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Abstract

Background—~Previous research has associated abnormalities in frontal lobe functioning with
alcohol relapse. In this study, we used diffusion tensor imaging to investigate whether frontal
white matter integrity measured at the start of treatment differs between persons with alcohol use
disorders (AUD) who sustain treatment gains and those who return to heavy use after treatment.

Methods—Forty-five treatment-seeking AUD inpatients and 30 healthy control subjects were
included in the study. Six months after completing treatment, 16 of the AUD participants had
resumed heavy use (RHU) and 29 others remained abstinent or drank minimally (treatment
sustainers [TS]). Voxel-wise group comparisons (TS vs. RHU) were performed on fractional
anisotropy (FA), radial diffusivity (RD), and axial diffusivity maps generated from each subject’s
diffusion tensor imaging scan at the start of treatment.

Results—We found significantly lower FA and significantly higher RD in the frontal lobes of
the RHU group, relative to the TS group. The RHU group data are consistent with previous reports
of abnormal frontal white matter tract abnormalities in persons with AUD.

Conclusions—It is possible that the lower FA and higher RD in the RHU group reflect
microstructural injury to frontal circuitries, and these may underlie the reduced cognitive control
amid heightened reward sensitivity associated with resumption of heavy drinking.
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Alcohol use disorder (AUD) is characterized by continued use despite significant health
and/or social consequences (1). This feature is emphasized by the high rates of posttreatment
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relapse such that over 50% of individuals treated for AUD resume drinking at harmful levels
within 1 year (2,3). With such high rates of resumption of use and in an effort to develop
more targeted treatments, it is important to investigate the constellation of factors that
contribute toward relapse. Psychosocial factors, such as stressful life events, personal coping
strategies, degree of craving, mood state, and cognitive appraisals of alcohol expectancies,
are understood to affect treatment outcomes (4-6). Additionally, neurocognitive factors,
such as inhibition, working memory, decision making, and overall cognitive impairment,
have been associated with posttreatment outcomes (7-12).

The degree to which neural system factors relate to AUD treatment gains has also been
investigated and has helped to implicate certain biomarkers that relate to better or worse
treatment outcomes. Identification of biomarkers that are associated with treatment gains is
vital toward developing targeted treatment agents, whether psychopharmacologic or
psychosocial, and toward matching individuals to the treatment that may best assist them in
recovery (13). Within this context, an intriguing picture is beginning to evolve that closely
follows current neurobiological models of addiction. Such models are characterized by
modifications in reward circuitry such that an increase in reward saliency of substance-
related cues and behaviors is often coupled with a decrease in cognitive control governed by
the prefrontal lobes (13-18). Indeed, abnormal frontal lobe structures and frontal-related
neuropsychological dysfunction are well documented in persons with long-term AUD (19—
27). Moreover, these control and reward networks are thought to be the primary targets for
current AUD treatments (13).

Consistent with this framework, neurobiological evidence from imaging and
electroencephalogram studies suggests a disruption of the frontal circuitry of persons with
AUDs who resume heavy drinking relative to those who maintain abstinence. For instance,
reduced baseline frontal cerebral blood flow (11) and abnormal electroencephalogram
signals from the frontal lobes (28,29) have been associated with relapse. In addition, lower
baseline metabolite levels have been reported in the frontal and temporal lobe regions
involved in reward circuitry in treatment-seeking persons with AUD (30,31). Brain
volumetric measures of the amygdala and frontal cortex have also been shown to be
predictive of relapse and craving (32-35). Additionally, greater activation of the striatum,
anterior cingulate gyrus, and medial prefrontal cortex in response to visual alcohol cues (36)
and thalamic and striatal activation in response to affectively positive stimuli (37) were
found to be related to subsequent alcohol relapse.

This study seeks to increase our understanding of the neurobiological factors associated with
the resumption of heavy drinking by examining microstructural integrity of cerebral white
matter, a consequential neural system component not fully investigated in previous studies
predicting alcohol relapse using diffusion tensor imaging (DTI), a neuroimaging method
used to investigate white matter structural integrity (38). Diffusion tensor imaging is
sensitive to the random motion of water molecules within white matter and yields measures
such as fractional anisotropy (FA) that describe intravoxel directional coherence of water
molecules and provides an index of white matter structural integrity (39,40). Within
substance abuse research, reductions in FA have been associated with the diagnosis of AUD,
duration of alcohol abuse, and cognitive performance (41-48).
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In addition to FA, measures such as axial diffusivity (AD) and radial diffusivity (RD) can
also be used to describe white matter integrity. Axial diffusivity refers to the amount of
diffusion along the primary direction of diffusion and has been interpreted as describing
axonal integrity (49,50). Radial diffusivity refers to the average diffusion along the two axes
orthogonal to the primary diffusion direction and has been interpreted as a measure of
myelin integrity (49,50). Both AD and RD have been shown to differ between persons with
AUD and healthy control subjects (46,48).

The primary aim of this study was to determine whether frontal white matter integrity
measured at baseline differed between those who resumed heavy drinking after treatment
and those who maintained treatment gains. It was hypothesized that the baseline frontal FA
of persons with AUD who go on to resume heavy drinking would be significantly lower than
the baseline FA of those who maintained treatment gains at 6 months. A voxelwise analysis
using Tract-Based Spatial Statistics (TBSS) was chosen since this method allowed for
accurate white matter integrity comparison across subjects (51). In addition, within regions
of significantly reduced FA, we anticipated finding higher RD and lower AD in the heavy
use group, suggesting myelin and neuronal compromise, respectively. Finally, we
investigated whether pretreatment alcohol use characteristics are related to DT metrics with
the expectation that greater drinking severity would be related to lower FA, higher RD, and
lower AD.

Methods and Materials

Participants

Institutional Review Board approval for this study was obtained from the University of
California, San Diego and Veterans Affairs San Diego Healthcare System (VASDHS).
Participants in this study included 45 recently detoxified persons with AUD undergoing
inpatient treatment for AUD at the VASDHS Alcohol and Drug Treatment Program and 30
non-AUD control subjects. The treatment program is based on a cognitive-behavioral/
relapse prevention approach through both group and individual therapy and consists of 4
weeks of inpatient treatment followed by 8 weeks of outpatient treatment. AUD participants
met DSM-IV (1) criteria for alcohol dependence based on a Structured Clinical Interview for
the DSM-1V administered by trained research psychiatrists at the VAS-DHS Alcohol
Research Center. Furthermore, to be included in this study, AUD participants must have
consumed at least the equivalent of 560 g of pure ethanol each week for the most recent 5
years (52). Alcohol use disorder participants were approached after their treatment intake
and were provided details regarding the purpose of the study and compensation amount. The
control participants were recruited from advertisements in the local community and based on
structured interview had never met DSM-1V criteria for AUD or any other DSM-IV Axis |
disorder.

Exclusionary criteria included a DSM-1V diagnosis of (nonalcohol) substance abuse
disorder in the preceding 5 years; a history of a diagnosed neurologic disorder unrelated to
AUD, lifetime history of head injury with loss of consciousness exceeding 15 minutes, and
current or past diagnosis of a major medical disorder that may interfere with cognitive
functioning, including cirrhosis of the liver, cerebrovascular disease, chronic obstructive
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pulmonary disease, insulin dependent diabetes mellitus, and collagen-vascular disease; and
hospitalization for a psychiatric condition that preceded the onset of the AUD.

All subjects who met study inclusion criteria underwent a structured interview to gather
information on participants’ drug use history, history of mild head trauma, smoking status,
family history of AUD, and estimated lifetime history of alcohol consumption via timeline
followback (53,54). An alcoholic beverage was considered to have approximately 12.5 g of
pure ethanol and was equivalent to 1) one 12-ounce can of beer, 2) 4 ounces of wine, or 3)
1.5 ounces of distilled spirits. During the standard course of inpatient treatment, regular
monitoring of blood and urine for the presence of alcohol was performed to assure sobriety
before the magnetic resonance imaging (MRI). Participants were also administered the Beck
Depression Inventory (55). Family density of AUD was calculated by assigning loadings (.5
for parents and .25 for grandparents) to those relatives with AUD, as reported by the
participant, resulting in a range of values from 0 to 2 for each participant, indicating low to
high density (56). Alcohol use disorder participants received MRI scanning while in
inpatient treatment and were scanned after a minimum of 2 weeks sobriety to minimize the
effects of acute detoxification.

Classification of Return to Heavy Use

Participants or collaterals (e.g., spouses or other family members) were contacted by
telephone 6 months after the initial scan to determine current drinking status as part of a
larger longitudinal study. The focus was to identify those subjects that resumed heavy
drinking at or near pretreatment levels and not a temporary slip. Thus, participants or
collaterals were asked if the participant drank more than three drinks per day for 1 month
within the past 6 months. Sixteen of the AUD participants reported resuming drinking at or
near pretreatment levels consistent with the above definition and were classified as returned
to heavy use (RHU). Twenty-one AUD participants reported no alcohol intake during this
time. Eight other AUD participants reportedly had consumed some alcohol within 6 months
but for brief and isolated periods, much less than the >3 drinks per day for at least 1 month
threshold. These 8 plus the 21 total abstainers constituted the group of treatment sustainers
(TS). Ten of the initially enrolled participants were unable to be contacted at this or other
follow-up time points and these subjects were removed from the subsequent analyses.

As presented in Table 1, all groups were similar in age (range: 31-64), education, race and
ethnicity, gender, and family density of AUD (56). At the time of the scan, the RHU and TS
groups did not significantly differ in most estimated alcohol use characteristics, except for
drinking quantities over the past 30 days, where the RHU group had higher levels of average
number of drinks per drinking day. Days abstinent before the scan, number of times seeking
treatment for AUD, Beck Depression Inventory scores, frequency of past drug abuse, and
current smoking status did not significantly differ between AUD groups.

Diffusion Tensor Imaging Protocol

Diffusion tensor imaging data were obtained via a General Electric (Fairfield, Connecticut)
Echospeed LX 1.5T scanner located at the VASDHS using a single-shot, stimulated-echo
sequence with spiral acquisition (echo time = 100 msec, repetition time = 6000 msec, slice
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thickness = 3.8 mm, field of view = 240 mm, and in-plane resolution of 3.75 x 3.75mm).
Diffusion data were acquired in 42 directions, with a b-value of 1745 sec/mm?2. A single
nondiffusion weighted (b = 0) image was also acquired. For each direction and b-value, four
identical acquisitions were performed and averaged to produce the images.

Image Processing

Image processing was conducted using tools from the Functional Magnetic Resonance
Imaging of the Brain Software Library (FSL; Oxford, United Kingdom) (57) (http://
www.fmrib.ox.ac.uk/fsl). Each volume was inspected for quality during each image
processing stage and five subjects were excluded due to poor image quality owing to motion
or other artifact. These five subjects were identified and removed before the determination
of relapse status and are not included in Table 1. For each remaining subject, minor motion
and eddy current artifacts were corrected using FSL EDDY_CORRECT. A brain mask of
the nondiffusion weighted image was created using FSL’s Brain Extraction Tool (58), which
served to restrict tensor calculation to the parenchyma. Data were fitted to the diffusion
tensor model (40), and the eigenvectors, associated eigenvalues (A1 > Ay > A3), and FA were
computed using FSL DTIFIT. Axial diffusivity was defined as the amount of diffusion
corresponding to the principal diffusion direction (AD = \;). Radial diffusivity was defined
as the average of the two eigenvalues orthogonal to the principal diffusion direction [RD =
(A2 + X3)/2].

DTI Data Analyses

Tract-Based Spatial Statistics version 1.2 (51) was used to perform the between-group FA
comparison. First, each subject’s FA data were aligned to a template using a nonlinear
registration algorithm (FSL FNIRT) and then affine-transformed to the Montreal
Neurological Institute 152 template and upsampled to 1 x 1 x 1 mm3. Next, a mean FA
image was generated from the transformed images. The mean FA image was then thinned to
create a mean FA skeleton that characterizes the centers of all fiber tracts common to all
subjects. An FA threshold of .2 was applied to the mean skeleton to maintain strong tract
correspondence across subjects by omitting voxels that are primarily gray matter or
cerebrospinal fluid. To account for imperfect between-subject registration, the thresholded
skeleton was superimposed onto each subject’s FA image, and a spatial search algorithm
was used to map local maximum FA value onto each skeleton voxel. The transformations
and search criteria derived from each FA map were then applied to both the AD and RD
maps for each subject. This method produced 75 aligned FA, AD, and RD skeletons with
voxel values unique to each participant.

Voxelwise between-subject statistics for the entire white matter skeleton were calculated
using FSL’s Randomise program version 2.1 (http://www.fmrib.ox.ac.uk/fsl/randomise/
index.html), a non-parametric, permutation-based statistical program appropriate for the
nonnormal distribution of FA data (51,59). Threshold-free cluster enhancement (60) was
used to correct for multiple comparisons.

Voxels comprising any significant clusters were then deprojected from their position on the
skeleton back to each subject’s native diffusion space by reversing the skeletonization
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process via the TBSS_DEPROJECT command. This step was done to verify voxel-tract
coherence in native space. Finally, FA, AD, and RD values were extracted from these
cluster voxels within each subject to be used for further analysis.

Results
TBSS Analyses

The results of voxelwise analysis of FA between RHU and TS groups are presented in
Figure 1. This comparison revealed that the RHU group had significantly lower FA than the
TS group throughout the frontal lobes bilaterally (mean ¢= 2.08, mean p = .046) and
nowhere else within the cerebral white matter. Identification of tracts included in the
significant cluster was guided by two atlases available in FSL (ICBM-DTI-81 white matter
labels atlas and the JHU white-matter tractography atlas). The cluster included voxels
corresponding to the bilateral forceps minor, the genu and anterior body of the corpus
callosum, the bilateral uncinate fasciculi, the right superior corona radiata, and the left
anterior internal capsule. There were no regions where FA was greater in the RHU group
relative to the TS group. Additionally, using the methods described above, a voxelwise
analysis of RD and AD failed to reveal significant group differences. When participants
were grouped as any drinking versus alcohol abstinence, no significant group differences
were found (p > .05).

Within-Cluster Analysis

Figure 2 summarizes the results of the within-cluster comparisons of the extracted FA, RD,
and AD values between RHU, TS, and non-AUD control subjects. This analysis was
performed to investigate the relative contributions of RD and AD toward the observed FA
difference. Control subjects were included in this analysis to demonstrate the direction of the
differences relative to normative expectations. Consistent with the voxelwise results, there
were significant omnibus group differences in FA, F(2,72) = 6.38, p=.003, 1y =.15. Post
hoc pairwise comparisons with Bonferroni correction (corrected a =.0167) found that the
RHU group significantly differed from control subjects, #(72) = 3.09, p=.003, Cohen’s d

= .89, while the TS group did not, ¢(72) =.36, p=.718, d=.09. The finding of lower FA in
the RHU group compared with the TS group was corroborated, #(72) =3.37, p=.001, d=.98,
and remained after controlling for average number of drinks per drinking day in the past 30
days (analysis of covariance), ¢(71) =2.92, p=.005, d (adjusted means) =.86.

Radial diffusivity values differed significantly between groups, ~(2,72) =6.09, p=.004, 1,
=.14. Bonferroni corrected pairwise comparisons found that the RHU group had
significantly higher RD than and control subjects, £(72) = 3.43, p=.001, d= .99, while RD
did not differ significantly between TS and control subjects, ¢(72) = .86, p= .40, d=.20.
The RHU group had higher RD than the TS group, #(72) = 2.73, p=.008, d= .80, a finding
that was somewhat attenuated after controlling for average drinks per drinking day in the
past 30 days, ¢(71) = 2.21, p=.03, d (adjusted means) = .64. Axial diffusivity values did not
differ significantly between groups, ~(2,72) = 2.05, p= .14, np = .05.
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Correlations with Alcohol Use Variables

Correlation analyses of the mean FA, RD, and AD values extracted from the significant
cluster and alcohol use variables were conducted within and across AUD subgroups.
Lifetime number of drinks and years of AUD did not correlate with DTI metrics in partial
correlation controlling for age (o> .05). In addition, drinking histories in the past 30 days
before treatment and in the past year did not significantly correlate with DTI values (p> .
05). Interestingly, days since last drink correlated with both FA (r=.397, p=.036) and RD
(r=-.388, p=.041) in the TS group, whereas such relationships were not found in the RHU
group (FA: r=-.077, p=.793; RD: r=-.109, p=.710). However, these correlations
account for 2 of 15 correlations tested and are thus subject to inflated type I error.

Discussion

To our knowledge, this is the first study to explore baseline white matter integrity in drug or
alcohol addiction resumption of heavy use using DTI. The results support our hypothesis of
lower frontal white matter integrity in those who resume heavy drinking relative to those
who maintain treatment gains. Importantly, this group difference persisted even after
accounting for the baseline differences in recent drinking severity. The observation of higher
radial diffusivity in the RHU group relative to the TS group may suggest demyelination
(50), though this interpretation remains controversial (61). The results comport with other
findings that suggest a disruption of frontal circuitry in those treatment-seeking persons with
AUD who resume heavy drinking (11,28-34).

Frontal lobe damage can result in disinhibition wherein behavior may be overly influenced
by immediate reward saliency and prepotent response tendencies (62,63). Indeed, prefrontal
cortical deficits during cognitive control tasks have been demonstrated in patients with AUD
(64) and reductions in rostral callosal white matter integrity have been associated with
heightened impulsivity and reduced cognitive control in persons with stimulant addiction
(65,66). Moreover, the cluster includes white matter tracts that abut the right ventromedial
frontal cortex (yellow-range voxels in Figure 1), a region associated with decision-making
impairments (67,68). Thus, the affected white matter structures interconnect brain regions
integral to inhibitory control and decision making, both critical deficits associated with
addiction that may have a profound effect on one’s ability to discontinue use (13,16,17).

Addiction is thought to involve modifications of reward circuitry in consequence to the
reinforcing attributes of the substance of abuse. Thus, there is a potentiation of conditioned
rewards (e.g., alcohol-associated cues) mediated by limbic connections among the ventral
tegmental area, the nucleus accumbens, and the amygdala, with simultaneous dysregulation
of frontal circuits involved in outcome appraisal, response inhibition, and cognitive control,
which contribute to continued substance use despite unfavorable health and social outcomes
(13-18). The observed difference in frontal white matter integrity may be a consequence of
the described neuroadaptive modifications in reward circuitry. More intriguing, the relative
reduction in white matter integrity in the relapse group may indicate alcohol-related damage
to the frontal white matter, as has been described in numerous reports, both in vivo using
MRI methods and postmortem (23,27,69). The potentially compromised cognitive control
induced by the degraded frontal white matter integrity, coupled with the increased reward
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saliency of alcohol-associated cues and behaviors, may make maintaining treatment gains all
the more difficult for those treatment-seeking persons with AUD with compromised frontal
white matter.

The correlations between the white matter integrity and length of sobriety in the TS group
should be interpreted with caution due to multiple comparisons. However, they suggest that,
within a relatively short time frame (i.e., mean duration of abstinence of 24 days), the frontal
white matter within the TS group may experience a recovery with abstinence, or minimal
use, while the RHU group may not. Such a correlation between white matter integrity and
duration of alcohol abstinence in adults with AUD has been previously reported (43), though
this does not fully explain the lack of this association in the RHU group.

Our finding that cluster DTI values differed between the RHU group and control subjects
but not between treatment sustainers and control subjects, despite similar lifetime and recent
drinking histories, corresponds with other findings of normal baseline brain measures in
AUD patients who go on to maintain abstinence (31,32). Thus, as most alcohol use variables
in the current study do not appear to be related to the white matter measures, it is possible
that factors beyond alcohol use may contribute to the observed white matter integrity
difference between AUD groups. Genetic predispositions that have been associated with
both AUD recovery (70) and pre-AUD brain structure of persons at high risk of AUD (71)
may have contributed to the findings. The AUD subgroups do not differ with respect to their
family history of AUD, though other genetic factors were not investigated and may help to
explain this disparity. Nonetheless, findings such as these reaffirm the multifactorial nature
of the development and maintenance of AUD.

In terms of treatment implications, our findings suggest that those with compromised frontal
white matter integrity may struggle to sustain treatment gains following this particular
treatment model, whereas persons with more robust frontal white matter may continue to see
treatment gains some 6 months after the start of treatment. Biomarkers of this kind, as well
as other relevant information, may be used to identify the treatment options most appropriate
for each patient in the ongoing effort toward individualized care (13).

Several limitations of the present study should be noted. The classification of relapse
remains controversial, and there are several criteria by which one may designate relapse,
which is, in part, why the phrase “resumers of heavy use” was chosen. The method used in
this study was designed to identify those subjects who resumed drinking at substantial
levels, defined as more than three drinks per day for at least 1 month during the 6-month
follow-up. However, since our criteria were specific to this study, comparison with other
studies of resumption of use at hazardous levels is made more difficult. In the future, it
would be desirable to employ standardized criteria, such as those of Project Matching
Alcoholism Treatments to Client Heterogeneity (MATCH) (72). In practical terms, however,
our criteria probably are not too dissimilar from those such as from Project MATCH. For
example, MATCH defines relapse as daily consumption for 3 or more days exceeding six
drinks (men) or four or more drinks (women). Conceptually, both criterion sets identify
those that resume drinking at a substantial level.
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We did not account fully for some factors known to affect alcohol relapse, such as
environmental context and degree of craving (4-6). While factors such as the severity of the
AUD and the number of prior times in treatment may be related to treatment outcome, these
factors did not differ between AUD subgroups in the current study. Due to the limited
recruitment of female subjects, possible gender differences in relapse susceptibility were not
explored, and the current findings may not generalize beyond male subjects. In addition, this
study would have been strengthened by including alcohol use data from other time points,
including a more detailed account of use at the follow-up interview, as opposed to the binary
designation of heavy use versus limited use. Future studies of this kind may collect alcohol
use data across multiple time points, including at treatment intake, at the termination of
treatment, and at the follow-up periods specific to the study. The interpretation that RD may
correspond to myelin integrity in cerebral white matter has been questioned (61), as this
interpretation was initially based on extra-cerebral white matter (50). Further research in this
area is needed to determine to what extent RD relates to such neurostructural properties.
Diffusion tensor imaging also carries limitations, such as failure of the tensor model to
account for crossing fibers (73,74).

In summary, the results indicate that AUD participants who resume heavy drinking after
achieving abstinence in the course of treatment had significantly lower frontal white matter
integrity than the treatment-sustaining group in regions associated with decision making,
impulse control, and executive functioning. Such a pattern of suboptimal microstructural
frontal integrity coincides with current neurobiological models of addiction processes that
emphasize reduced frontal lobe mediated cognitive control and heightened reward
sensitivity in addiction and it may represent a biomarker that indicates the need for a
particular treatment.
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Figure 1.
Results of Tract-Based Spatial Statistics analysis (overlaid on Montreal Neurological

Institute 152 image) depicting tract regions that differ significantly between those with
alcohol use disorder who resumed heavy use within 6 months of treatment and those who
maintained treatment gains. Note that affected regions include bilateral forceps minor, the
genu and anterior body of the corpus callosum, the bilateral uncinate fasciculi, the right
superior corona radiata, and the left anterior internal capsule.
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Radial Diffusivity

TS RHU C

Within-cluster analysis results. Comparison of baseline mean fractional anisotropy, axial
diffusivity, and radial diffusivity among the treatment sustainer, return to heavy use, and
healthy control groups (note: error bars represent SEM). AD, axial diffusivity; C, healthy
control; FA, fractional anisotropy; RD, radial diffusivity; RHU, return to heavy use; TS,

treatment sustainer.
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