with a history of alcohol-use disorders (AUDs) (3) or else tried to
control for possible effects of AUD histories post-hoc (1, 2). These approaches have
significant benefits (e.g., diagnostic specificity), yet - given the high co-occurrence rates of
AUDs among individuals with GD (40, 41) may risk limiting generalizability of findings to
real-world clinical populations. In order to allow for comparisons related to AUDs, we
included equivalent numbers of GD and CUD individuals with and without histories of
AUDs (approximately 50% per patient group). Based on previous findings of reduced FA
within the corpus genu among individuals with AUDs (1, 38, 39, 42, 43), we anticipated that
reductions in anisotropy measures within the genu would be greater among patients with a
history of AUDs, versus those without.

Elevated rates of impulsivity have been reported among individuals with a range of
addictions, and this has been hypothesized as a shared vulnerability marker across addictions
and other disorders (44, 45). Thus, a third aim of this study was to assess the relationship
between impulsivity and WM characteristics across diagnoses. We anticipated replicating
previous findings of negative associations between frontal WM and self-reported impulsivity
among individuals with GD and CUD within the anterior corpus callosum (e.g., genu) (1, 7).
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Methods

Participants

GD, CUD and HC individuals who participated in dMRI protocols as part of ongoing fMRI
research projects in conjunction with the Center for Excellence in Gambling Research, the
Psychotherapy Development Center and the Clinical Neuroscience Research Unit at Yale
University’s Department of Psychiatry were considered for inclusion in this study. To
increase signal-to-noise for dMRI analyses (46), only participants with two complete dMRI
acquisitions (acquired during the same scanning session) of good quality (based on visual
inspection by two separate researchers) were considered for inclusion in this study. Other
inclusion criteria included a DSM-IV diagnosis of pathological gambling (GD participants
only) or cocaine-use disorder (CUD participants only), as assessed via structured clinical
interview (SCI-PG (47) and SCID (48)). Exclusion criteria for GD and CUD participants
included contraindication to MRI scanning (including head trauma) and a history of
psychotic symptoms. Additional exclusion criteria for HC participants included any past or
current Axis-I disorder with the exception of nicotine dependence and any current or past
psychotropic medication exposure. Based on these criteria, 38 individuals with GD were
selected for study inclusion. Thirty-eight HC and 38 CUD comparison participants were
further selected for study inclusion based on their demographic and clinical information in
relation to GD participants (details below and in Table 1), for a final sample of 114
individuals.

HC and CUD groups were group-matched to GD participants as closely as possible for years
of education, age and gender. However, years of education was significantly higher among
HC participants in comparison to both patient groups. This variable was included as a
regressor-of-no-interest in all subsequent analyses.

CUD participants were matched to GD participants as closely as possible for occurrences of
major depression, anxiety disorders, and alcohol-, tobacco-, cannabis-, and opioid-use
disorders. This matching was successful for all variables with the exception of tobacco-
smoking which was significantly higher among CUD participants (X2=5.85 , df=2, p=0.02).
Frequencies of other disorders were equivalent across patient groups (Table 1). Following
tobacco-use disorder, AUDs were the most prevalent co-occurring disorders among patient
groups (~50%); however, AUDs were remitted in all individuals with the exception of two
GD and three CUD individuals. Three participants were taking psychotropic medication.
One GD participant was taking sertraline, buspirone and hydroxyzine, one GD participant
was taking sertraline, and one CUD participant was taking trazadone.

Data acquisition

Diffusion-weighted images were acquired between 2006 and 2014. Due to an equipment
upgrade in 2009, data acquisition was performed using two 3T Seimens Trio scanners. Sixty
individuals (22 GD, 21 CUD, 17 HC) were scanned on one system and 54 individuals (16
GD, 17 CUD, 21 HC) were scanned on the other, and these frequencies did not differ
between participant groups (X2=1.48, df=2, p=0.48). Forty contiguous slices parallel to the
AC-PC line were acquired with the following parameters: TR = 7400 ms; TE = 115; B
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values = 0, 1000s/mm?; bandwidth = 1396 Hz/px; directions = 32 [+0]; slice
thickness=3.0mm; averages = 2. dMRI data from five GD participants were included in a
previous publication (1).

Image analysis

Pre-processing and diffusion estimates—dMRI data were analyzed in FSL using
recommended tract-based spatial statistics (TBSS) procedures (26, 30, 49): dMRI
acquisitions (two per participant) were corrected for gradient coil eddy currents and head
movement using affine registration (46, 49). These acquisitions were averaged prior to brain
extraction, fitting of the diffusion tensor and calculation of FA using dti_fit. Multiple
diffusion estimates (one for each fiber orientation) per voxel were obtained using a partial
volume model, as operationalized in FSL’s Bayesian Estimation of Diffusion Parameters
Obtained using Sampling Techniques for Crossing Fibers (BEDPOSTX) (26, 35). This
method uses Markov Chain Monte Carlo sampling to estimate probability distributions of
diffusion parameters and provides voxelwise modeling of multiple fiber orientations in the
form of partial volume estimates (PVEs; one per orientation) (26, 35, 46). PVEs
corresponding to the primary and secondary fiber orientations (PVE1 and PVE2,
respectively) for each voxel were incorporated in TBSS analyses using tbss_x (26). This
included alignment of FA images to a common space (FMRIB58_FA) using nonlinear
registration (FNIRT) prior to affine transformation to MNI152 space. Standard space FA
images were concatenated, averaged and thinned to create the mean FA skeleton (49).
Individual participant aligned FA, PVE1 and PVE2 data were projected onto the mean
skeleton for voxelwise statistical analyses.

ROI analysis of partial volume estimates—The corpus genu and corticospinal tracts
were selected as a priori regions-of-interest (ROIs) to assess the effect of the partial volume
model on anisotropy estimates within regions characterized by relatively uniform fiber
orientations versus those characterized by crossing fibers, respectively (27, 50). Details of
ROIs are provided in the Supplemental Materials.

Between-group comparisons—One-way analyses of variance (ANOVAs) were
conducted to compare GD, CUD and HC participants on anisotropy measures (FA, PVEI,
PVE2). Separate t-tests were then used for group-wise comparisons (GD vs. HC; CUD vs.
HC; GD vs. CUD) of anisotropy measures identified as significantly different across the
three groups. All statistical models included years-of-education and scanner as variables of
no interest and were conducted using FSL’s ‘randomise’ with 5000 permutations. Resultant
statistical maps were family-wise-error (FWE) corrected for multiple comparisons using
FSL’s threshold-free-cluster-enhancement (TFCE) and considered significant at a=.05.

Analyses related to other clinical variables—In order to test our second and third
hypotheses, diffusion measures for the corpus genu ROI were entered into SPSS for analyses
related to AUDs and impulsivity (further details below). Values for clusters identified as
significantly different across groups were also extracted for post-hoc analyses related to
these variables. Additional post-hoc analyses were conducted to determine effects of
tobacco-use and other drug-use on diffusion measures.
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AUDs—Post-hoc analyses related to AUDs were conducted as follows. First, within-group
GLMs (GDayp. versus GDaup+; CUDpup. versus CUD pyp.) of diffusion indices were
conducted to determine the effects of AUDs within these groups. Next, between-group
comparisons excluding all individuals with an AUD history were conducted to determine
whether between-group findings remained significant after excluding these individuals.

Impulsivity—Self-reported impulsivity was assessed using the Barratt Impulsiveness Scale
(BIS-11) (51). Correlational analyses were conducted in SPSS using Pearson’s r.

Comparison of PVEs in regions of uniform versus crossing fibers

As shown in Figure 1, PVEs for primary fibers were significantly higher within a region of
uniform fiber orientations (corpus genu) than within a region of crossing fiber orientations
(corticospinal tract; t=41.54113), p<.001), whereas the opposite pattern was observed for
secondary fiber PVEs (t(113)=-20.54, p<.001).

Voxelwise group comparisons

There was no main effect of group on FA or on primary fiber PVEs, as assessed using
voxelwise ANOVAs corrected for multiple comparisons across space (pFWE<.05; for
reference, uncorrected results for FA are shown in Supplemental Figure S1). There was a
significant main effect of group on secondary fiber PVEs within two clusters involving
decreased anisotropy among GD and CUD individuals in comparison to HC participants
(Figure 2, Table 2). The first cluster included the left forceps major and extended laterally
into regions including the posterior thalamic radiations and posterior corona radiata. The
second cluster primarily included the posterior limb of the left internal capsule and extended
into the superior corona radiata. These findings remained significant after controlling for
tobacco-smoking and other (non-alcohol) substance use (details in Supplement).

In order to further understand the nature of the identified main effect, group-wise
comparisons of secondary PVEs across the mean skeleton were conducted (Table 2,
Supplemental Figure S2). These analyses confirmed findings from the ANOVA of decreased
anisotropy of secondary fibers within regions including the posterior thalamic radiations,
corona radiata, forceps major and internal and external capsules among both GD and CUD
groups when compared to HC participants. The analyses further indicated reductions among
GD and CUD versus HC groups within regions including the superior longitudinal
fasciculus and cerebral peduncles. No significant differences in anisotropy measures were
found between GD and CUD groups.

Relationship to AUD histories

Following exclusion of GD and CUD patients with a history of AUDs (n=40), between-
group differences in secondary fiber PVEs within the identified clusters remained significant
(internal capsule: Fp g9)=14.72, p<.001; forceps major: F5 69=19.23, p<.001). No
significant effect of AUDs on secondary fiber PVEs within either cluster were found among
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GD (internal capsule: F(; 35)=0.30, p0.59; forceps major: F(j 35=0.30, p=0.59) or CUD
(internal capsule: F(j 35=0.22, p=0.64; forceps major: F(; 35=0.30, p=0.87) participants.

Within the corpus genu ROI, primary fiber PVEs were decreased (F(q 35=7.52, p=0.01) and
secondary fiber PVEs were increased (F(1 35y=5.93, p=0.02) among GD participants with a
history of AUDs in comparison to those without (Figure 3). There were no significant
differences in PVEs between CUD participants with and without AUDs (primary fibers:
F(1,35y=0.41, p=0.53; secondary fibers: F(; 35)=0.07, p=0.80; Figure 3).

Relationship to impulsivity

There were no significant associations between FA or PVEs within the corpus genu and
BIS-11 scores within any of the three participant groups or across the sample as a whole.
Across all participants, secondary fiber PVEs within the internal capsule and forceps major
clusters were negatively associated with BIS-11 scores (1 110)=—0.35, p<.001; (1 110)=
—0.44, p<.001). However, these associations were not significant when assessed within
diagnostic groups separately (i.e., no significant association between BIS-11 scores and
anisotropy measures among CUD, GD or HC groups).

Discussion

dMRI data from 114 individuals were analyzed to identify shared versus unique
characteristics of GD and CUD. Given recent advancements in tractography algorithms and
local-orientation modeling (30), analyses were conducted using tbss_x (26, 35). This method
provides diffusion estimates of primary and secondary fiber orientations in the form of PVEs
to ensure that diffusion measurements correspond to the same fiber populations across
individuals (26). As anticipated, and consistent with known anatomy (26, 27, 50, 52),
secondary PVEs were significantly lower within regions of uniform fiber orientations (genu)
than within those characterized by crossing fibers (corticospinal tract). Consistent with our
primary hypothesis, individuals with GD and CUD had reduced anisotropy within cortico-
limbic tracts when compared to HC participants, but did not differ from one another on
anisotropy within these regions. Notably, these alterations were observed within regions of
complex WM architecture (internal capsule, forceps major, thalamic radiation) (50, 52) and
were found for secondary (non-dominant) and not primary fiber orientations.

Areas identified as differentiating GD and CUD from HC groups included portions of
cortico-striatal and parietal-occipital tracts previously implicated in reward-processing and
addiction vulnerability; e.g., the internal capsule, corona radiata, and forceps major (36, 37,
53-55). The internal capsule separates the thalamus and caudate from the putamen and runs
adjacent to the ventral striatum (52, 56) and has been implicated previously in GD (2) as
well as in other candidate behavioral addictions; e.g., internet gaming disorder (57, 58). FA
within this region has been positively associated with reward-related nucleus accumbens
activity in healthy adults (53). Thus, it is possible that reduced internal capsule anisotropy
may be a neural structural mechanism for blunted ventral striatal activity previously reported
in both GD and CUD populations(4, 59, 60), or for alterations in ventral striatal functional
connectivity recently reported in both GD and CUD individuals (9).
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The forceps major crosses the splenium of the corpus callosum to form interhemispheric
parietal-occipital connections (61). Recent multimodal data implicate the forceps major in
default-mode and dorsal-attention network alterations among individuals with attention-
deficit/hyperactivity disorder (62). Thus, altered anisotropy in this region may relate to
alterations in these networks. However, multi-modal, transdiagnostic research is needed to
test these hypotheses as well as to determine whether associations between dMRI and fMRI
measures are similar between behavioral and substance addictions.

Contrary to expectations, anisotropy estimates (FA, PVE1, PVE2) for the corpus genu were
not different across participant groups. Previous studies have yielded somewhat equivocal
findings for this region, with decreases in FA reported in some (1, 2, 7, 25) but not all (3, 18)
prior studies of GD and CUD. In comparison, reduced FA within the genu among
individuals with AUDs has been relatively consistently reported; reviewed in (42).
Consistent with this, PVEs for primary fibers were reduced among GD patients who had a
history of AUDs, in comparison to those without. Somewhat surprisingly, secondary PVEs
within this region were increased among GD participants (although these values were still
low, as would be anticipated in an area of mostly uniform fiber orientations) (26). The genu
is primarily comprised of relatively uniformly oriented, densely packed fibers (63, 64); thus,
reductions in primary fiber anisotropy in this region likely reflect reduced fiber density (e.g.,
as opposed to changes in myelination) (63). The meaning of increased secondary fiber PVEs
within the genu remains to be determined; however, one hypothesis is that this may relate to
aberrant compensatory development of non-dominant fibers (65).

When examined separately within diagnostic groups, self-reported impulsivity (BIS-11 total
score) was not associated with anisotropy measures (FA, PVE1, PVE2). After combining
diagnostic groups, correlational analyses indicated a negative association between
anisotropy within the internal capsule and forceps major clusters across all participants. This
finding is consistent with dimensional and transdiagnostic concepts of impulsivity (45), and
of psychiatry more generally (11, 66), but does not support the hypothesis that
microstructural WM characteristics are related to individual variability in impulsivity within
GD or CUD diagnoses per se.

No differences in internal capsule or forceps major anisotropy were observed between GD
and CUD groups, suggesting that alterations in these regions may be a common feature of
behavioral and substance addictions. Consistent with this notion, GD and CUD participants
with and without lifetime AUDs did not differ in anisotropy in these regions, nor did GD
patients with and without histories of substance abuse or dependence. These data suggest
that reduced secondary fiber anisotropy within striatal and parietal-occipital regions is a
shared feature of addiction subtypes possibly related to disease etiology. Further research
(e.g., multimodal imaging) is needed to determine the precise functional significance of
these findings. Given that behavioral and pharmacological interventions have been linked to
changes in dMRI measures (16, 17), further studies might investigate how treatments and
treatment outcomes relate to WM-pathway differences among individuals with addictions.
However, as only three of the participants in this study were currently receiving medications,
we were not able to explore medication-by-group effects. We are also unable to exclude
possible influences of prior behavioral treatments on WM characteristics in this sample.
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Strengths, limitations and conclusions

To our knowledge, this is the largest AMRI study of a behavioral addiction (1-3) and the first
to directly compare dMRI measures between substance and behavioral addictions. Further
strengths of this study include the use of an optimized crossing fiber model, allowing for
direct comparison of the same fiber populations across individuals (26). These strengths
should nonetheless be considered within the context of some limitations. Our groups were
not well matched for years of education or tobacco-smoking. Although we controlled
statistically for these variables, we cannot exclude the possibility that some findings may
relate to between-group differences on these measures. We did not have a biological measure
of drug use at the time of scanning for all participants; thus, we cannot exclude the
possibility that acute cocaine intoxication may have influenced our study findings. To our
knowledge, no prior studies have assessed the effects of acute cocaine on dMRI measures,
and this will be an important area for further research. A further limitation of this study is
the absence of a common measure of addiction severity which would have allowed us to
explore relationships between neuroimaging measures and illness severity, as has been done
in functional MRI studies; e.g., (9, 67).

This is nonetheless the first attempt to identify common WM-related features between
behavioral and substance addictions. Findings of shared but not unique factors between
individuals with GD and CUD support the hypothesis of a common disease etiology across
addictive disorders. However, large-scale longitudinal research studies (e.g., NIDA’s
Adolescent Brain Cognitive Development (ABCD) initiative) are needed to directly test this
hypothesis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Partial volume estimates (PVEs) for primary and secondary fibers in the corpus genu
and corticospinal tract
Figure one shows partial volume estimates (PVEs) for a region of uniform fiber orientations

(corpus genu) and for a region associated with crossing fibers (corticospinal tract). Across
all participants (n=114), PVEs for primary fibers (PVE 1) were decreased and PVEs for
secondary fibers (PVE 2) were increased in the corticospinal tract in comparison to the
corpus genu. For reference, fractional anisotropy (FA) values are also shown. ***p<.001
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Figure 2. ANOVA results for secondary fiber partial volume estimates (PVE2)
Panel A shows main effect of diagnostic group on PVE2 values within the forceps major and

internal capsule. The mean FA skeleton is shown in light blue. Significant clusters (pFWE<.
05) were ‘thickened’ using tbss_{ill and for display purposes and are shown in red-yellow.
Images shown in radiological convention (left=right). Panel B shows individual partial
volume estimates for secondary fibers (PVE2) within the forceps major cluster. For
reference, different markers are used to indicate patients with and without lifetime alcohol-
use disorders (AUDs), with light blue indicating patients positive for AUDs (AUD+) and
dark blue indicating patients negative for AUDs (AUD-).
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Figure 3. Anisotropy of primary (PVE1) and secondary (PVE2) fibers for cocaine-use disorder
(CUD) and gambling disorder (GD) patients with and without lifetime alcohol-use disorders
(AUDs)
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Figure 3 shows individual partial volume estimates for primary fibers (PVEI; left) and
secondary fibers (PVE2; right) within the corpus genu. No differences in anisotropy were
found among CUD patients with and without lifetime AUDs. Primary fiber PVEs were
decreased and secondary fiber PVEs were increased among GD patients with a history of
AUDs in comparison to those without.

AUD+ = lifetime alcohol-use-disorder; AUD- = no lifetime alcohol-use-disorder; n.s.=not
significant; **p <01; *p<.05
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