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Abstract

Previous diffusion tensor imaging (DT]I) studies indicated microstructural disruption of white matter
in alcohol dependence. To investigate the microstructure of primary neurocircuitry involved in
alcohol use disorders, the present study used Tract-Based Spatial Statistics (TBSS) of DTI measures
as well as probabilistic tractography. Eleven recovering alcoholics in their first week of abstinence
from alcohol were compared with ten light drinking controls; diffusion measures were correlated
with measures of neurocognition and drinking severity. Regions characterized by low fractional
anisotropy and high mean diffusivity included cortico-striatal fibers and those in frontal white matter
and limbic pathways. Greater diffusion abnormalities in sections of commissural fibers (inter-
hemispheric connections) were associated with stronger drinking severity, and lower fractional
anisotropy measures in frontal and limbic fiber tracts correlated with lower visuospatial memory
performance. These study findings provide direct evidence of compromised integrity of the
motivational brain circuitry in alcohol use disorders. These abnormalities in fiber connections could
be partially responsible for deficiencies in executive functions, behavioral regulation, and impulse
control commonly described in alcohol dependence.
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1. INTRODUCTION

Water diffusion in the brain is influenced by the local microstructure of the tissue. Magnetic
Resonance Diffusion Tensor Imaging (DTI) is a quantitative non-invasive and objective
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method for assessing the integrity of major white matter (WM) fiber tracts indirectly via
measurement of the directionality of water diffusion (fractional anisotropy, FA) (Pierpaoli and
Basser, 1996). FA reflects axonal diameter, axonal density and fiber tract complexity
(Beaulieu, 2002). Water diffusion or mobility in WM is mainly hindered by myelin sheaths
and cell membranes (Beaulieu, 2002) so that its movement is influenced by level of myelination
and axonal density. More specifically, reduced FA can be attributed to degradation of both
myelin sheaths and axonal membranes (Werring et al., 2000; Pierpaoli et al., 2001),
abnormalities of myelin with sparing of the axonal fibers (Gulani et al., 2001; Song et al.,
2002), or reduced density of axonal fibers (Takahashi et al., 2002). Mean diffusivity (MD),
which is the overall mean-squared displacement of water molecules restricted by organelles
and membranes (Neil et al., 1998), reflects cellular density and extracellular volume (Gass et
al., 2001; Sotak, 2004) and relates to the volume fraction of the interstitial space (Sotak,
2004). Thus, low FA and high MD in the same brain region indicate higher intracellular or
extracellular fluid associated with less organized myelin and/or axonal structure (Pfefferbaum
and Sullivan, 2005). The spatial orientation of fibers can be derived from the eigenvalues from
the diffusion tensor, and parallel (1) and perpendicular (A, and A3) diffusion to the WM tract
can be calculated; these are also referred to as axial diffusivity, A; = A4, and radial diffusivity,
ML= (Ap+h3)/2.

The hydrophobic myelin sheath hinders water movement perpendicular to axonal tracts (A1),
imposing a preferential diffusion direction parallel () to the WM tracts (Klingberg et al.,
1999; Harsan et al., 2006). Therefore, an increase of AL is thought to signify increased space
between fibers (suggesting demyelination or dysmyelination) (Song et al., 2003; Harsan et al.,
2006), whereas a decrease in A suggests axonal injury (Ito et al., 2002; Lazar et al., 2003).

In alcohol use disorders (AUD = alcohol abuse or dependence), microstructural WM integrity
is thought to be disrupted by both demyelination and axonal structural abnormalities
(Pfefferbaum and Sullivan, 2002; Pfefferbaum and Sullivan, 2005; Pfefferbaum et al.,
2006a; Pfefferbaum et al., 2006b). These changes can be permanent or transient (Carlen et al.,
1984). Permanent injury is thought to involve neuronal death with secondary axonal
(Wallerian) degeneration, which has been documented in superior frontal lobe, hypothalamus
and cerebellum [see (Oscar-Berman, 2000; Sullivan, 2000) for review]. Morphological
abnormalities in AUD include transient changes and may include shrinkage of neuronal soma,
dendritic pruning, decreased axonal size and density as well as myelin changes, which are
manifested on magnetic resonance (MR) neuroimaging as reductions in brain tissue volume,
metabolite abnormalities and decreased cerebral blood flow (Sullivan, 2000). VVolumetric
abnormalities may show partial to substantial recovery during short-term or extended sobriety
[e.g., (Pfefferbaum et al., 1995; Gazdzinski et al., 2005; Yeh et al., 2007)]. However, AUD-
related microstructural abnormalities have been observed in regions of WM that appear grossly
normal on structural MRI (Sullivan and Pfefferbaum, 2003). For example, FA reductions were
reported in the genu of the corpus callosum (cc) and the centrum semiovale (cs) that exhibited
no gross lesions on standard structural images (Pfefferbaum et al., 2000; Pfefferbaum and
Sullivan, 2002; Pfefferbaum and Sullivan, 2005; Pfefferbaum et al., 2006a; Pfefferbaum et al.,
2007).

Recent research in AUD has focused on the brain reward circuitry, which is implicated in the
development and maintenance of substance use disorders in general (Chambers et al., 2003;
Sullivan et al., 2003; Kalivas and Volkow, 2005; Sullivan and Pfefferbaum, 2005; Sullivan,
2003; Bowirrat and Oscar-Berman, 2005). This network is comprised of dopaminergic
afferents, which originate in the ventral tegmental area of the midbrain and project to the
nucleus accumbens, prefrontal cortex, limbic, and striatal structures, and of reciprocal
GABAergic or glutamatergic circuits connecting the dorsal anterior frontal cortex,
orbitofrontal cortex, anterior cingulate cortex, and ventral striatum. Current DTI data analysis
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methods, which include voxelwise analysis, region-of-interest (ROI) analysis, and
tractography, suffer from the low spatial precision of cross-subject image alignment, the
residual misalignment due to group differences in ventricular size, and the lack of knowledge
of the proper degree of spatial smoothing. Additionally, traditional linear affine transformations
may result in geometric tract distortion upon coregistration of WM tracts between groups.
Tract-Based Spatial Statistics (TBSS), which uses non-linear image transformation, is a newly
developed technique that combines the strength of both voxelwise and tractography-based
analyses (Smith et al., 2006). In this report, we demonstrate the application of TBSS to the
investigation of the voxelwise differences of diffusion measures between alcohol dependent
individuals (ALC) and non/light-drinking controls (LD). The goals of this study were 1) to
implement TBSS of DTI data in ALC, 2) to describe and measure potential microstructural
difference in the motivational neurocircuitry of ALC and LD, and 3) to correlate measures of
drinking severity and neurocognition to the DT measures of local WM microstructural
abnormalities in ALC.

2. METHODS

All study participants were recruited as part of a larger magnetic resonance (MR) neuroimaging
and cognition study to measure the effects of chronic drinking and smoking on the brain.
Treatment-seeking alcoholics (ALC) were recruited from the Substance Abuse Day Hospital
at the San Francisco Veterans Administration Medical Center and the San Francisco Kaiser
Permanente Chemical Dependence Recovery Program, whereas light drinking controls (LD)
were recruited by word-of-mouth and from the community via advertisements. To maximize
group differences on outcome measures, we selected from a larger sample 11 ALC (47.0+7.6
years) at the higher end of the drinking severity scale (374 + 143 drinks/month in the year
before study), 10 of whom were male chronic smokers demonstrating a medium to high level
of nicotine dependence (5.5 £ 2.5) on the Fagerstrom Test for Nicotine Dependence
(Fagerstrom, 1991). At the time of study, ALC were abstinent from alcohol for 6 + 3 days,
which was corroborated by daily testing for alcohol consumption (breathalyzer) by treatment
personnel. All ALC participants met Diagnostic and Statistical Manual of Mental Disorders —
Forth Edition (DSM-1V) (American Psychiatric Association, 1994) criteria for alcohol
dependence. Ten male LD (42.7 £ 9.4 years, 24 + 26 drinks/month) were chosen from our
larger sample to equate the groups on age (P = 0.26); two LD were smokers. Inclusion and
exclusion criteria as well as neuropsychological and psychiatric evaluations were previously
described (Durazzo et al., 2004). In short, participants were free of general medical,
neurological, and psychiatric conditions known or suspected to influence brain morphology or
cognition, with the following exceptions: five individuals had medically treated hypertension
and four were positive for the hepatitis C antibody. All participants positive for the hepatitis
C antibody were also hypertensive. No participant with hepatitis C had a level of active disease
that required medical intervention (e.g., interferon). Among ALC participants, three had
alcohol-induced mood disorders with depressive features and one had alcohol-induced
psychatic disorder with hallucinations. The above medical and psychiatric comorbidities were
allowed, as they are highly prevalent among individuals meeting criteria for alcohol abuse or
dependence (Stinson et al., 2005; Hasin et al., 2007). No participant had a history of substance
abuse or dependence other than alcohol or nicotine. All ALC completed a brief cognitive
battery that included assessment of visuospatial learning and memory [Brief Visuospatial
Memory Test-Revised; BVMT-R; (Benedict, 2005)] within one day of the MR examination.
Lifetime alcohol consumption was assessed via the lifetime drinking history (Skinner and Sheu,
1982; Sobell and Sobell, 1992), from which we derived average number of drinks per month
over 1, 3and 8 years prior to enrollment, and average number of drinks per month over lifetime.
The Institutional Review Boards of the University of California San Francisco and the San
Francisco VA Medical Center approved all procedures, and informed consent was obtained
from all participants prior to study.
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2.1. MRI acquisition

All examinations were preformed on a 1.5 Tesla MR system (Siemens Vision, Erlangen,
Germany) equipped with a standard head coil. A single shot EPI DWI sequence ((TR/TE/
T1=5000/100/3000ms, (2.4 x 2.4 x 5) mm3, 20 contiguous slices, NEX=1) used a double
refocusing spin echo acquisition, bipolar external diffusion gradients with six non-collinear
encoding directions (x,y,z) = (1, 0, 1), (-1, 0, 1), (0, 1, 1), (0, 1, -1), (1, 1, 0), (-1, 1, 0) and five
b-values (0, 160, 360, 640, and 1000 sec/mm?). Inversion recovery reduced contributions from
CSF to the diffusion signal, double-refocusing RF pulses with bipolar gradients reduced
geometric image distortions due to eddy currents (Reese et al., 2003), and the b = 0 image was
acquired for normalizing diffusion measurements. Structural T1-weighted magnetization-
prepared rapid acquisition gradient echo images ((TR/TE/T1 = 10/7/300 msec, flip angle = 15°,
(1 x 1 x 1.4) mm? resolution)) were used for spatial coregistration to the b = 0 diffusion image.

2.2. DTl data processing

For voxelwise diffusion modeling, diffusion data were analyzed using FMRIB’s Diffusion
Toolbox within FSL 3.3 (http://www.fmrib.ox.ac.uk/fsl) (Smith et al., 2004). The diffusion-
weighted images were preprocessed by aligning to the b = 0 image using linear image
registration for motion correction (Jenkinson et al., 2002). A simple least squares fit of the
tensor model and diffusion tensor made use of the five b values, and FA, MD, as well as tensor
eigenvalues that describe A and AL were then calculated. The diffusion at each voxel was
modeled with a Bayesian approach that produced a probability distribution along the principle
diffusion direction later used for probabilistic tractography (Behrens et al., 2003b).

TBSS (Smith et al., 2006) was used for voxelwise analysis of whole brain WM DTI measures.
In short, the group mean FA image was created and thinned to generate a mean FA skeleton,
which is thought to represent the centers of all white matter tracts common to the group. All
FA images were co-registered to each other using nonlinear registration (Rueckert et al.,
1999). The average amount of warping that was needed to align all other images to each FA
image was estimated. The one that had the smallest amount of average warping was selected
as a “target” image which was thought to be the most “typical” one of all study participants.
All FA images were then nonlinearly transformed into the space of the target FA image. For
each individual, local FA maxima were found along the perpendicular direction to the mean
FA image and then projected onto the group template skeleton (Smith et al., 2006). The final
image was normalized to MNI space
(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach) using linear transformations,
FLIRT (Jenkinson et al., 2002). VVoxelwise analyses across the group of study participants were
carried out for all voxels with FA > 0.20 to exclude peripheral tracts where significant inter-
subject variability and/or partial volume effects with grey matter exist. The WM tracts were
then identified using publicly accessible white mater atlases (http://www.dtiatlas.org) and
tractography reports (Ito et al., 2002; Lazar et al., 2003).

2.3. Statistics

All statistical analyses were performed on (1*1*1) mm3 MNI space and significant peak voxels
are reported in MNI template coordinates.

Group comparisons—General linear model analyses of ALC and LD evaluated the local
group differences of measured FA, MD, A, and AL values across the whole WM skeleton, after
regressing out the effects of age. Permutation testing was used to calculate the t-statistics maps
(Nichols and Holmes, 2002). Statistical significance inference used two different approaches
to correct for multiple comparisons: suprathreshold cluster size testing (Nichols and Holmes,
2002) and false discovery rate (FDR) (Benjamini and Hochberg, 1995). In the suprathreshold
cluster size test, we calculated the corrected peak threshold (t > 1.5, P < 0.05) where voxels
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with t-statistics above a predetermined threshold (computed by comparing to the null
distribution of the maximal suprathreshold cluster size) were clustered and deemed significant
(Nichols and Holmes, 2002). In FDR analyses, only those voxels were considered significant
that had estimated t-values from permutation tests greater than the computed t for the given
5% FDR and were part of a spatially continuous cluster size of 200 isotropic voxels or more.
This ensures that on average no more than 5% of all voxels are misclassified as false positives.

Regression analyses in ALC group—We evaluated whether the voxelwise diffusion
parameters derived from ALC participants correlated with measures of drinking severity and
neurocognition, after accounting for the effect of age. Statistical inference P values were
corrected for suprathreshold cluster size test after permutation testing as described above (t >
1.5, P < 0.05).

2.4. Probabilistic tractography

Voxels with FA identified as significantly different between ALC and LD on t-statistics maps
in MNI space (after correction for multiple comparisons using suprathreshold cluster testing)
were used as the seed mask for probabilistic tractography (Behrens et al., 2003b). All the
tracking was performed in each subject’s DTI native space. Linear transformation, FLIRT, was
used to calculate the transformation matrices between diffusion and T1 (6 degrees of freedom)
spaces, T1 and standard spaces (12 degrees of freedom). The mean group tractogram was
averaged at the standard space, and the final group difference was projected onto the target
structural T1 image for better comprehension of anatomic structures. By drawing direction
samples through the probability distributions of the fiber direction, the estimates of fiber
pathways through the FA seed mask were built up along principle diffusion directions. For
each individual, 5000 sample streamlines were generated from each seed voxel. The sampling
streamlines were terminated after they traveled 2000 steps, using a step length of 0.5 mm,
which corresponds to a distance of 1 m. We did not use FA to constrain tracking, but limited
how sharply pathways can turn to exclude implausible pathways. The curvature threshold,
which is the cosine of the minimum allowable angle between two steps, was set to 0.2,
corresponding to a local curvature of +80°. The pathways were identified if the number of
samples was larger than 50% of 5000 samples generated from each seed voxel within the
generated pathways (Ciccarelli et al., 2006). The initial group probability maps of FA tracts
were created by summing up the respective individual tract masks and by dividing by the
subject numbers of each group; in this way, the voxel values in the group probability map
represent the percentage of participants in whom a pathway is present in each individual of the
group. The final group probability maps of FA tracts were then created by thresholding the
initial group probability maps at 55%, such that only those pathways that appeared in more
than 55% of the population were considered to represent the group mean.

3. RESULTS

3.1. Group comparisons

Table 1 summarizes major results from analyses that used permutation testing for group
comparisons and FDR (5%) for correction of multiple comparisons. Listed are the brain
locations of significant voxels, the names of the major fiber tract, the maximal t-values of a
cluster and its size, as well as the position of the maximal t-values in MNI space. Significance
was thresholded at P < 0.05 with a cluster of at least 200 isotropic voxels. Table 2 summarizes
the results obtained from group comparisons using the cluster size test (t > 1.5). Listed are
group data, the locations of the voxel with the maximal t-values of the cluster, its size and
corrected P-values.
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3.1.1. Fractional Anisotropy (FA)—With both methods for multiple comparison
correction, ALC had lower FA than LD, and in no region did ALC show significantly higher
FA than LD. Fig. 1A is the t- statistics map of FA group comparisons overlaid on the MNI
template in midsagittal (top) and coronal (bottom) views at the location of the anterior
commissure with distance from the anterior commissure indicated in mm. Fig. 1B shows the
significant voxels of FA group differences using FDR (t > 1.94, P < 0.026, df = 18, > 200
voxels) overlaid on the normalized mean FA image in select axial (top) and sagittal (bottom)
sections. ALC had significantly lower FA than LD in regions of the following WM fiber tracts:
the right anterior branch of the corona radiata (acr) in the inferior frontal lobe, the genu of the
corpus callosum (cc) in the deep ventro-medial prefrontal region, the bilateral uncinate
fasciculus (unc) and arcuate fasciculus (arcu) in the orbital frontal lobe, the right superior
branch of the corona radiata (scr) in the dorso-medial prefrontal lobe, the superior longitudinal
fasciculus (sIf) in bilateral dorso-lateral prefrontal and parietal lobes, the right extreme capsule
(ec) and right inferior fronto-occipital fasciculus (ifo) in the superior and middle temporal lobes,
the left inferior longitudinal fasciculus (ilf) in the inferior temporal lobe, the bilateral anterior
limbs of the internal capsule (alic) and the left posterior limb of the internal capsule (plic), the
body of the fornix (fx), the bilateral inferior cingulum (icg) in the mesial temporal lobe, and
the right optic radiation (or), left posterior cingulum (pcg) and left superior fronto-occipital
fasciculus (sfo) in the occipital lobe.

Using the cluster size test for multiple comparisons, one large cluster of 7650 voxels in the
right hemisphere had 14% lower FA in ALC than LD (t > 1.5, P = 0.02, df = 18) (see Table
2). The smaller cluster in the left hemisphere had 11% lower FA in ALC vs. LD, but was not
statistically significant (t > 1.5, P = 0.21, df = 18). Fig. 2A shows the coronal, sagittal and axial
projections of corrected P values of FA group differences using the cluster size test. The
significant cluster in the right hemisphere encompassed most of the smaller clusters identified
by the FDR method (see above) and included the genu of the corpus callosum (cc), the external
capsule (ec), and several fibers in the prefrontal and orbito-frontal lobes. The smaller non-
significant FA cluster in the left hemisphere centered on a region containing both limbs of the
internal capsule (ic) (t> 1.5, P = 0.21, df = 18).

3.1.2. Mean Diffusivity (MD)—Using both methods for multiple comparison corrections,
ALC had higher MD than LD. Fig. 1C is the t-statistic map of MD group comparisons and Fig.
1D shows voxels with significant MD differences between ALC and LD using the FDR
correction method (t >2.02, P <0.022, df = 18, size > 200 voxels). Significant regions included
the following WM fiber tracts: bilateral scr and centrum semiovale (cs) in frontal lobe and in
the precuneus of parietal lobes, bilateral slf, ec and pcg, right dorsal cingulum (dcg) and part
of left alic.

Using cluster size testing, one cluster in each hemisphere had higher MD in ALC than LD
(right: +13%, t > 1.5, P = 0.05, df = 18; left: +6.5%, t > 1.5, P = 0.04, df = 18) (see Table 2).
Fig. 2B shows the coronal, sagittal and axial projections of corrected P values of MD group
differences using the cluster size test. The clusters on both sides encompassed the major fiber
tracts identified by the FDR method, except ec. The spatial extent of these significant clusters
was greater than those identified by the FDR method, including nearly the entire left scr and
bilateral slf fiber tracts.

Fibers that had both high FA and low MD were mainly subcortical fibers of frontal (sIf) and
temporal lobes (ifo/unc, ec), cortico-striatal fibers (alic) (identified by both FDR and cluster
size tests) as well as limbic fibers of the temporal lobe (pcg) (identified by FDR). Results of
the cluster size test showed that MD differences were primarily found in association fibers of
the subcortical WM, i.e. in scr, cs, and slf, while FA differences were primarily found among
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all fiber types, i.e. commissural fibers (e.g., cc), projection fibers (e.g., cortico-striatal fibers),
and deep association fibers (e.g., ec) (Fig. 2).

3.1.3. Axial Diffusivity (Aj)—Generally, ALC had greater A, than LD using either method
for multiple comparison correction (t > 1.8341, P < 0.033 for FDR, corrected P = 0.02, df =
18 for cluster size test). The regions where ALC had significant greater A; than LD were similar
to those where ALC had greater MD using either method for multiple comparison correction.
In only one region, the junction of ifo and unc in the right amygdalo-hippocampal complex
(AHC) of the temporal lobe, had ALC lower ) than LD (by FDR).

3.1.4. Radial Diffusivity (AL)—ALC had greater AL than LD via both multiple comparison
correction methods. The regions of greater AL by FDR (t > 1.9308, P < 0.027, df = 18) were
similar to those where ALC had lower FA compared to LD, but included also the right cerebellar
vermis. Cluster size testing revealed two clusters in the right hemisphere that tended to have
higher AL in ALC than LD (t > 1.5, P = 0.06, df = 18) and two other non-significant clusters
of each hemisphere (t > 1.5, P = 0.11, df = 18) (see Table 2); these clusters overlapped spatially
with regions of lower FA.

3.2. Voxelwise Regression Analyses within ALC

The mean and standard deviation of diffusion parameters calculated within the whole WM
skeleton in ALC were as followed; FA = 0.36 + 0.13 (dimensionless), MD = 0.88 £ 0.06, A1
=1.23+0.06, 1, = 0.80 + 0.06 and A3 = 0.59 + 0.06 x 10 -3 mm?/s. We correlated voxelwise
diffusion measures of the WM skeleton with measures of drinking severity and cognition. After
corrections for multiple comparisons using the cluster size test, better visuospatial memory in
ALC was associated with higher FA in regions of mainly commissural fibers (genu, body,
splenium, major forceps and tapetum of cc), ec, acr, scr, sIf (t > 1.5, P = 0.01, df = 18); and
sagittal stratum (include ilf and ifo) and per (t > 1.5, P = 0.02, df = 18). A higher number of
average drinks per month during the year prior to study was significantly related to higher %
(t>1.5, P =0.05, df = 18), primarily in the regions of the bilateral cc, fx, plic, acr, scr, cs and
slf. Additionally, higher average drinks per month over lifetime were significantly associated
with higher 23 in the regions of the right alic, ec and or in the sagittal stratum (t > 1.5, P = 0.05,
df = 18).

3.3. Probabilistic Tractography

Figures 3A and B shows probabilistic fiber tracts of the “target” participant using as seed
(starting) voxels those with lower FA in ALC than LD (by cluster size testing). The observed
tracts connect critical nodes of reward system neurocircuitry and include the fiber bundles of
the extreme capsule (ec) and ifo connecting to the inferior frontal region, the right medial
forebrain bundle that projects from the midbrain to the nucleus accumbens (NAcc), the
connection between substantia nigra and the culmen of the cerebellar vermis, as well as
connections between hippocampal/parahippocampal gyrus, the midbrain and cerebellar vermis
(Fig. 3A), fibers between the ventral pallidum and NAcc, connections between the midbrain,
the dorsal pallidum and the dorsal thalamus (Fig. 3B). Cortico-striatal fiber bundles including
the anterior limb of the right internal capsule, the anterior and superior regions of the corona
radiata connecting to the prefrontal cortex as well as the mammillo-thalamic tract could also
be tracked but are not shown in the figure.

Fig. 3C and D shows the group population probability maps (orange/yellow for LD, blue for
ALC) constructed from the pathways identified in individual participants when using the group
FA difference (cluster size test) as the seed masks for probabilistic tractography. The LD group
had larger regions of common pathway locations than the ALC group, in particular a higher
probability of WM tracts in the right ec and scr and adjacent to the right AHC.
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 8

4. DISCUSSION

This TBSS analysis of DTI data from alcohol dependent individuals reveals widespread injury
to WM regions including major fiber tracts in the frontal lobe, mesial temporal lobe, and
cortico-striatal regions. FA decreases in deep WM regions are generally due to increased AL,
whereas MD increases in more subcortical WM regions are generally associated with higher
M- In ALC, reduced FA in regions of major commissural fibers and association fibers of the
corona radiata and superior longitudinal fasciculus are associated with greater visuospatial
memory deficits, while regional diffusion measures correlate with alcohol consumption. These
findings suggest widespread and dose-dependent, functionally significant de- and/or
dysmyelination as a major feature of alcohol dependence. This occurs in the presence or
absence of regional axonal morphological abnormalities, sometimes in the same WM tract. In
addition, probabilistic tractography that used TBSS-derived FA deficits in ALC vs. LD as seed
points reveals major subsections of the neurocircuitry adversely affected in ALC that have
been shown involved in impulse control, emational regulation, reward, executive functions,
and learning and memory (Mega and Cummings, 1994; Volkow et al., 2002; Chambers et al.,
2003; Kalivas and Volkow, 2005; Sullivan and Pfefferbaum, 2005; Baler and Volkow,
2006). These in-vivo findings are largely consistent with histological studies and, taken
together, they demonstrate ways of assessing functional consequences of chronic drinking on
functionally significant neurocircuitry.

4.1. Interpretation of DTl changes in alcohol-related brain injury

Decreased FA can be due to a reduction in &, and/or an increase in A.L, while increased MD
can be the result of increased A and/or A.L. In our ALC, FA decreases were prominent in deep
frontal and temporal WM, and in regions of limbic fibers. These regions also showed increased
AL with little change in A;, commonly interpreted to reflect demyelination (Song et al., 2003;
Harsan etal., 2006). To the contrary, regions of increased MD in ALC, prominent in subcortical
frontal WM, overlapped spatially with those of higher A;. Regions that showed both low FA
and high MD are severely affected by alcoholism and are characterized by demyelination with
(Cader et al., 2007) or without axonal injury (Song et al., 2003) and increased interstitial fluid
(Pierpaoli et al., 2001; Pfefferbaum and Sullivan, 2005). Increased A; in subcortical WM
regions where degenerated frontal pathways intersect, such as the junction of slf and scr, are
most likely due to more coherently oriented fibers (Pierpaoli et al., 2001). Alternatively, high
My in non-crossing fiber tracts may be due to compensatory repair processes, possibly through
increased intraaxonal microtubule-associated protein that facilitates both debris removal
(McLane et al., 1992) and remyelination (Morell et al., 1998).

Interestingly, different microstructural changes can occur in adjacent sections of the same
degenerated fiber tract: higher A was found in regions of several intersecting subcortical fibers
(such as slIf and scr), immediately adjacent to voxels of the same fiber tract with increased
L reflecting de- and/or dysmyelination) (Song et al., 2003; Harsan et al., 2006). Using FDR,
we only found one cluster at the junction of ec/ifo and unc adjacent to the right AHC that had
significantly lower & in ALC vs. LD (max. t = 4.42). This cluster in the superior/middle
temporal region (Table 1) also had markedly increased AL (max. t = 5.12) and increased MD
(max. t = 4.59), which suggests significant loss of both myelin and axons (Ito et al., 2002;
Lazar et al., 2003) as well as increased interstitial fluid (Pierpaoli et al., 2001). In summary,
brain injury in alcohol dependence is widespread and de-/dysmyelination is the main
microstructural change in frontal, temporal, and cortico-striatal WM tracts. These findings are
consistent with the documented WM volume loss in alcohol dependence and can explain
reversibility of WM loss via remyelination during abstinence from alcohol.
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4.2. Brain functions and neurocircuitry affected in alcoholism

Alcohol dependent samples commonly show deficiencies in a wide range of neurocognitive
and motor functions (Oscar-Berman, 2000; Sullivan, 2000; Durazzo and Meyerhoff, 2007),
some of which may be related to the observed fiber tract abnormalities. The association between
lower visuospatial memory in the first week of abstinence and lower FA in the callosal splenium
have been reported (Pfefferbaum et al., 2006a), and imply that impaired inter-hemispheric
connections reduce visuospatial memory function in ALC. Furthermore, larger MD in the cs
in the region of the left precuneus (Fig. 2) may be linked to deficits of higher-order cognitive
functioning in alcoholism, because the precuneus is thought to be associated with self-centered
mental strategies and episodic memory retrieval (Cavanna and Trimble, 2006). In addition,
deficits in executive and motor functioning in ALC vs. LD may be related to the observed
microstructural abnormalities in the internal capsule (including the corticospinal tract) (Fig.
1B), the superior cerebellar vermis, the dorso-medial prefrontal regions, supplementary motor
area, and precentral lobe. The tractography results together with the TBSS analyses show most
prominent WM injury in the AHC region (ifo, pcg), the insular region (ec), and in areas around
cortico-striatal and subcortical pathways (alic, sIf, cr). This pattern of injury may be associated
with dysfunction in learning and memory (limbic systems, including the AHC, cingulum and
fornix), reward anticipation (NAcc, VP), as well as frontally modulated impulse control,
motivational states, salience evaluation, and cue-controlled cravings (Baler and VVolkow,
2006). In summary, our demonstrations of localized WM fiber tract abnormalities in alcoholism
are consistent with the concept of disrupted neurocircuitry involved in impulse control and
emotional regulation that is either a consequence of chronic excessive drinking or ultimately
results in compulsive drug seeking (Robinson and Berridge, 1993; Brady et al., 1998; Jentsch
and Taylor, 1999; Lubman et al., 2004; Baler and Volkow, 2006; Yucel and Lubman, 2007).

4.3. Associations between drinking severity and DTl parameters

Daily maximal alcohol consumption has been reported to correlate negatively with WM
volume in alcoholics (Kril et al., 1997), and greater drinking severity has been associated with
faster volume recovery during abstinence of middle-aged alcoholics (Gazdzinski et al.,
2005). Our result of a positive association of average monthly drinks in the last year before
abstinence with A in the genu and splenium of the cc ((but not FA, MD, or A1) and in the
internal capsule reflects recent alcohol effects. Because of the absence of change of intravoxel
fiber orientation (FA) and radial diffusivity AL, this may suggest a reversible axonal change
such as disintegration of the cytoskeleton (Putzke et al., 1998) or decreased axonal size, but
not lower axonal density (Kjellstrom and Conradi, 1993). On the contrary, a positive
association of average monthly drinks over life time with AL in the regions of alic, ec and
sagittal striatum, where ALC also had lower FA than LD, suggests that demyelination is the
consequence of long-term heavy alcohol consumption.

4.4. Right hemisphere hypothesis and methodological considerations

The right hemisphere hypothesis postulates that functions controlled by the right hemisphere
are more vulnerable to the long term effects of chronic alcohol consumption than those
controlled by the left hemisphere (Ellis and Oscar-Berman, 1989; Demaree et al., 2005). Our
cluster size analyses showed MD increases of similar statistical significances, spatial extent,
and effect sizes in right and left hemispheres, but the MD increase in the right hemisphere
(+13%) was twice the increase in the left hemisphere. The corresponding FA analyses showed
somewhat larger reductions in the right (14%) vs. left hemisphere (11%), which were more
widespread and statistically significant only in the right hemisphere. This was attributed to
lower right Ay with only mild differences in AL. The lower statistical significance of FA on the
left side was not due to noisier data or greater variability in the data as the standard errors for
both clusters were comparable. Thus, although right-sided deficits of DTI metrics in ALC were
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more widespread and of somewhat greater magnitude than the left-sided deficits, the
hemisphere effects for regional MD and FA measures were not statistically significant.
Furthermore, the analyses using FDR for multiple comparison corrections yielded more
symmetrically appearing bilateral DT1 abnormalities. Therefore, there is little support for the
right hemisphere hypothesis in the alcoholics of this small DTI data set.

The somewhat dissimilar hemispheric findings obtained by the two correction methods are
likely related to methodological specifics. Since the suprathreshold cluster size test uses a
family-wise error, the probability of even one false rejection, the resulting corrected local
significance values can be regarded as fairly conservative estimates. In contrast, the FDR
method allows an expected proportion, 5%, of the corrected significance values to be falsely
positive, thus resulting in inflated false positive rates and a less conservative estimate of the
false-negatives.

4.5. Limitations

Although the parameters derived from DTI can detect microstructural changes in the WM of
alcohol-dependent individuals, they do not inform about the causes of this injury. As about
90% of our alcoholic participants in this cohort were chronic cigarette smokers vs. only 20%
of our controls, and because chronic smoking in alcoholics has been associated with significant
neurobiological injury (as reviewed in (Durazzo and Meyerhoff, 2007)), the observed group
differences are likely due to a combination of both chronic smoking and alcohol consumption.
However, in our regression analyses, none of our measures of smoking severity correlated
significantly with FA and other diffusivity measures, suggesting little effect of smoking on
outcome measures. Our selection of mostly smoking alcoholics and mostly hon-smoking
controls was driven by our desire to maximize potential group differences so that the potential
influence of smoking status on DTI metrics in ALC was not examined. Rather than being a
consequence of heavy drinking and smoking, our findings instead may be premorbid in nature.
Another study limitation is the rather small cohort, which was chosen to keep computational
time reasonable and to demonstrate the relative high power of the TBSS approach for detecting
meaningful group differences. Our diffusion data was of suboptimal quality. First, the DTI data
acquisition did not cover pons, medulla and large sections of the cerebellum. In addition, the
low signal-to-noise ratio due to one acquisition (NEX) may introduce bias into FA and A4
calculations and the low numbers of gradient directions may make DTI contrasts dependent
on fiber orientation (Jones et al., 1999).

However, it has been shown that as long as sampling orientations are well balanced on an
isotropic shell, the precision of DTI measures for a clinical scanner is comparable to the
experimental error (Landman et al., 2007). Finally, although our probabilistic tractography
results visualize major fiber tracts affected in AUD, we are well aware that probabilistic
tractography is better performed with more than six diffusion directions (Jones, 2004).
However, the aim of our tractography analysis was simply to compare the groups qualitatively
on all the possible tracts passing through all voxels with FA group differences, but not to
perform quantitative “connectivity-based seed-voxel classification” (Behrens et al., 2003a),
where the target masks are pre-specified anatomical regions. Thus, the tractography results in
this small sample, as reasonable as they may appear, clearly need further validation and are
intended more as a demonstration of the tracking approach than a thorough analysis of affected
pathways in alcoholism.

4.6. Conclusions

This study demonstrates the use of TBSS for detecting widespread WM microstructural
changes in AUD. Specifically, voxel-wise TBSS detects significant microstructural
abnormalities in major regions of the motivational neurocircuitry of alcohol dependent
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individuals. The specific WM abnormalities observed in these one-week-abstinent individuals
are largely consistent with the literature on alcohol-related neurobiological and neurocognitive
abnormalities, with neuropathologic findings, and specifically with chronic alcohol-related
injury to neurocircuitry that subserves cognitive control, motivational drives, salience, memory
and learning, as well as impulse control. The cross-sectional findings in this rather small cohort
clearly call for replication in a larger sample, for evaluation of potential smoking effects among
alcoholics, and for extension to a longitudinal follow-up to assess potential recovery from
microstructural injury during abstinence from abused substances.
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Fig. 1.

(A) t-statistical maps of FA group differences (LD vs ALC) of TBSS results in sagittal (top)
and coronal (bottom) views overlaid on the MNI template (1*1*1 mm3). The small numbers
are the distances (in mm) from the anterior commissure (centered at the cross bars), showing
the positions of the axial and sagittal images in (B). (B) Significant FA group effects (greater
in LD) of white matter voxels corrected using FDR (5%) and voxel size > 200 voxels. (C) t-
statistical maps of MD group differences (ALC vs LD) of TBSS results in sagittal (top) and
coronal (bottom) views overlaid on the MNI template (1*1*1 mm3). The small numbers are
the distances (in mm) from the anterior commissure, showing the positions of the axial and
sagittal images in (D). (D) Significant group effects (greater in ALC) of white matter voxels
corrected using FDR (5%) and voxel size > 200 voxels. acr = anterior region of corona radiata,
alic = anterior limb of internal capsule, arcu = arcuate fasciculus, cc = corpus callosum, cs =
centrum semiovale, dcg = dorsal region of cingulum, ec = external/extreme capsule, fx = fornix,
gcc = genu of corpus callosum, icg = inferior region of cingulum, ifo = inferior fronto-occipital
fasciculus, or = optic radiation, pcg = posterior region of cingulum, plic = posterior limb of
internal capsule, slf = superior longitudinal fasciculus, scr = superior region of corona radiata,
unc = unicinate fasciculus.
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A

Fig. 2.

The coronal, sagittal, and axial projections of corrected p values of FA (A) and MD (B) group
difference using the suprathreshold cluster size test for correction of multiple comparisons. (A)
The significant FA cluster in the right hemisphere (dark, p = 0.02) and a smaller size cluster
in the left hemisphere (p = 0.21). (B) Two MD clusters in the right (light, p = 0.05) and left
(dark, p = 0.04) hemisphere with a relatively larger size in the left. alic = anterior limb of
internal capsule, cs = centrum semiovale, ec = external/extreme capsule, ic = internal capsule,
sIf = superior longitudinal fasciculus, scr = superior region of corona radiata.
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Yeh et al.

Vermis

Fig. 3.

(A and B) The fiber pathways for one participant, the “target” of our TBSS calculations, using
the FA group difference voxels as seed mask in probabilistic tractography. The tractogram is
overlaid on the target participant’s T1w image. an = anterior thalamic nuclear group, DP =
dorsal pallidum, HP= hypothalamus, Hippo = hippocampus, mdn = medio-dorsal thalamic
nucleus, sn = substantia nigra, vn = ventral thalamic nuclear group, NAcc = nucleus accumbens,
VP= ventral pallidum. (C and D) The group population pathways of ALC (blue) overlaid on
population pathways of LD (yellow-orange) then overlaid on the target participant’s T1w
image. The pathways of the extreme capsule (ec) and the superior region of corona radiata
(scr) are seen in the LD group, but not in the ALC group.
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