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ABSTRACT

Background: We previously reported widespread microstructural deficits of brain white matter in alcohol-
dependent individuals (ALC) compared to light drinkers in a small 1.5T diffusion tensor imaging study
employing tract-based spatial statistics. Using a larger dataset acquired at 4T, the present study is an
extension that investigated the effects of alcohol consumption, abstinence from alcohol, and comorbid
cigarette smoking on white matter microstructure.
Methods: Tract-based spatial statistics were performed on 20 1-week-abstinent ALC, 52 1-month-
abstinent ALC, and 30 controls. Regional measures of fractional anisotropy (FA) and mean diffusivity
(MD) in the significant clusters were compared by Analysis of Covariance. The metrics were correlated
with substance use history and behavioral measures.
Results: 1-week-abstinent ALC showed lower FA than controls in the corpus callosum, right cingulum,
external capsule, and hippocampus. At 1 month of abstinence, only the FA in the body of the corpus
callosum of ALC remained significantly different from controls. Some regional FA deficits correlated with
more severe measures of drinking and smoking histories but only weakly with mood and impulsivity
measures.
Conclusion: White matter microstructure is abnormal during early abstinence in alcohol dependent treat-
ment seekers and recovers into the normal range within about four weeks. The compromised white matter
was related to substance use severity, mood, and impulsivity. Our findings suggest that ALC may ben-
efit from interventions that facilitate normalization of DTI metrics to maintain abstinence, via smoking
cessation, cognitive-based therapy, and perhaps pharmacology to support remyelination.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Cigarette smoking by itself has detrimental effects on neurobiology
and cognition (Bolego et al., 2002; Hawkins et al., 2002; Garey et al.,

Alcohol dependence is associated with significant brain injury,
negative health consequences (Sullivan, 2000; Oscar-Berman and
Marinkovic, 2003; Zahr, 2014), and nearly 88,000 annual deaths
in the United States (NIAAA, 2015). Around 80% of the alcohol-
dependent individuals in North America also smoke cigarettes
(Romberger and Grant, 2004; Durazzo and Meyerhoff, 2007).

* Corresponding author at: Weldon School of Biomedical Engineering, Purdue Uni-
versity, 206 S. Martin Jischke Drive, West Lafayette, IN 47907-2032, United States.
E-mail address: yukaizou2012@gmail.com (Y. Zou).
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2004; Durazzo et al., 2014a,b). In the United States, approximately
400,000 people die from cigarette smoking every year (Giovino,
2002), making it one of the largest preventable causes of death
(Danaei et al., 2009).

Magnetic Resonance Imaging (MRI) can assess non-invasively
the morphometry of brain tissue in alcohol use disorders (AUD)
(Zahr, 2014). Macrostructural MRI studies of AUD described loss of
gray matter (GM) and white matter (WM) volume (Pfefferbaum
et al., 1992; Rohlfing et al., 2006; Biihler and Mann, 2011;
Demirakca et al., 2011). A meta-analysis reported smaller GM vol-
umes in alcohol-dependent individuals compared to controls in
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the prefrontal cortex, posterior cingulate cortex, and dorsal stria-
tum (Xiao et al., 2015). Longitudinal MRI studies showed partially
reversible brain tissue loss with abstinence from alcohol, and the
underlying mechanisms likely involve remyelination and glial cell
proliferation (Sullivan and Pfefferbaum, 2005; Crews and Nixon,
2009). Recently, we reported WM volume recovery in alcohol-
dependent individuals over 7.5 months of abstinence, and frontal
WM showed the greatest change during the change over the first
month of abstinence (Durazzo et al., 2015).

Magnetic resonance-based diffusion tensor imaging (DTI) can
assess damage to the microstructure of WM tissue, potentially
reflecting fiber organization and myelin changes in the brain
(Basser et al., 1994; Mori and Zhang, 2006). Fractional anisotropy
(FA), a common DTI metric, is sensitive to neuronal characteristics
such as the axonal size, density, and myelination, while mean dif-
fusivity (MD) reflects the magnitude of water diffusion (Beaulieu,
2002; Mori and Zhang, 2006; Wozniak and Lim, 2006; Wheeler-
Kingshott and Cercignani, 2009; Jbabdi et al., 2010; Jeurissen et al.,
2013). WM fibers without pathology or injury typically show rel-
atively high FA, as the intact myelin layers restrict the directions
of water diffusion; lower FA (and the typically associated higher
MD) indicates less directed water diffusion and may suggest fiber
demyelination in pathological states (Pfefferbaum and Sullivan,
2005; Zahr, 2014). Widespread age-dependent microstructural
abnormalities have been reported in AUD via DTl and interpreted to
potentially reflect damage to myelin and axons (Pfefferbaum et al.,
2006; Yeh et al., 2009; Zahr, 2014; Sorg et al., 2015).

Tract-Based Spatial Statistics (TBSS) is a DTI analysis method
that creates a mean FA skeleton representing the major fiber bun-
dles connecting different cortical brain regions. It minimizes the
effects of geometric distortion from data acquisition, reduces par-
tial volume effects, and therefore improves the power of detecting
regional FA differences at group level (Smith et al., 2006; Bach et al.,
2014). We applied TBSS for determining microstructural differ-
ences between treatment-seeking alcohol-dependent individuals
and light drinkers: FA was lower in fibers within frontal WM, limbic
pathways, and between cortico-striatal regions; in the small group
of patients, associations between drinking severity and regional FA
were insignificant (Yeh et al., 2009). Other TBSS studies in alco-
hol dependence reported FA deficits specifically within cingulum,
corpus callosum, fornix (Durkee et al., 2013; Trivedi et al., 2013;
Pfefferbaum et al., 2014; Smith et al., 2015; Sorg et al., 2015), and
superior longitudinal fasciculus (Pfefferbaum et al., 2014; Segobin
etal., 2015). Microstructural abnormalities were most pronounced
in major tracts within frontal WM (Fortier et al., 2014; Pfefferbaum
etal., 2014; Sorg et al., 2015) and related to higher lifetime alcohol
consumption (Sorg et al., 2015).

Contrary to the rather consistent findings of lower FA in AUD,
both higher and lower regional FA was shown in chronic cigarette
smokers. FA was lower in smokers than non-smokers within pre-
frontal WM and fronto-striatal fibers (Zhang et al., 2011), corpus
callosum, anterior internal capsule, and the projection fibers con-
necting frontal cortices (Lin et al., 2013; Savjani et al., 2014). Others
reported higher FA in smokers than non-smokers within right pre-
frontal WM, cingulum, and corpus callosum (Paul et al., 2008;
Hudkins et al., 2012), fronto-parietal tracts and superior longitu-
dinal fasciculus (Liao et al., 2011), internal and external capsules,
and superior corona radiata (Yu et al., 2015).

To date, few DTI studies have addressed the influence of comor-
bid tobacco use on brain microstructure in AUD. In a large study of
heavy drinkers, cigarette smoking did not affect WM microstruc-
ture significantly (Monnig et al., 2015).In a small longitudinal study
of alcohol-dependent individuals between one and four weeks of
abstinence, we detected trends to FA increases within frontal and
temporal WM in non-smokers but not in smokers (Gazdzinski et al.,
2010). These analyses suggest that smoking adversely affects WM

microstructure and hinders its recovery during abstinence from
alcohol. Correspondingly, using MR spectroscopy, we detected
lower concentrations of N-acetylaspartate (NAA), a marker of neu-
ron health and viability (Miller, 1991; Schuffetal.,2001; Meyerhoff,
2014), within frontal WM of smoking versus non-smoking alcohol-
dependent individuals (Wang et al., 2009; Durazzo et al., 2013);
longitudinal recovery of NAA during alcohol abstinence was greater
in the non-smoking than smoking individuals (for review see
Meyerhoff, 2014). These findings suggest axonal injury related
to cigarette smoking that affects neurobiological injury in AUD
and hampers neurobiological recovery during abstinence (Durazzo
et al., 2004; Wang et al., 2009).

Here, we used TBSS to extend our original DTI study at 1.5T (T)
(Yeh et al., 2009) by analyzing 4T DTI data obtained from smoking
and non-smoking treatment seeking alcohol-dependent individu-
als at 1 week and 1 month of abstinence and from controls. We
tested for effects of alcohol consumption, smoking and duration of
abstinence from alcohol on WM microstructural measures. Based
on the cited previous work, we defined a priori regions of interest
(ROIs) (cingulum, corpus callosum, fornix, hippocampus, internal
and external capsules, and superior longitudinal fasciculus) and
expected regional WM microstructural abnormalities to be related
to drinking and smoking severities. We specifically hypothesized
that:

1 1-week-abstinent, treatment-seeking alcohol dependent indi-
viduals (ALC) have microstructural WM abnormalities compared
with controls that correlate with measures of lifetime substance
use history.

2 1-week-abstinent ALC have greater microstructural WM abnor-
malities than 1-month-abstinent ALC.

3 Among ALC at 1-month of abstinence and CON, cigarette smokers
show greater microstructural WM abnormalities than non-
smokers.

2. Methods
2.1. Participants

Structural MRI and DTI datasets were analyzed from ALC at
approximately 1 week (1WkALC, n=20) and 1 month (1moALC,
n=>52) of abstinence, including both current cigarette smokers
(sALC) and non-smokers (nsALC). Of these, 12 ALC had data sets
at both time points, whereas 40 ALC had their first assessment
at approximately 1 month of abstinence. Thirty control partici-
pants (CON, both smokers and non-smokers) were chosen from
a larger group of community recruits and were matched to the
ALC participants on age, gender, and smoking status. Participants
were excluded for all neurological or psychiatric disorders known
to affect neurobiology or cognition, except cigarette smoking. In
addition, ALC were excluded for a history of illicit drug depen-
dence in the past 5 years. Further inclusion and exclusion criteria
were described (Durazzo et al., 2004). The male ALC participants
were required to consume >150 alcoholic drinks per month for
at least 8 years before treatment, whereas female ALC partici-
pants consumed >80 drinks per month for at least 6 years before
treatment. A lifetime history of alcohol consumption was obtained
(Skinner and Sheu, 1982; Sobell and Sobell, 1990; Sobell et al.,
1988), self-reported impulsivity was measured using the Barratt
Impulsivity Scale (BIS-11) (Patton et al., 1995), and participants
completed standardized questionnaires assessing depressive [Beck
Depression Inventory, BDI; (Beck, 1978)] and anxiety symptoma-
tologies [State-Trait Anxiety Inventory, STAI; (Spielberger et al.,
1977)], as well as nicotine dependence [Fagerstrom Tolerance Test
for Nicotine Dependence, FTND; (Heatherton et al., 1991)]. Basic
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Table 1

Demographics and clinical measures of study populations: alcohol-dependent individuals at 1 week (1WkALC) and 1 month of abstinence (1moALC) and healthy controls
(CON) (mean + standard deviation). BDI: Beck Depression Inventory; BIS: Barratt Impulsiveness Scale; FTND: Fagerstrom Test for Nicotine Dependence; STAI: Spielberger
State Trait Anxiety Index. p <0.05 for all the listed group comparisons. NS: not significant.

1wkALC 1moALC CON
Non-smokers Smokers Non-smokers Smokers Non-smokers Smokers Group comparisons

Number of participants (females) 8(2) 12(2) 22 (5) 30(2) 12(2) 18(1)

Duration of Abstinence [days] 11.8+£2.7 92+7.1 30.9+94 344+69

Age [years] 52.5+13.7 51.7+6.3 52.3+13.5 48.4+9.2 51.3+10.1 50.3+10.8 NS

1-year average drinks/month?® 298 £106 373+£170 295+ 156 332+214 18+ 16 23+£22 CON < 1TmoALC
(p=0.003)

Lifetime average drinks/month? 182+102 250+132 155+ 86 178 +115 21+14 26+14 TwKkALC > 1moALC
(p=0.029)
CON < 1wkALC,
1moALC (p<0.001)

FTND Total 47+1.8 44415 45+13 NS

Cigarettes/day 172472 15.6+7.9 21.5+9.3 NS

Years of smoking at current level 16+12.2 18.6+13.4 12.6+ 149 NS

Total lifetime years of smoking 25.2+10.1 28.6+11 27.1+13.1 NS

Recency of smoking [min] 37.8+37.1 63.3+394 29.7+15.4 CON < 1TmoALC
(p=0.003)

BDI 11+6.3 16.5+9.1 9.8+8.8 13.3+8.7 43+34 54+5.1 CON < 1wKkALC,
1moALC (p<0.001)

BIS-11 Total 61.6+84 61.8+1.9 63.3+7.8 65.2+12.5 549+11.1 60.8+10.9 CON < 1moALC, NS for
others

BIS-11 - Attention 15.8+3.1 16.6£3.5 171+4.7 17.2+45 13.7+4.1 144+4.2 CON < 1moALC, NS for
others

BIS-11 - Motor 22+3 20.2+5.2 22.1+£3.7 23.1+£54 20.6+4.1 22.8+3.5 NS

BIS-11 - Non-planning 23.8+3.6 25426 245+4 2494+5.1 20.4+3.8 23.7+5.7 NS

STAI - State 38.8+14 42.1+15.8 349+11.6 355+11.3 24.6+6.7 28.5+6.1 CON < 1wKkALC,
1moALC (p<0.003)

STAI - Trait 46.1+£5.2 51.7+14.2 459+49.2 45+12.5 31.8+7.2 333482 CON < 1wkALC,
1moALC (p<0.001)

2 1 alcoholic drink contains 13.6 g of ethanol.

demographics, substance use and behavioral measures as a func-
tion of group and smoking status are summarized in Table 1.

2.2. MR data acquisition

A 4T Bruker MedSpec system with a Siemens Trio console
was used for acquiring MR images (Siemens, Erlangen, Germany)
with an 8-channel transmit-receive head coil. The T1 data
(1x1x1mm?3) were acquired with a 3D sagittal magnetization
prepared rapid gradient echo, and the T2 data (0.9 x 0.9 x 3 mm?3)
were acquired with a 2D axial turbo-spin echo sequence. A dual
spin echo echo planar imaging sequence was used to acquire the
diffusion-weighted data (TE = 77 ms, TR = 6000 ms, flip angle of 90°),
using six diffusion-encoding directions at b=800 s/mm? and one at
b=0s/mm?2. The DTI data were acquired with a nominal in-plane
resolution of 2 x 2 mm? from 40 3-mm-thick interleaved slices (no
gap). To reduce geometrical distortions, twofold parallel imaging
acceleration was applied. Four scans were averaged after acquisi-
tion to boost signal-to-noise. Further details have been reported
(Kuceyeski et al., 2013).

2.3. DTI data processing

2.3.1. Pre-processing. The T1 and T2 images of each case were
preprocessed through an expectation maximization segmentation
(EMS) algorithm (Van Leemput et al., 1999a,b), which entailed bias
correction and skull stripping for T1 and resampling and reslic-
ing for T2 images. The diffusion-weighted data were pre-processed
through an in-house python-based pipeline (TEEM) (http://teem.
sourceforge.net/), where the DTI data was up-scaled onto the pro-
cessed T1 image, and the processed T2 image was registered to
the b=0 image for geometric distortion correction. A b=0 mask
was automatically generated by TEEM, and any distortions or inac-
curacies were manually corrected. After masking, the b=0 image

was then registered to the processed T1 image. The eigenvectors,
diffusion tensor, and FA for each voxel were computed, and qual-
ity controls were conducted to confirm accuracy for each final
FA map. Only the cases satisfying all quality control criteria were
included in the TBSS analyses. An approximately equal propor-
tion of cases (7-10%) failed quality control criteria across the three
groups, which were either FA values in non-brain regions or poor
registration between the T2 mask and the T1 image or between the
T2 mask and the b=0 image.

2.3.2. Tract-based spatial statistics (TBSS). All FA maps were pro-
cessed via FSL’s TBSS (Smith et al., 2006) for voxel-wise group-level
analysis. First, individual images were aligned through a nonlin-
ear transformation algorithm to the FMRIB58_FA template (http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FMRIB58_FA); the template contains
58 high-resolution FA volumes from healthy male and female
subjects aged 20-50 years. Next, all warped FA images were nor-
malized to the Montreal Neurological Institute standard space
(MNI152 T1, 1 mm spatial resolution). A mean FA image was cre-
ated from all data in the datasets and thinned to generate a mean
FA skeleton that represents the locally maximal FA values. The
mean FA skeleton was thresholded at FA>0.20 to reduce partial
volume effects between the borders of different tissues, yield-
ing a subject-specific skeleton of approximately 80,000 voxels.
The partial volume effects were further reduced by projecting the
regional maximal FA values onto the skeleton according to a dis-
tance map (Smith et al., 2006). The resulting mean FA skeletons
were fed into voxel-wise permutation-based cross-subject statis-
tics. To compare FA values and test our hypotheses across the
entire brain, voxel-wise statistics were conducted with 5000 per-
mutations on two data sets: (1) 20 TwkALC, 52 1TmoALC, and 30
CON; (2) 22 nsALC and 30 sALC at 1 month of abstinence, using
the FSL Randomise program (Randomise v2.9, http://fsl.fmrib.ox.
ac.uk/fsl/fslwiki/Randomise) (Nichols and Holmes, 2002), and with
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threshold-free cluster enhancement (TFCE) to control type I error
(Smith and Nichols, 2009).

2.4. Statistical analyses

For the significant clusters in the voxel-wise statistics (p <0.05
uncorrected), the FA values were extracted via the FSL clus-
ter program (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Cluster), with the
corresponding fiber tracts identified on the Johns Hopkins WM
label atlas (JHU-ICBM-DTI-81, http://cmrm.med.jhmi.edu/) (Mori
et al., 2005). To assess cross-sectional differences between 20
1wkALC and 30 CON, a drinking status (ALC or CON) x smoking
status (smoker or non-smoker) analysis of covariance (ANCOVA)
investigated the interaction and the main effects, with age as
covariate. To assess longitudinal change between time points, for
20 1wkALC and 52 1moALC, a smoking status (smoker or non-
smoker) x time point (1 week or 1 month) ANCOVA investigated
the interaction and the main effects, with age and average monthly
drinks over lifetime as covariates; for the 12 ALC individuals with
data at both time points, a paired Student t-test was also con-
ducted. To assess cigarette smoking effects in 52 ALC at 1 month
of abstinence and in 30 CON, a smoking status (smoker or non-
smoker) x drinking status (ALC or CON) ANCOVA was performed
with age as covariate. In all analyses, for clusters within the a
priori ROIs (bilateral cinguli, hippocampi, internal and external cap-
sules, and superior longitudinal fasciculi as well as genu, body, and
splenium of the corpus callosum, and fornix) additional FWE cor-
rections across space (threshold-free cluster enhancement, TFCE)
corrected for the size of the skeleton in the ROI and then cor-
rected for the number of the ROIs (n =14, FDR-corrected p=0.027);
for significant clusters (p <0.05 uncorrected) from the whole-brain
analysis not hypothesized a priori, the p-values were corrected for
multiplicity of the new regions using false discovery rate (FDR)
statistics (Benjamini and Hochberg, 1995).

Pearson’s partial correlations were computed with age as covari-
ate to investigate associations between cluster-specific FA and
measures of behavior (self-reported impulsivity, depressive and
anxiety symptomatologies) and substance use; the correspond-
ing p-values were corrected with family-wise error (FWE). R 3.2.0
was used for all statistical analyses (R Foundation for Statistical
Computing, 2012).

3. Results
3.1. Comparisons of ALC at 1 week of abstinence versus CON

The voxel-wise statistics showed that regional FA was signifi-
cantly lower (p <0.05 uncorrected) in 20 1TwWKALC than 30 CON in
clusters within the a priori ROIs of the corpus callosum (body, genu,
and splenium), bilateral hippocampi, right external and internal
capsules, and right superior longitudinal fasciculus (see Fig. 1). After
extracting the FA values for these clusters, a 2 x 2 ANCOVA with
age as a covariate showed no significant drinking status x smok-
ing status interaction. Additional corrections for the size of these
clusters across ROI space (TFCE) and for the number of a priori ROIs
(FDR) yielded significant clusters (corrected) for a main effect of
drinking status in the body of the corpus callosum (F(1.48)=15.38,
p<0.001), right cingulum (F(1.48)=6.65, p=0.013), right exter-
nal capsule (F(1.48)=9.73, p=0.003), and the right hippocampus
(F(1.48)=10.96,p=0.002). The whole-brain analyses revealed addi-
tional clusters (p <0.05 uncorrected) not hypothesized a priori (in
anterior and posterior corona radiata, cerebellar peduncle, and tha-
lamic radiation), but none of these remained significant after TFCE
and FDR corrections. There was no significant main smoking effect
and no confounding effect of recency of smoking on regional FA in

any of these ROIs. Table 2 depicts detailed pairwise group compar-
isons.

Similar to the regions of FA differences, the uncorrected voxel-
wise statistics showed higher MD in 1TwkALC compared to CON,
in the body of the corpus callosum, right cingulum, right exter-
nal capsule, and the right hippocampus. However, none of these
regional differences survived TFCE and FDR corrections for multiple
comparisons.

3.2. Comparisons of ALC at 1 week versus 1 month of abstinence

The 2 x 2 ANCOVA with age and average monthly drinks over
lifetime as covariates showed no significant interactions between
time and smoking status on regional FA measures. None of the main
effects of time or smoking status survived rigorous TFCE and FDR
correction, nor did the differences in recency of smoking and aver-
age alcoholic drinks per month over lifetime confound the results
(seeTable 3).In additional planned pairwise comparisons of regions
in which FA was significantly decreased at 1 week of abstinence,
12 ALC with measurements at both time points showed significant
differences of FA at 1 week versus 1 month of abstinence within
the right cingulum (0.73 4+ 0.09 versus 0.79 +0.08) and right hip-
pocampus (0.39 £+ 0.09 versus 0.46 +0.08, both paired p=0.039).
No other brain regions showed changes with time that survived
our statistical corrections.

Similar to the regions of FA differences, the uncorrected voxel-
wise statistics showed higher MD in 1TWkALC compared to 1moALC,
in the right cingulum and right hippocampus. However, none of
these regional differences survived TFCE and FDR corrections for
multiple comparisons.

3.3. Comparisons of ALC at 1 month of abstinence versus CON

A 2x2 ANCOVA with age as covariate showed no signifi-
cant interactions between drinking status and smoking status on
regional FA of 1moALC and CON. There were main effects of drink-
ing status for the body of the corpus callosum, the right cingulum
and external capsule, but only the main effect within the body
of the corpus callosum remained significant after rigorous TFCE
and FDR corrections as described above (F(1.80)=10.63, p=0.002);
follow-up pairwise t statistics demonstrated significantly lower FA
in nsALC versus sCON (0.63 +0.07 versus 0.69+0.07, p=0.02) and
SALC versus sCON (0.62 + 0.09 versus 0.69 £ 0.07, p=0.004). There
was no significant main effect of smoking status and no confound-
ing effect of recency of smoking on these measures.

2 x 2 ANCOVA with age as a covariate showed no significant
drinking status x smoking status interaction for any of the regional
MD measures. After TFCE and FDR correction, a significant MD
difference remained between 1TmoALC and CON in a large cluster
(~3862 mm?3) spanning the corpus callosum (body: F(2.79)=7.07,
p=0.005, with age as significant covariate; genu: F(1.80)=9.92,
p=0.002) and the anterior corona radiata (left: F(1.80)=16.60,
p<0.001; right: F(1.80)=11.55, p=0.001) (see Table 4). No smoking
status effect, however, survived corrections for multiple compar-
isons. Recency of smoking (different between 1TmoALC and CON,
see Table 1) did not confound the results.

3.4. Associations between regional DTI metrics and behavioral
outcome measures

Pearson’s partial correlations with age as covariate showed in
CON lower depressive symptomatology (BDI) (r=-0.58, p=0.001)
and lower total impulsivity (BIS) (r=-0.56, p=0.004) related to
higher FA within the right hippocampus. In a subset of 18 sCON,
total lifetime years of smoking (r=-0.664, p=0.004) associated
negatively with FA in the genu of the corpus callosum (see Fig. 2A).
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Y=-19mm

p value

Fig. 1. Tract-Based Spatial Statistics showing FA differences in ALC at 1 week of abstinence compared to CON. All clusters are uncorrected t-statistical maps (Red-yellow,
p<0.05) of FA group differences (1wKkALC < CON). The mean FA skeleton (green) is overlaid on the MNI template (1 x 1 x 1 mm?) and displayed in sagittal, coronal, and
axial views. The number at the top-right corner indicates the distance (in mm) from the anterior commissure. acr=anterior corona radiata, bcc=body of corpus callo-
sum, cg=cingulum in gyrus, cg(h)=cingulum in hippocampus, ec=external capsule, gcc=genu of corpus callosum, ilf=inferior longitudinal fasciculus. scc=splenium of
corpus callosum, pcr = posterior corona radiata, ptr= posterior thalamic radiation, rlic = retrolenticular internal capsule, scr = superior corona radiata, slf= superior longitudinal

fasciculus.

Table 2

Regional FA (raw mean =+ standard deviation) in ALC at 1 week of abstinence and CON. Pairwise t-statistics are for clusters within a priori ROIs (with FDR correction, bolded

when significant at p<0.027); R: right hemisphere.

TwWKALC CON p-value
Tract Name F p nsALC SALC nsCON sCON nsALC nsALC nsALC sALC nsCON sALC
(n=8) (n=12) (n=12) (n=18) VS. VS. VS. VS. VS. VS.
nsCON  sALC sCON nsCON sCON sCON
Corpus Callosum - body  F(1,48)=1538 <0.001 0.63+0.08 0.57+0.08 0.67+0.08 0.69+0.07 0.221 0.121 0.064 0.003 0.525 <0.001
Cingulum R F(1,48)=6.65 0.013 0.75+0.06 0.69+0.11 0.80+0.05 0.79+0.14 0.311 0202 0435 0.013 0.722 0.017
External Capsule R F(1,48)=9.73 0.003 0.32+0.03 033+0.04 0.36+0.03 036+0.06 0.063 0.784 0.020 0.076 0.684 0.020
Hippocampus R F(1,48)=10.96  0.002 040+0.11 036+0.07 045+0.07 046+0.09 0.204 0403 0.066 0.021 0572 0.003

Table 3

Regional FA (raw mean = standard deviation) in ALC at 1 week and 1 month of abstinence. The overall F and p-values are for the main effect of time. pairwise t-statistics for
clusters within a priori ROIs (with FDR correction, bolded when significant at p <0.027).

nsALC SALC p-value
Tract Name F p 1wk 1mo 1wk 1m TwkNS 1mNS  1wkS TwWKkNS  1wkNS  1wkS
(n=8) (n=22) (n=12) (n=30) VS. VSs. VSs. VSs. VSs. VSs.
1mNS  s1mS 1mNS 1mS 1wkS 1mS
Corpus Callosum - body  F(1,70)=1.91 0.171 0.63+0.08 0.63+0.07 0.57+0.08 0.62+0.09 0.938 0.629 0.049 0.794 0.137 0.093
Cingulum R F(2,69)=344 0.171 087+0.18 0.86+0.27 080+0.21 0.87+0.29 0.869 0.600 0.115 0.842 0.165 0.039
External Capsule R F(2,69)=5.73 0.193 0.39+0.08 0.41+0.12 040+0.10 041+0.13 0.382 0.563 0.501 0.190 0.792 0.239
Hippocampus R F(1,70)=451 0.037 040+0.11 044+0.09 036+0.07 042+0.09 0.262 0.423 0.023  0.547 0.426 0.080

" Adjusted mean + standard deviation with age as significant covariate at p <0.05; R: right hemisphere.

Similarly, in 1TwkALC, higher BDI and higher STAI trait anxiety
scores correlated with lower FA in the splenium of the corpus callo-
sum and right posterior thalamic radiation, but these correlations
did not survive FWE corrections. As hypothesized, average monthly
drinks over lifetime in TWKALC correlated negatively with FA in the

left external capsule, right anterior corona radiata (see Fig. 2B), and
right inferior longitudinal fasciculus (all r<—-0.500, p <0.03). Simi-
lar correlations of BDI, STAI and lifetime drinking measures existed
among 1moALC, but they did not survive rigorous FWE corrections.
Similar to our findings in sCON, total lifetime years smoking in 30
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Table 4

Regional MD (x10-3, mean + standard deviation) in ALC at 1 month of abstinence and CON. The overall F and p-value is for the main effect of drinking; the MD measures are
listed for each group. Pairwise t-statistics are for clusters within a priori ROIs with FDR correction (bolded when significant at p <0.027) or from whole-brain analysis with

FDR correction (bolded when significant at p <0.038).

TmALC CON p-value
Tract Name F P nsALC SALC nsCON sCON nsALC nsALC nsALC SALC nsCON  sALC
(n=22) (n=30) (n=12) (n=18) VS. VS. VS. VS. VS. VS.
nsCON  sALC sCON nsCON  sCON sCON
Anterior Corona Radiata R F(1,80)=11.55 0.001 1.3+05 1.3+04 0.9+0.2 1.1+04 0.010 0.968 0.040 0.007 0.443 0.032
Anterior Corona Radiata L F(1,80)=16.60 <0.001 1.6+0.7 1.4+04 1.1+03 1.0+0.2 0.002 0.049 0.000 0.085 0.610 0.010
Corpus Callosum — body’ F(2,79)=7.07 0.005 0.7+1.0 0.6+1.1 04+0.8 0.4+0.9 0.051 0.657 0.038 0.091 0.914 0.072
Corpus Callosum — genu F(1,80)=9.92 0.002 1.5+0.7 1.5+0.6 1.1+0.2 1.1+04 0.032 0.704 0.018 0.052 0.976 0.029

" Indicates adjusted mean =+ standard deviation with age as significant covariate at p<0.05, group-wise p-values. R/L: right/left hemisphere.
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Fig. 2. Associations between smoking or drinking severities (y-axis) and regional
fractional anisotropy (FA, x-axis). (A) total lifetime years of smoking related to
regional FA in the genu of the corpus callosum, in 18 smoking controls (SCON);
(B) monthly drinks over lifetime related to regional FA in the right anterior corona
radiata, in 20 ALC at 1 week of abstinence; (C) total lifetime years of smoking related
to regional FA in the splenium of the corpus callosum, in 30 smoking ALC (SALC) at
1 month of abstinence. Pearson’s partial correlation coefficients (r) and the corre-
sponding p-values are given.

sALC at one month of abstinence correlated with lower FA in the
splenium of the corpus callosum (r=-0.474, p=0.009, see Fig. 2C),
whereas more cigarettes smoked per day related to higher FA in
the left anterior internal capsule (r=0.451, p=0.014).

Within 1wkALC and 1moALC, none of the correlations between
regional MD and measures of smoking severity, self-reported
impulsivity, and STAI survived FWE corrections. In CON, higher
MD in the corpus callosum related to lower BIS total impulsiv-
ity (r=-0.58, p=0.002), driven by a significant correlation with

non-planning impulsivity (r=-0.51, p=0.009); these correlations,
although counter-intuitive, survived FWE corrections.

4. Discussion

This study indicates widespread microstructural abnormalities
of the WM in alcohol dependence but also WM microstructural
recovery during short-term abstinence from alcohol. Specifically,
our analyses revealed low FA values in corpus callosum and right
cingulum, external capsule, and hippocampus of 1-week-abstinent
ALC. All regional FA deficits except that in the body of the corpus
callosum normalized after 1 month of abstinence from alcohol.

Across the alcohol dependent sample at the two time points,
widespread FA reductions and MD increases were readily observ-
able in many small clusters of different regions. However, when
comparing 1TmoALC to CON, corrections across space for the size of
the skeleton in the affected ROIs plus the corrections for the num-
ber of the ROIs analyzed retained significant FA deficits only in the
body of the corpus callosum while significantly higher MD survived
only in the body and genu of the corpus callosum and the anterior
corona radiata. The study was also designed to measure the sep-
arate effects of chronic cigarette smoking on WM microstructure;
however, none of the smoking main effects survived corrections
across space and multiple measurements, suggesting that smoking
affects fiber bundles heterogeneously across space within different
individuals, making group differences difficult to detect in voxel
wise group analyses. In addition, there were many group-specific
correlations of regional FA and MD measures with substance use,
mood, and impulsivity measures, highlighting the clinical signifi-
cance of these DTI metrics. However, only few correlations survived
FWE corrections: average monthly alcohol consumption over life-
time correlated with lower regional FA in TwKkALC, and smoking
duration related to lower FA in the corpus callosum of 1moALC and
CON.

A previous 1.5 T DTI study from our group compared 11 TwkALC
to 10 CON and found significant FA deficits in ALC within cortico-
striatal fibers, limbic pathways, and frontal WM fiber bundles (Yeh
et al,, 2009). In that study, the ALC were mostly smokers, whereas
CON were mostly non-smokers, so that smoking may have con-
founded the group differences. Here we obtained DTI data at higher
magnetic field (4T) with better signal-to-noise, from smaller voxels
and larger sample sizes and from both smoking and non-smoking
ALCand CON. Serial DTl data from ALC also allowed assessing effects
of abstinence on WM microstructure as a function of smoking sta-
tus. Our new data suggest that chronic smoking did not contribute
significantly to the microstructural group differences presented
earlier (Yeh et al., 2009).

Consistent with our 1.5T TBSS study (Yeh et al., 2009), we found
significantly lower FA in 1wkALC than CON (Fig. 1) within sim-
ilar tracts previously reported (Pfefferbaum et al., 2006; Harris
et al., 2008; Durkee et al., 2013; Pfefferbaum et al., 2014; Segobin
et al., 2015; Sorg et al., 2015). The FA deficits imply disruptions
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in these fibers due to axonal deletion (de la Monte and Kril,
2014), demyelination (Pfefferbaum and Sullivan, 2005), and/or
microtubule disruptions (Mayfield et al., 2002), which can impair
inhibitory control (Baler and Volkow, 2006), working memory,
and visuospatial performance in alcohol-dependent individuals
(Pfefferbaum et al., 2006).

Within most of the clusters described above, FA was higher
in ALC at 1 month versus 1 week of abstinence, significant for
right cingulum and hippocampus in paired comparisons, indi-
cating microstructural recovery into the range of CON. Similar
recovery of WM microstructure in ALC has been reported using
other analysis methods (Gazdzinski et al., 2010; Pfefferbaum et al.,
2014). Longitudinal recovery was also reported for WM volumes
in ALC over 7.5 months of abstinence (Durazzo et al., 2015) and
for the WM microstructure in ALC who abstained for ten years
(Pfefferbaum et al., 2014). Taken together, these macro- and micro-
structural findings suggest remyelination of WM tracts (Sullivan
and Pfefferbaum, 2005) and/or glial cell proliferation in WM during
alcohol abstinence (Crews and Nixon, 2009).

Contrary to the strong effects of alcohol dependence (Table 2),
smoking had nonsignificant group effects on WM microstructure
and onitsregional changes with abstinence in ALC. However, smok-
ing duration correlated significantly with lower FA in the corpus
callosum of both 1moALC and sCON. Just one cluster showed higher
FA in smokers within the left superior corona radiata, similar to a
recent TBSS study of young smokers (Yu et al., 2015). Our find-
ing of lower FA within the splenium of the corpus callosum of
SALC versus nsALC is consistent with a previous smoking study in
controls (Savjani et al., 2014). However, these clusters of smoking
related group differences did not survive our rigorous statistical
tests in this analysis.

In CON, we found negative associations of depressive symp-
tomatology, self-reported impulsivity, and smoking duration with
regional FA, suggesting that microstructural measures have behav-
ioral correlates in CON. Similar correlations in ALC did not survive
FWE corrections, except for negative relationships of lifetime alco-
hol consumption and smoking duration to regional FA. These rather
weak correlations in ALC may be related to greater individual
variability of FA measures and their changes during recovery.
Furthermore, previous cross-sectional DTI studies revealed no sig-
nificant associations between cigarette smoking measures and
regional FA among non-alcoholic individuals (Fritz et al., 2014) or
male heavy drinkers (Monnig et al., 2015). Those studies recruited
different populations, e.g., in Monnig’s study, not all the heavy
drinkers were diagnosed with AUD, more than half were young
adults with relatively short smoking durations, and the average
number of cigarettes per smoking day was relatively low. However,
significantly lower concentrations of NAA were detected within
the frontal WM of 1-week-abstinent smoking ALC compared to
non-smoking ALC and non-smoking CON (Durazzo et al., 2013) as
well as in the anterior corona radiata of 1-month-abstinent smok-
ing ALC compared to non-smoking controls (Wang et al., 2009).
Taken together, although group differences related to smoking
were not significant during early abstinence from alcohol or in con-
trols, significant relationships within smoking groups suggest some
detrimental effects of chronic smoking on WM microstructure.

This study bears several limitations. The number of ALC partic-
ipants per group was limited by the availability of 4T DTI data at
the different time points and by our stringent QC criteria. Males
dominated the participants in both ALC and CON and we could not
study sufficient numbers of ALC at 1 week of abstinence, which
complicated our longitudinal analyses. Diffusion was encoded in
only 6 directions as we initiated the studies more than ten years
ago; this does allow TBSS analyses but not more detailed tractogra-
phy as enabled by more modern DTI sequences that encode at least
30 directions (Mukherjee et al., 2008). Further, TBSS has several

technical challenges (Bach et al., 2014): the orientation informa-
tion is discarded when computing the skeletal FA map, therefore
anatomical connectivity between different brain regions cannot be
analyzed; TBSS cannot resolve merging or crossing fibers where dif-
fusion metrics derived from the tensors do not properly represent
the WM microstructure (Wheeler-Kingshott and Cercignani, 2009;
Jbabdi et al., 2010; Jeurissen et al., 2013). In addition, we did not
separately explore the less commonly examined subcomponents of
FA and MD, axial and radial diffusivity, given cautionary statements
in the literature (e.g., Wheeler-Kingshott and Cercignani, 2009).

Altogether, our investigations clarify some behavioral correlates
of WM microstructural abnormalities in abstinent alcohol depen-
dent individuals. At treatment entry, their microstructure was
compromised within frontal WM, cortico-striatal and limbic fiber
bundles, significantly correlated with alcohol drinking and weakly
related to mood symptoms and self-reported impulsivity. Over
approximately 1 month of abstinence, abnormal WM microstruc-
tural metrics in several regions recovered into the range of healthy
controls. Overall, cigarette smoking did not influence strongly our
cross-sectional group comparisons or changes of DTI metrics dur-
ing abstinence. However, since in both smoking CON and smoking
1moALC lower FA in corpus callosum related to smoking mea-
sures, smoking cessation may improve FA deficits in smokers. The
weak associations of lower FA with poorer behavioral measure-
ments (i.e., self-reported impulsivity) in ALC at both 1 week and 1
month of abstinence suggest that ALC may benefit from cognitive-
based therapy aimed at maintaining abstinence. Finally, if the WM
microstructural measures reflect myelin status, ALC may benefit
from pharmacology that supports remyelination.
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