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Abstract

Alcoholism frequently occurs in returning U.S. Veterans, and is often comorbid with Post Traumatic Stress
Disorder (PTSD). The goal of this study was to investigate the relationship between white matter changes and
neuropsychological alterations in Operation Enduring Freedom, and/or Operation Iraqgi Freedom (OEF/OIF) alcoholic
Veterans with two primary aims: (1) to examine the relationship of alcoholism to brain structure and function
while controlling for the potential effects of comorbid PTSD, and (2) to examine whether the effects of alcoholism
are moderated by the quantity of lifetime alcohol consumption. Our sample consisted of 71 deployed OEF/OIF
Veterans stratified into four groups: alcoholics without PTSD, alcoholics with PTSD, participants with PTSD without
comorbid alcoholism, and control participants without alcoholism or PTSD. Participants were given an extensive
neuropsychological and psychiatric assessment battery, as well as Magnetic Resonance Diffusion Tensor Imaging
(DT-MRI) scans. Results showed that disruption of executive functioning, and abnormal fractional anisotropy (FA;
a measure of axonal integrity) within the frontal subcortical and dorsolateral frontal-parietal regions, occurred
independently of the effects of PTSD. Furthermore, these cognitive and neuronal alterations were unique to the most
severe subgroup of alcoholics who consumed the greatest amount of alcohol over the course of their lifetime, as
compared to the rest of the sample. Axonal integrity within this subgroup, in regions underlying the frontal subcortical
area, was shown to be decreased independently of cognitive changes. Integrity of axons underlying the dorsolateral
frontal-parietal region, however, was increased. We hypothesized that this is a compensatory mechanism for

executive dysfunction.
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Introduction

Alcoholism is a devastating disease that affects over eighteen million
Americans, with a single episode lasting, on average, three to four
years [1]. A recent study sponsored by the National Institute on Drug
Abuse and the National Institute on Alcohol Abuse and Alcoholism [1],
estimated the annual cost of this disorder to be $148 billion, accounting
for 60% of national yearly spending allocated to substance use
disorders. These numbers do not incorporate the unquantifiable impact
of alcoholism on the quality of life or the magnitude of opportunity
costs that are nearly impossible to calculate. Additionally, within the
general population, 30% of successful suicides have been carried out
by individuals who have been under the influence of a substance [2].

Alcoholism has been particularly problematic for returning U.S.
Veterans. It was reported that 27% of the U.S. Veteran population has
been diagnosed with alcoholism [3], many of whom used alcohol to
self-medicate symptoms of Post Traumatic Stress Disorder (PTSD).
According to a survey collected in 2009, this issue has become more
pressing, as the number of affected Veterans has increased by 56% since
2003, which marked the start of Operation Iraqi Freedom (OIF) [2].
Alcoholism also has impacted active military personnel.

Magnetic Resonance Diffusion Tensor Imaging (DTI) provides
a means with which to investigate the impact of alcoholism on the
integrity of the brain’s white matter. DTT is sensitive to the distribution
of water diffusion that is impacted by local tissue boundaries. Fractional
Anisotropy (FA) is acommon DTI-derived measure of the directionality

of water diffusion. The value range is 0 to 1; higher values indicate more
restriction and values of 0 indicate perfect diffusivity in all directions.
Higher FA values reflect anatomical integrity of white matter, including
axon caliber, fiber density and myelination [4]. A number of recent
findings indicate anatomical white matter changes associated with
prolonged alcohol abuse. For instance, smaller white matter volumes
have been reported [5-8], particularly within the corpus callosum [9-
11]. Researchers also have found white matter abnormalities in the
cingulum bundle, superior longitudinal fasciculi, as well as internal and
external capsules [12-15].

White matter abnormalities have been associated with cognitive
decline in alcoholic participants. A recent study [15] demonstrated
that decreased performance on a test sensitive to response inhibition
(a modified Stroop test) was correlated with lower white matter
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integrity in the cingulate and the corpus collosum. Another study [13]
reported diminished psychomotor abilities (using balance and response
speed measures) that were associated with white matter degradation
within the internal and external capsules, inferior cingulate bundle,
fornix, as well as frontal and occipital forceps. Additionally, findings
have demonstrated that increased radial diffusivity within the
occipital forceps and external capsule were associated with decreased
visuoconstruction accuracy (measured by the Rey-Osterrieth Complex
Figure Test) in alcoholics [14].

PTSD has been found to be associated with many overlapping
anatomical and cognitive changes that have been shown to be present
in alcoholics. For example, the integrity (measured by FA values),
volume and area of the corpus collosum were shown to be decreased
in individuals suffering from PTSD [16-18]. PTSD participants also
were found to have FA values that were asymmetrically decreased when
compared to control participants [19]. Further studies have shown
reduced microarchitectural integrity of the posterior cingulum [20].
Superior longitudinal fasciculi also were shown to have decreased FA
values in those affected by PTSD [21]. Within cognitive functional
domains, altered performance on a modified Stroop task [22], decrease
psychomotor abilities [23] and visuocontruction changes [24] were
found to be present in individuals who were diagnosed with PTSD.

Given the overlapping effects of PTSD and alcoholism, the
interpretation of published findings pertaining to these disorders
has been complicated by their frequent co-occurrence in Veterans.
Recent studies indicate that OEF/OIF Veterans who were exposed to
combat are at higher risk for alcohol abuse than unexposed Veterans
[25,26]. Longitudinal studies suggest that these rates increase with
traumatic experience, and are most likely a result of “self-medication”
for PTSD symptoms [25,27]. Veterans tend to engage in heavy alcohol
consumption, in order to numb and alleviate the debilitating symptoms
of PTSD. The comorbidity rates of these disorders within the OEF/OIF
population are alarmingly high. A recent study showed that 14.3% of U.S.
Veterans who engaged in heavy weekly drinking were also diagnosed
with PTSD, 59.3% of Veterans who engaged in binge drinking had
PTSD, and 22.2% of Veterans who were identified to have more than
one drinking-related problem were diagnosed with PTSD [25]. These
striking co morbidity rates are reasons to question a large percentage of
the published neurological and cognitive findings on the effects of these
disorders in isolation. They further complicate the interpretation of the
results by introducing the possibility that the effects can be attributed to
the synergistic impact of the disorders’ co-occurrence.

In the present study, we examined the association of alcoholism
with abnormalities in brain structure (white matter) and function
(neuropsychological status), within the OEF/OIF Veteran population
by: (1) controlling for an important, common comorbidity in this
population (i.e. PTSD); and (2) examining whether the effects of alcohol
use are moderated by the quantity of consumption. Although, it is widely
aknowledged that PTSD is one of the most common comorbidities with
alcoholism, particularly in war Veterans [28-33], and that PTSD effects
white matter microstructure and neuropsychological function [34-39],
no study to our knowledge has reported on the effects of alcoholism,
while independently examining the synergism with comorbid PTSD.

To accomplish the first goal, we selected comparison groups of
participants with a disorder of alcoholism only (no PTSD), alcoholism
with comorbid PTSD, PTSD only (without alcoholism), and a control
group (without alcoholism or PTSD). This stratification allowed us to
investigate the effects of alcoholism independently from the potential
synergistic effects of both disorders, as well as from PTSD alone.
The second aim was to differentiate among subgroups of alcoholics

according to their lifetime drinking severity and its relation to PTSD.
These subgroups were created based upon the quartile distribution of
a lifetime drinking measure and served as a secondary classification
of participants as follows: (1) low drinkers, (2) moderate drinkers, (3)
high drinkers and (4) excessive drinkers. This approach allowed us to
account for the likely heterogeneity among alcoholics by examining the
moderating effects of lifetime drinking quantity.

Since prior research has identified cognitive changes in specific
domains that are associated with structural alterations in localized
regions of white matter, we employed a factor analysis technique in
order to examine large scale whole-brain effects of alcoholism. Our
primary motivation was to identify associations between whole-brain
white matter changes and neuropsychological decline among alcoholics,
examine whether these are consistent with prior findings, and specify
which brain regions remain associated with cognitive dysfunction when
controlling for the heterogeneity of drinking and comorbid PTSD.

Materials and Methods

Participants

Seventy-one participants were selected from among 226 service
members consecutively enrolled in the Translational Research Center
for Traumatic Brain Injury and Stress Related Disorders (TRACTS),
a U.S. Department of Veterans Affairs Rehabilitation Research and
Development TBI Center of Excellence at the VA Boston Healthcare
System. Participants were recruited from the Boston metropolitan
area through outreach at Yellow Ribbon and other military-associated
events. Individuals were not enrolled in TRACTS if they had a history of
the following illnesses: seizures; cerebrovascular accident; myocardial
infarction; diabetes; current active suicidal, and/or homicidal ideation,
intent or plan requiring crisis intervention, current DSM-IV-TR [40]
diagnosis of bipolar disorder, schizophrenia or any other psychotic
disorder (except psychosis NOS due to trauma-related hallucinations)
or cognitive disorder due to general medical condition other than
traumatic brain injury (TBI).

In order to best isolate the effects of alcoholism, PTSD, as well
as their synergistic impact, we classified participants who passed the
exclusion criteria (see below) into four diagnostic groups (N=71):

Alcoholism only (ALC): 17 participants diagnosed with current,
and/or lifetime alcohol abuse or dependence without comorbid PTSD.

PTSD only (PTSD): 16 participants suffering from current PTSD
without comorbid alcoholism.

Comorbid (COMO): 20 participants diagnosed with comorbid
alcoholism and PTSD.

Controlparticipants (CTL)

18 participants not diagnosed with either PTSD or alcohol abuse/
dependence.

Exclusion criteria: 155 participants excluded in total.

Substance use: Based on SCID-IV [40] diagnostic criteria, 38
participants with a history of substance abuse other than alcohol and
cannabis (current or lifetime; abuse or dependence) were excluded.

Incomplete data: There were 44 subjects who did not complete the
MRI scan, Lifetime Drinking History (LDH) questionnaire or had
other classes of data missing, and thus were excluded from the sample.

Deployment status: In order to limit the heterogeneity of factors within
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our analysis, we excluded 15 military personnel without prior history of
deployment on at least one OEF/OIF tour.

Diagnostic group matching

The diagnostic groups were matched for PTSD severity, according
to current scores on the Clinician-Administered PTSD Scale (CAPS)
[41] (COMO matched with PTSD and ALC matched with CTL), weight
adjusted lifetime drinking quantity (COMO matched with ALC, and
PTSD matched with CTL), years of education, age and premorbid IQ
(matched for all groups). Thirty-four participants were excluded during
the group matching process, which involved removing participants
from diagnostic groups, until the measures described above were no
longer significantly different from one another. Table 1 provides details
of these characteristics. Since chronic depression has been shown to
impact the brain [42], we identified participants with a diagnosis of a
recurrent Major Depressive Disorder who were “in episode” during the
time of their assessment session. The percentage of affected participants
with this diagnosis was low (10% being the maximum, within the
COMO group), and chi-square tests did not reveal any significant
differences between the diagnostic groups on this measure.

TBI

Since TBI commonly occurs in this population [43], it is difficult
to completely eradicate its effects when studying the Veteran sample.
We attempted to control for its effects by excluding all participants
with a history of moderate or severe TBI; only mild TBI (mTBI) was
allowed (four participants were excluded). Most mTBI cases have been
shown to have good recovery, with symptoms clearing within the first
few weeks or months after injury [44]. A particularly good prognosis
is given to patients under age 40 [45], which falls above our sample’s
mean age. Since frequency of TBI occurrences has been shown to affect
recovery [46], in our sample, we limited the maximum number of
mTBI occurrences to three, thereby excluding 12 participants whose
TBI history exceeded this number. This was based on prior findings
indicating that patients with more than three mTBIs were shown to be
the most affected [46].

Effort

According to Slick et al. [47], probable malingering can be
defined by a response bias on two or more objective measures from
neuropsychological tests. In accordance with these recommendations,
we chose to define poor effort by failure of the Medical Symptom
Validity Test (MSVT) [48] and any other embedded measure (i.e.
California Verbal Learning Test (CVLT): Forced Choice Recognition
(FCR); Reliable Digit Span and Test of Variable Attention [49]
Symptom Exaggeration Index [50]). If MSVT scores were not available
poor effort was determined by poor performance on two of the three
embedded measures. A failing MSVT subtest score was considered to
be 85. Participants were considered to have failed each of the embedded
measures, if they received a score of 15 or less on CVLT Forced Choice,
a score of 3 on the T.O.V.A. Symptom Exaggeration Index, a score of 6
or less on the Reliable Digit Span. Twelve participants who screened
positive for malingering, according to these criteria were excluded from
our sample.

Clinical assessment

All participants went through a comprehensive clinical assessment
consisting of self-report questionnaires and diagnostic interviews
conducted by clinical psychologists. The assessments centered upon
diagnoses of PTSD, TBI and alcoholism.

PTSD: The presence and severity of PTSD were assessed using the
CAPS. The CAPS is a semi-structured clinical interview used to evaluate
the DSM-IV-TR Ceriteria for PTSD. A total score of PTSD symptom
severity is also derived from the CAPS (min score=0, max=136). The
reliability and validity of this assessment tool are well documented
[41]. Participants were diagnosed with PTSD if they met DSM-IV-TR
criteria [40]. Diagnoses were made using a standard scoring rule (Rule
of 3), such that for a given symptom to count toward diagnosis, the
participant must score at least a 1 for frequency and a 2 for intensity.
PTSD diagnosis ultimately was confirmed via consensus conference
with at least three doctoral-level psychologists.

Alcoholism Comorbid Interaction of Main Effect Main Effect
(n=17) PTSD (n=16) (n=20) Control (n=18) Having Alcoholism  of Having of Having
- B and PTSD PTSD Alcoholism
XZ

Race (% Caucasian) 71% 56% 95% 61% 6.55** 0.08 0.35
Gender (% Male) 100% 75% 100% 89% 2.35 1.12 2
Current Depressive Episode (% R-MDD) 0% 6% 10% 0% 1.9 1.16 None
Mild TBI: % with history of mTBI 59% 63% 80% 28% 10.45** 3.44 4.14*
% with 1 mTBI 35% 44% 75% 28% 8.47* 0.95 0.23

% with 2 mTBI 24% 19% 5% 0% 0.92 3.7* 4.8*

% with 3 mTBI 0% 6% 0% 0% None 1.16 None
% Excessive Drinkers 47% 0% 50% 0% 18.22*** None 18.6***

F
Mean Age (years) 34.06 (8.14) 34.62 (10.56) 31.85(7.82) 31.22 (8.18) 0.06 1.18 1.06
'(\C\f_ar/:RE)s“mated Premorbid Verbal 1Q 101.06 (11.45) | 105.06 (10.53) = 98.75 (11.38) | 102.94 (9.66) 1.48 0.34 0.28
Mean Education (years) 13.06 (1.56) 13.81 (1.8) 13.6 (1.79) 14 (1.41) 0.58 0.12 35
1,708.24 1,4435 423.39 -

Mean Total Alcohol Consumed (LDH) (1/494.64) 278.87 (279.14) (1,068.56) (309.78) 15.21 2.02 12.74
SMAST Total Score: Mean Lifetime 2(1.8) 0.25 (0.58) 3.56 (4.09) 0.78 (1.77) 7 13 3.71
Mean 12 Month 0.88 (1.73) 0.2 (0.41) 2.37 (2.77) 0.33 (0.84) 8.91* 0.31 1.46
CAPS Mean Total Score (Current) 26.41(20.48) | 68.06 (22.53) | 72.45(15.65) = 16.89 (8.45) 179.5* 80.44** 3.3

Alcoholism group=participants diagnosed with current or lifetime alcohol abuse or dependence who do not have PTSD; PTSD group=participants diagnosed with a cur-
rent Post Traumatic Stress Disorder; Comorbid group=Participants diagnosed with both, Alcoholism and PTSD; R-MDD=Recursive Major Depressive Disorder, current
diagnosis; mTBI=Mild Traumatic Brain Injury; Excessive Drinkers=percent within the fourth quartile of the LDH total amount of alcohol consumed, weight corrected Mea-
sure; LDH=Lifetime Drinking History Questionnaire, weight corrected total score (ml); WTAR=Wechsler Test of Adult Reading; SMAST=Short Michigan Alcohol Screening
Test, Lifetime and 12 months scores; CAPS=Clinician Administered PTSD Scale, current score.

Standard deviations are in parentheses.

Chi-squared tests confirm that there is no significant difference of excessive drinkers between the Alcohol and Comorbid groups.

* p<.05; ** p<.01; *** p<.001

Table 1: Participants’ demographic and clinical characteristics.
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TBI: The Boston Assessment of Traumatic Brain Injury-Lifetime
(BAT-L) [51] is an assessment of blast and blunt force TBI across the
lifetime. Criteria are evaluated through a structured clinical interview
using open-ended questions of symptoms. Injuries are graded (mild
stage I, II, III; moderate; severe), according to a hybrid classification
system that takes loss of consciousness, altered mental state and peri-
traumatic amnesia into account. This measure is based on self-report.
Information on the number of TBIs, the nature by which they were
incurred, and their severity was collected for three time periods:
pre-military, post-military and during military service. Note that
these events do not necessarily correspond to the psychologically
traumatic events collected during the CAPS interview. There was a
good correspondence between the BAT-L assessment scores and the
validated Ohio State TBI Assessment Method [52]. TBI diagnosis was
confirmed via diagnostic consensus conference.

Alcohol use: The presence and severity of alcohol abuse and
dependence was determined using a combination of three clinical
measures. The DSM-IV-TR structured clinical interview for alcohol
use disorders was used as the primary diagnostic tool for alcoholism.
The semi-structured clinical interview LDH questionnaire was used to
measure the severity and duration of alcohol consumption. The LDH
yields an estimate of total lifetime exposure to alcohol using standard
drink conversions (grams absolute alcohol) via two methods: (1)
total lifetime drinks and (2) and total lifetime drinks controlling for
weight (body weight in kg). This index frequently has been used to
examine the pathological effects of alcoholism [53]. Through a semi-
structured interview, the LDH provides quantitative indices of alcohol
consumption patterns, including: quantity consumed frequency of
use, variability in consumption, types of beverages, change in drinking
patterns over lifetime and time of day when alcohol was consumed. The
Short Michigan Alcohol Screening Test (SMAST) [54] is a self-reported
measure that was used to quantify alcoholic behavior. It has been shown
to provide a consistent, quantifiable method of detecting alcoholism
with adequate reliability and validity in clinical and research settings
[55]. Weighted reliability estimates centered on .80 suggesting that the
SMAST generally produces scores of similar and adequate reliability
for most research purposes [56]. Internal consistency is not as high,
but is adequate for this sample [56]. Seltzer et al. [54] suggested that a
score of 0-1 on the SMAST represents a nonalcoholic profile, a score
of 2 indicates a possible alcoholic profile and a score of 3 or higher
represents an alcoholic profile. In the present study, this measure was
administered twice to assess general drinking behaviors over the course
of the participant’s lifetime, as well as a more up-to-date assessment by
focusing on the 12 months prior to the participant’s session. Participants
were diagnosed with a current or lifetime alcohol abuse or dependence
if they met the DSM-IV-TR diagnostic criteria, and if the outcomes of
the supporting clinical assessment measures were consistent with this
diagnosis. This diagnosis was confirmed via a consensus conference.

Neuropsychological assessment

Simple and divided attention: To assess simple and divided
attention, participants were administered the Digit Span Forward and
Backward, Wechsler Adult Intelligence Scale, Fourth Edition (WAIS-
IV) [57], and the Test of Variables of Attention (TOVA) [49]. During
the Digit Span Forward, participants were asked to repeat a series of
numbers read by the examiner that increase in length during each trial.
This test is a widely-used assessment of basic attention and its reliability,
validity, and test-retest reliability are well-established [57]. The Digit
Span Backward provided an assessment of more complex attention, by
requiring participants to repeat a series of numbers in reverse order.

The TOVA is an objective measure of attention commonly known
as a Continuous Performance Task (CPT). It is a 20-minute long
computerized, non-language based fixed interval visual performance
test. The TOVA is presented in a game-like format making it more
acceptable to subjects than traditional CPT tasks. The test is comprised
of two phases: infrequent target presentation and frequent target
presentation. The TOVA was used to assess inattentiveness, activation/
arousal problems and difficulties maintaining vigilance and sustaining
attention.

Information processing speed: Information processing speed was
assessed using the Cambridge Neuropsychological Test Automated
Battery (CANTAB) [58] Simple Reaction Time (SRT) test. The SRT test
measures simple reaction time through delivery of a known stimulus
to a known location to elicit a known response. The only uncertainty
is with regard to when the stimulus will occur, by having a variable
interval between the trial response and the onset of the stimulus for
the next trial. It is useful for testing general alertness and motor speed,
and it is sensitive to medication effects. The reliability, validity, and test-
retest reliability are well established [59,60].

Executive functions: Executive functioning was assessed with
tasks from the Delis Kaplan Executive Function Scale (D-KEFS) [61]
and from the CANTAB [58]. The ability to focus attention was assessed
using two conditions of the Trail Making Test from the D-KEFS [61], i.e.
Letter Sequencing (Condition 2) and Number Sequencing (Condition
3). The combined score was used as a measure of focused attention.
Attention shifting was assessed using Number-Letter switching
(Condition 4) from the same task. The reliability and validity of these
tasks are well established [61]. Internal consistency coeflicients ranged
from moderate to high and the total score reliability coefficients for the
examined groups (ages 20-49) ranged from 0.74 to 0.78.

The D-KEFS Color-Word Interference Test modeled on the Stroop
test [61], was used to assess the ability to inhibit a pre-potent response.
During this task, participants were asked to perform two baseline
conditions, one in which they were asked to name color patches
(Condition 1), and one in which they were asked to read color-words
printed in black ink (Condition 2). In a third condition, participants
were asked to name the incongruent colors in which color-words
were printed. The contrast measure evaluating time to completion in
Condition 3 compared to Condition 1 was the dependent variable of
interest. The reliability and validity of these tasks are well established
[61]. Internal consistency values ranged from moderate to high for
the composite score (comprised of color naming and word reading).
For the examined age groups (20-49), internal consistency coefficients
ranged from 0.72 to 0.82. Test-retest reliability coefficients were also in
the moderate to high range (0.49 to 0.86) for the four conditions of the
Stroop task.

The D-KEFS Verbal Fluency Test (phonemic fluency only) was
used to evaluate generative ability and verbal fluency; we administered
the letter fluency condition of this test. The dependent measure is the
number of acceptable responses generated within each 60-second trial.
There is no evidence for practice effects in this task [62]. This test has
appropriate internal consistency and test-retest reliability [61]. Internal
consistency for the letter fluency condition was high with internal
consistency coeficients ranging from 0.77 to 0.90 across the three age
groups (20-29, 30-39, 40-49). The test-retest reliability coefficient (age
range of 20-49) for letter fluency was 0.76.

The CANTAB is a widely-used battery for assessing brain-behavior
relations in adults, and its reliability and validity has been supported
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by numerous studies of healthy controls, as well as patients with brain
lesions, degenerative disorders and psychiatric illnesses [59,60,63-
66]. Temporal stability in a large group of younger, healthy controls
(mean age=44, SD=16) was moderate to high with test-retest reliability
coefficients ranging from 0.40 to 0.87 across all CANTAB subtests. We
used the Intra-Extra Dimensional Set Shift and the Affective Go/No-Go
subtests. The former is a computerized analogue of the Wisconsin Card
Sorting test [60] that is sensitive primarily to changes to the fronto-
striatal areas of the brain [67]. It is a test of rule acquisition and reversal,
using a visual discrimination task to assess intentional set formation,
set maintenance, set shifting and flexibility of attention. The CANTAB
Affective Go/No-Go subtest is sensitive to functions of ventral
and medial-prefrontal cortical brain regions (having strong limbic
connections). It assesses information processing biases for positive and
negative stimuli, and as such, the test represents a powerful research
assessment tool for current studies on the neural substrates of PTSD,
since this disorder has been shown to be associated with information
processing biases [22].

Memory: Memory was assessed with the California Verbal
Learning Test-II (CVLT-II) [68], and the Green Nonverbal Medical
Symptom Validity Tests (NV-MVST) [69]. CVLT-II is a list-learning
task consisting of 16 words belonging to four distinct semantic
categories forming a “shopping list” The test includes five learning
trials, a second interference list, an immediate and delay recall trial and
a yes/no recognition task. The scores of interest to us were the total
immediate recall correct (sums of trials 1-5) the number of correct
delayed recall and recognition items. Forced choice recognition was
used as an embedded effort measure [70]. Reliability and validity have
been reported [68]. A recent study in patients with TBI supports the
test’s construct validity in this population [71]. There is strong temporal
stability for the primary and alternate forms of the test [72]. The verbal
and nonverbal MSVT is a brief computerized screening test for verbal
and nonverbal memory impairment that includes built-in symptom
validity testing. It contains two primary symptom validity subtests,
a “consistency” subtest and two memory subtests. The available data
suggest that, of those groups assumed to be trying their best to do
well on testing, only patients with advanced dementia score below
the specified cut-oftf on the primary symptom validity subtests [69].
A recent study by Henry et al. [73] demonstrated that the NV-MSVT
has high specificity (98.5% for neurological patients; 100% for control
participants). Data also have demonstrated that the V-MSVT and NV-
MSVT have high inter correlations (0.70-0.80) with the longer Word
Memory Test, which has well-established psychometric properties [69].
Preliminary data showed high specificity of the MSVT in the OIF/OEF
population [48].

Premorbid function: Premorbid functioning or estimated verbal
intelligence was assessed with the Wechsler Test of Adult Reading
(WTAR) [74]. This is a measure of word reading that estimates
premorbid verbal IQ. The test contains 50 words that increase in
difficulty of pronunciation. Reliability, validity and test-retest reliability
are well established [74]. The WTAR shows high correlations with other
measures of reading [75], but moderate correlations with measures of
language production [57], and internal consistency coeflicients ranged
from 0.90 to 0.97 in U.S. standardization samples.

Psychomotor function: This component was assessed with the
Grooved Pegboard [76] and an ataxia measure. Grooved Pegboard
is a test of manual dexterity and psychomotor speed that requires
participants to put pegs in small holes. The dependent variable is time
to completion [77]. The reliability and validity have been reported

elsewhere [78]. Temporal stability is high (0.67-0.86) [78]. Ataxia was
assessed by the stand-on-one-foot balance test from the Fregly Graybiel
ataxia battery [79], performed with eyes open, maximum of 30 seconds
on each foot. A mean measure was taken of the two trials.

MRI and DTI acquisition

Two whole-brain high-resolution T1-weighted MP-RAGE
image (TI=1000 ms, TR=2.53 ms, TE=3.32 ms, flip angle=7°, slice
thickness=1.0 mm, 256 slices, FOV=256x256 mm) were acquired for
each individual on a Siemens 3 T TIM Trio scanner with a 12-channel
head coil at the VA Boston Healthcare facility. The two images were
averaged for each participant to create a single image volume with high
contrast-to-noise. Total imaging time was approximately six minutes
for each MP-RAGE scan. DTT acquisition used a 2 mm isotropic, 60
direction single shot echo planar sequence with a twice-refocused spin
echo pulse sequence, optimized to minimize eddy current-induced
image distortions [80] (10 T2 {b=0}+60 diffusion directions; b=700,
TR=7920ms, TE=83ms; bandwidth=1396 Hz/px, slice thickness=2.0
mm, FOV=256x256 mm; 128x128 matrix; 64 slices; 2 mm?® voxel
dimensions with 0 gap; automatically acquired in the AC-PC plane;
2x GRAPPA; total acquisition time 9:40). The 60 diffusion-weighted
directions were obtained using the electrostatic shell method [81],
resulting in a high signal-to-noise volume. The diffusion tensor was
calculated on a voxel by voxel basis using conventional reconstruction
methods [82].

MRI image processing: MRI images were processed to create
individualized models of each participant’s cortical mantle through the
cortical reconstruction procedure in the FreeSurfer image analysis suite,
which is documented and freely available for download online (http://
surfer.nmr.mgh.harvard.edu/). The technical details of these procedures
are described in prior publications [50,83-88]. Briefly, this processing
first involves motion correction and averaging of the two volumetric
T1-weighted images, removal of non-brain tissue using a hybrid
watershed/surface deformations procedure [89], automated Talairach
transformation, intensity normalization [90], tessellation of the gray
matter white matter boundary, automated topology correction [86,91]
and surface deformation, following intensity gradients to optimally
place the gray/white and gray/CSF borders at the location where the
greatest shift in intensity defines the transition to the other tissue class
[84,92]. Surface inflation and spherical registration procedures based on
the matching of cortical folding patterns across individuals were used
for group-based analyses [84,85]. Cortical thickness was computed as
the closest distance from the gray matter/white matter boundary to the
gray matter/Cerebro Spinal Fluid (CSF) boundary at each vertex on the
tessellated surface [92]. In Free Surfer, the cortical surface boundaries
were occasionally slightly misplaced, with regard to the boundary of
the gray matter/white matter, and/or gray matter/CSF border, and
occasionally need to be manually edited for very small adjustments.
Due to this, cortical models were checked slice-by-slice throughout the
entire brain image to assure that surfaces were appropriately placed at
the gray/white and gray/CSF border. Thickness data were smoothed,
using a circularly symmetric Gaussian kernel across the surface with
a standard deviation of 20 mm. The reliability of obtaining cortical
thickness measurements from MRI scans has been well documented in
several instances [93-95].

Diftusion data were processed using a multistep procedure involving
the Free Surfer image analysis suite (http://surfer.nmr.mgh harvard.
edu/) and FSL (http://www.fmrib.ox.ac.uk.fsl/) processing streams.
A T2-weighted structural volume, collected using identical sequence
parameters as the directional volumes with no diffusion-weighting,
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and thus, in register with the final diffusion maps, was used for all
registration and motion correction, using a 12-parameter affine mutual
information procedure in FMRIBs Linear Image Registration Tool
(FLIRT) [96-98]. The diffusion tensor (including the six components;
three eigenvectors and three eigen values) was calculated for each voxel
using a least-square fit to the diffusion signal [99], and brain-extracted
using BET [100]. FA was derived from the 3D maps of the three eigen
values in the diffusion tensor, as described previously [99]. Data were
then prepared for statistical analysis using TBSS Tract-Based Spatial
Statistics [101], distributed as part of the FSL package. TBSS was used
for the analyses with FA. First, all participants’ FA data were aligned into
a common space using the nonlinear registration tool FNIRT [102],
which uses a b-spline representation of the registration warp field [103].
Next, the mean FA image was created and thinned to generate a mean
FA skeleton that represents the centers of all fiber tracts common to the
entire sample. The mean skeleton was masked to only include voxels
with FA values greater than 0.2, so as to avoid inclusion of regions that
could be composed of multiple tissue types or fiber orientations. Each
subject’s aligned, common-space FA data were then projected onto this
skeleton to create a 4D skeletonized volume; this was then fed into voxel
wise group statistics. Data along the skeleton were smoothed utilizing
an anatomical constraint to limit the smoothing to neighboring data
within adjacent voxels along the skeleton. Statistical maps were dilated
from the TBSS skeleton for visualization purposes.

Regions-of-Interest (ROIs) were determined from a combination
of two separate atlases. First, the Johns Hopkins White Matter Atlas
was used to segment white matter deep within the brain. Then, the
FreeSurfer white matter segmentation atlas was used to segment the
white matter that lies directly below the cortical surface. Following the
segmentation of the skeletal white matter, the skeleton was deprojected

Component Inhibition & Switching Speed
Stroop: Inhibition/Switching Scaled Score 0.71
Trails: Visual Scanning Scaled Scores 0.7
Trails: Motor Speed Scaled Score 0.64
Stroop: Inhibition/Switching Total Time -0.73
Trails: Motor Speed Total Time -0.75
FAS: Category Fluency Scaled Score 0.04
FAS: Letter Fluency Scaled Score 0.19
Digit Span Total 0.38
Digit Span Total Scaled Score 0.23
Digit Span Sequencing 0.27
CVLT: Total Learning T-Score 0.01
CVLT Total Trials 1-5 0.05
CVLT: Recognition Hits Z-Score 0.12
Affective Go/No-go: Total Commissions
. -0.22
(negative)
Affective Go/No-go: Total Omissions (positive) 0.22
Affective Go/No-go: Total Commissions
- -0.27
(positive)
Affective Go/No-go: Total Omissions
. 0.24
(negative)
Grooved Peg. Non- Dom. Z Score -0.17
Grooved Peg. Dom. Z Score -0.23
Ataia Mean: Standing on Left and Right Foot
0.19
(Eyes Open)
Eigenvalues 2.39
Percent of Total Varience 12%
Number of Test Measures 5

back to native space. All ROI values were then taken from native space.

We selected FA as a primary measure of white matter integrity
based on its common use in previous literature examining white matter
in alcoholism [104]. FA values have been calculated with a formula that
takes into account all eigen values, ranging from 0 to 1. The variables
included in the data set all were native-space mean FA values from the
deprojected skeletal ROTs.

Data Analysis

All statistical analyses were completed using R version 3.0.1
on a x86_64-apple-darwinl0.8.0 (64-bit) platform [105]. In order
to perform factor analyses with clinical and neuropsychological
scores and avoid list or pair-wise deletion of data, we employed the
recommended procedure [106] of multiple imputations using Fully
Conditional Specification implemented by the multiple imputation
using chained equations algorithm [107]. Gibbs sampling and predictive
mean matching was used to replace missing data on continuous
variables, while logistic and polytomous logistic regression was used
for dichotomous data. Final values were generated, taking into account
the uncertainty introduced by the missing variables and remaining
statistically close to the original variance.

The Procedures for Personality and Psychological Research software
package [108] was used to conduct Principle Axis Factor analysis. Five
principal factors were obtained from with a Varimax (orthogonal)
rotation of 20 neuropsychological test components (Table 2). The five
cognitive factors were labeled: (1) Inhibition and Switching Speed, (2)
Memory, (3) Verbal Memory, (4) Emotional Valence Processing and
(5) Psychomotor Factor. The same statistical package was utilized to
obtain four principal factors based on 61 FA ROIs using orthogonal
rotation. The DTI factors consisted of the following: F1 (Dorsolateral

Memory Verbal Memory  Emotional Valence Processing  Psychomotor
0.05 0.2 -0.2 -0.18
0.12 0.16 0.06 0.15
0.32 -0.31 0.08 -0.2
-0.12 -0.22 0.16 0.18
-0.26 0.09 -0.11 0.11
0.79 0.03 -0.07 -0.09
0.72 -0.05 -0.1 -0.16

0.7 0.25 -0.08 0.4
0.68 0.27 0.03 0.38
0.66 0.3 0 0.36
0.3 0.84 -0.07 -0.15
0.3 0.82 -0.09 -0.15
-0.05 0.73 -0.12 -0.02
0.04 0.02 0.82 0.03
-0.19 -0.15 0.8 -0.04
0.12 0.03 0.79 -0.09
-0.23 -0.2 0.73 0.03
0.08 -0.09 -0.06 0.77
0.05 -0.18 -0.01 0.65
-0.25 0.6 0.09 0.53
3.29 3 2.51 2.26
16% 15% 13% 1%
5 3 4 3

* Loadings =>.01. When loadings less than 0.51 were excluded, the analysis yielded a five-factor solution with a simple structure (factor loadings => .51)

Table 2: Obliquely rotated component loadings for 20 neuropsychological test sub-scores.*
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Frontal-Parietal Factor), F2 (Frontal Subcortical Factor), F3 (Limbic
Nucleus Accumbens Factor), and F4 (Subcortical Limbic Cerebellar
Factor) (Table 3).

Multiple linear regression models were employed to investigate the
impact of alcohol use and PTSD on the relationship between the brain
and cognitive factors. Twenty regression analyses were performed, using
each of the DTT factors as independent variables and the behavioral
factors, along with the diagnostic groups, as dependent measures.
Whenever results yielded a main effect of Alcoholism or PTSD, follow-
up regression analyses were conducted in order to examine whether

the main effect was driven by drinking quantity (using LDH) or PTSD
severity (using CAPS). The LDH measure used indicated the total
weight-corrected amount of alcohol consumed over the course of each
participant’s lifetime. Aggregate results from all participants have been
broken up into quartiles based on this measure of lifetime drinking
quantity: low, moderate, high, and excessive drinkers. See Figure 1
for results of a detailed breakdown of these categories, as well as the
primary group distribution within the quartiles. As expected, low and
moderate drinkers consisted primarily of CTL and PTSD participants,
while the high and excessive drinkers consisted mainly of COMO and

F1 F2 F3 F4

Component (Dorsolater Frontal- (Frontal Subcortical (Limbic Nucleus (Subcortical Limbic
Parietal Factor) Factor) Accumbens Factor) Cerebellar)

Right rostral middle frontal cortex 0.77 0.34 0.09 0.04
Right paracentral gyrus 0.77 -0.01 -0.01 0.3
Right inferior parietal cortex 0.76 0.19 0.28 0.03
Left inferior parietal cortex 0.76 0.2 0.26 0.15
Left superior parietal cortex 0.75 0.17 0.29 0.35
Left rostral middle frontal cortex 0.73 0.35 0.32 -0.03
Left precentral gyrus 0.73 0.04 0.3 0.24
Right superior frontal gyrus 0.72 0.46 0.11 0.12
Right superior parietal cortex 0.72 0.26 0.27 0.33
Left superior frontal gyrus 0.7 0.39 0.23 0.13
Right superior temporal gyrus 0.7 0.21 0.4 0.27
Right caudal middle frontal cortex 0.69 0.32 0.09 0.08
Left lateral occipital cortex 0.69 0.2 0.28 0.17
Right inferior temporal cortex 0.68 0.28 0.23 0.05
Left caudal middle frontal cortex 0.68 0.21 0.34 0.07
Left precuneus 0.67 0.23 0.39 0.19
Left postcentral gyrus 0.67 -0.08 0.27 0.37
Left supramarginal cortex 0.66 0.36 0.34 0.11
Right precentral gyrus 0.66 0.23 0.1 0.34
Right precuneus 0.66 0.17 0.38 0.36
Right pars opercularis 0.65 0.28 0.18 -0.09
Right middle temporal gyrus 0.65 0.27 0.32 0.21
Left posterior cingulate gyrus 0.63 0.21 0.4 -0.08
Right supramarginal cortex 0.63 0.28 0.25 0.29
Right lateral occipital cortex 0.63 0.23 0.24 0.42
Right pars triangularis 0.61 0.23 0.28 0.11
Left superior temporal gyrus 0.61 0.32 0.44 0.28
Genu of the corpus callosum 0.6 0.39 0.28 -0.1
Right banks of the superior temporal sulcus 0.59 0.19 0.05 0.16
Left banks of the superior temporal sulcus 0.57 0.26 0.29 -0.1
Right postcentral gyrus 0.54 0.14 0.02 0.48
Left pars triangularis 0.51 0.29 0.36 0.12
Left retrolenticular part of the internal capsule 0.1 0.8 0.16 0.23
Left superior corona radiata 0.24 0.79 0.03 0
Right posterior limb of the internal capsule 0.12 0.79 0.04 0.23
Right retrolenticular part of the internal capsule 0.16 0.78 -0.07 0.21
Right posterior corona radiata 0.36 0.76 0.04 0.18
Right superior corona radiata 0.25 0.75 0.06 0.02
Left posterior limb of the internal capsule 0.05 0.73 0.12 0.13
Left posterior corona radiata 0.22 0.72 0.05 0.2
Left anterior corona radiata 0.39 0.63 0.29 -0.11
Right superior longitudinal fasciculus 0.44 0.63 0.19 0.2
Left external capsule 0.24 0.6 0.27 0.12
Right anterior corona radiata 0.46 0.59 0.31 -0.21
Left superior longitudinal fasciculus 0.44 0.58 0.32 0.18
Left anterior limb of the internal capsule 0.27 0.54 0.44 0.09
Right anterior limb of the internal capsule 0.28 0.53 0.44 0.13
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Left thalamus 0.31 0.07 0.73 0.25
Left fornix and stria terminalis 0.22 0.09 0.71 -0.02
Right thalamus 0.34 0.09 0.71 0.3
Right cingulum bundle connecting the cingulate gyrus 0.29 0.37 0.64 -0.02
Left ventral diencephalon 0.14 0.04 0.64 0.33
Right caudal anterior cingulate cortex 0.36 -0.05 0.62 -0.21
Body of the corpus callosum 0.55 0.15 0.59 -0.12
Left caudate 0.27 0.14 0.58 0.37
Right putamen 0.17 0.14 0.53 0.18
Right hemisphere of the cerebellum 0.36 0.4 0.52 0.24
Right cingulum bundle connecting the hippocampus 0.23 0.15 0.02 0.75
Left cingulum bundle connecting the hippocampus 0.16 0.32 0.1 0.64
Brain stem 0.14 0.34 0.36 0.59
Right superior cerebellar peduncle 0.15 0.16 0.3 0.56
Eigenvalues 16.59 9.53 7.98 4.28
Percent of Total Varience 27% 16% 13% 7%
Number of Test Measures 32 15 10 4

*Loadings => .01. When loadings less than 0.51 were excluded, the analysis yielded a four-factor solution with a simple structure (factor loadings => .51)

Table 3: Obliquely rotated component loadings for 61 fractional anisotropy regions of interest*.

ALC groups. The secondary regression for drinking quantity was set
up with the LDH variable as a dependent measure; current CAPS score
was included as a covariate in order to control for the effects of PTSD.
Since none of the primary regression analyses revealed a main effect
of PTSD, the secondary regression for PTSD severity was not applied,
and thus, is not discussed in further detail. The CTL group was used as
a reference. Table 4 summarizes the results of the significant regression
models.

Results
Demographics

Chi-Square tests were conducted to assess primary group
differences in their composition of race (percent Caucasian), gender
(percent male), current depressive episodes (percent “in episode”
of current recurrent Major Depressive Disorder), percentage of
participants with a history of mTBIs and percentage of excessive
drinkers (based on the LDH quartile distribution described below). The
COMO group was significantly different in its minority composition
(p<0.01), consisting of 95% Caucasians. There were no significant
group differences in gender distribution or percentage of participants
diagnosed with current recurrent depression. The COMO and ALC
groups contained the most participants with a history of at least one
mTBI (80%, p<0.01 and 59%, p<0.05, respectively), however, there were
no group differences in participants who had more than three mTBIs
over the course of their lifetime, with 6% being the highest percentage
(within the PTSD group) of affected participants. The PTSD and CTL
groups did not contain any excessive drinkers, while the COMO (50%
excessive drinkers) and ALC (47% excessive drinkers) were equivalent
on this distribution.

After performing the factor analysis, one participant was identified
as an outlier due to two FA values that deviated significantly from the
rest of their corresponding group and impacted the regression models
by adding significance to otherwise insignificant equations. Cook’s
Distance test confirmed the high influence of this variable. Therefore,
two of the participant’s FA values were replaced with the closest values
from another participant.

ANOVA tests were conducted to examine group differences on age,
years of education, estimated pre-morbid verbal IQ, weight corrected

total amount of alcohol consumed over the course of a lifetime, current
CAPS score and SMAST total scores (lifetime cumulative and recent
year scores). There were no group differences on age, education or
premorbid verbal IQ. As expected, COMO (mean=11,443.5) and ALC
(mean=1,708.24) groups drank significantly more over the course
of their lifetime than the CTL and PTSD groups (p<.001 and p<.01,
respectively), but did not differ significantly from one another. The
CTL (mean=278.87) and PTSD (mean=423.39) groups did not differ
in their drinking levels (p>.05). The comorbid group had significantly
higher SMAST scores (current mean=7 and lifetime mean= 8.91) than
the CTL and PTSD groups (mean score<1), indicating a higher level of
behavioral disruptions due to the presence of both disorders. Although
lower than comorbid group, the ALC group did have clinically
significant SMAST lifetime scores (mean>3), indicating alcoholic
behavior. The ALC group’s SMAST twelve-month scores were below
one, confirming abstinence. The comorbid group showed significantly
higher drinking activity that the CTL group within the past year (Table
1).

Main effects of PTSD and comorbid diagnostic groups

Regression analyses did not reveal any significant effects of PTSD or
comorbid diagnostic groups on the FA factors. That is, the dorsolateral
frontal-parietal factor, frontal subcortical factor, limbic accumbens
factor and the subcortical limbic cerebellar factor were not significantly
associated with any of the cognitive changes (p>.05) within the PTSD
or comorbid diagnostic groups (p>.05).

Main effects of excessive drinking

Regression analyses did not reveal any significant effects of the ALC
group on limbic nucleus accumbens or the subcortical limbic cerebellar
factors. Multiple linear regression model revealed significantly (p<.05)
reduced FA values within the frontal subcortical factor region within
the ALC group, as compared to CTL participants (¢=-2.04, R*=0.07,
adjusted R*=0.03). Follow-up regression analyses revealed that this
effect has been driven by excessive drinkers (p<.01, t=-2.6, R*=0.17,
adjusted R?=0.1), collapsed across all diagnostic groups. Regression
analyses also revealed a significant (p<.05) association between a
decrease of the inhibition and switching speed cognitive factor scores
and an increased of the dorsolateral frontal-parietal factor scores (t=-2,
R?=0.15, adjusted R?=0.06). This relationship was driven by excessive
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Effect of Alcoholism/Effect of Excessive Drinking

F1 t value

(Dorsolateral Frontal-Parietal Factor) R?
Adjusted R?

F2 t value

(Frontal Subcortical Factor) R?

Adjusted R?
Observations: 71

Inhibition Switching

Alcoholism Speed Factor
-0.29 -2%12.9**
0.03 0.15/0.17
0.01 0.06/0.06
2.04% | 2.6
0.07/0.17
0.03/0.1

Note: The post-hoc tests for high drinking were conducted only if the initial regression result yielded at least a marginally significant p-value (p<.1) for the main effect of

Alcohol, PTSD, or synergistic interaction of the two disorders
p<0.07; * p<.05; ** p<.01

Table 4: Multiple linear regression summary.

drinkers (p<.01) and collapsed across all diagnostic groups (t=-2.9,
R?=0.17, adjusted R?=0.06). See Figure 1 for a distribution of drinking
quartiles and Table 4 for regression summaries and results.

Discussion

Primary findings of this study suggested that sheer quantity of
alcohol consumption in OEF/OIF Veterans account for the greatest
amount of variance in FA measures within the frontal subcortical region,
whereas the presence of an alcohol- or stress-related diagnosis (PTSD)
per se was not predictive. The decrease of FA values within this region
occurred as a function of excessive drinking and was independent of
cognitive dysfunction. These data indicated that FA values underlying
the dorsolateral frontal-parietal regions increased within the ALC
group as a function of decreasing inhibition and switching speed
abilities. FA values within this region were also increased within
excessive drinkers independently of PTSD. The increase of FA values
within the dorsolateral frontal-parietal regions is consistent with prior
findings, indicating a compensatory involvement of this region [109].
We did not have sufficient statistical power to conclude whether this
relationship is the same within excessive drinkers. Given the previously
reported compensatory role of this region in alcoholics and the increase
of FA values within excessive drinkers, it is likely that this relationship
remains consistent within the heaviest drinking category and the entire
ALC group.

Effects of the diagnostic groups

Results of the present study indicated that neither the PTSD
diagnosis nor the comorbid diagnosis of PTSD and alcoholism had a
measurable effect on alcoholism-related brain structure or cognitive
function. This allows us to conclude that white matter underlying the
frontal subcortical and dorsolateral frontal and parietal regions are
sensitive to pathological alcohol consumption, and is not affected by the
presence or absence of the frequently comorbid PTSD. The sensitivity of
these regions to alcohol consumption is consistent with prior findings
that have reported alcohol susceptibility within the frontocerebellar
and mesocorticolimbic circuitry [109].

Disregulation of different areas within these circuits has been found
to be associated with various behavioral changes that, when combined
together, constitute what has been coined as “alcoholic behavior”
[109,110]. Such behavioral patterns are often marked by impaired
judgement and decreased ability to avoid negative actions pertaining
to the downward spiral of addiction [111]. The frontocerebellar system
is functionally characterized with verbal abilities, attention, decision
making, and planning capabilities, all of which can be compromised
when the frontocerebellar circuit is impaired [112].

The mesocorticolimbic circuit is a dopaminergic pathway in the
brain that is involved in processing incentives and rewards associated
with various pleasurable activities, and it plays a key role in addiction
[113]. Main structures within this pathway include the orbitofrontal
cortex, medial prefrontal cortex, anterior cingulate cortex, amygdala,
hippocampus, thalamus, ventral and dorsal striatum, as well as
the globus pallidus [109]. The salient involvement of this pathway
in addictive behavior is evident from studies that demonstrate its
activation with visual [114] and taste [113] alcohol cues, without
actual consumption of the substance. In addition to playing a role in
dopaminergic mediation of reward (alcohol related, in this case), the
mesocorticolimbic pathway is also believed to play a role in aversive
stressful stimuli [115]. Although the exact mechanisms of its role are
still unknown, it is clear that this pathway is involved and abnormally
activated in alcoholics [109].

The frontal subcortical factor consists of bilateral retrolenticular,
posterior and anterior limb of the internal capsule, bilateral superior
longitudinal fasciculus, anterior, posterior and superior componenets
of the bilateral corona radiata, as well as the left external capsule. The
anterior limb of the internal capsule contains frontopontine fibers that
project from the frontal portions of the cerebral cortex to the pons; the
pons plays a cruicial role in the intermediate steps of the feed-forward
loop of the cerebrocerebellar circuit [116], and has been found to be
adversely affected by alcohol abuse [117]. The retrolenticular portion of
the internal capsule contains crucial fibers that project from the lateral
geniculate nucleus of the thalamus, a part of the optic system and a
key portion in the feed-forward loop. The posterior limb of the internal
capsule contains sensory and corticobulbar fibers, both of which are
involved in communication with the thalamus and crucial for the
feedback loop described above [118].

Part of a bidirectional bundle of fibers that radiate from the frontal
lobes through the occipital lobes, connecting the anterior and posterior
portions of the cerebellum [119], is a key component of the feedforward
loop. Another key component of this loop is the corona radiata, which
contains ascending and descending fibers that pass through the internal
capsule, connecting most parts of the cerebral cortex with ventrally
located structures. Previous studies have reported the deliterious effect
of alcohol on these fibers [120]. These data indicated that there are long-
term effects of high alcohol consumption over the course of a lifetime
on the internal capsule. Finally, the left external capsule contains fibers
that project from the basal forebrain to the cerebral coretex, and it too
is a crucial component of the feedback loop. It was previously shown to
be affected in men [13], which is consistent with our male-dominated
sample.
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Figure 1. LDH Drinking Severity Quartile Distribution.
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Figure 1: LDH Drinking Severity Quartile Distribution.

Given that the initial regression models revealed significant results
for ALC, but not COMO groups, it is possible that the synergistic effect
of the comorbidity of alcoholism and PTSD might be playing a role
in modifying drinking behavior. This is a possibility since the frontal
subcortical factor and dorsolateral frontal-parietal factor regions were
affected only by alcoholism within the COMO group when the lifetime
drinking quantity fell within the highest quartile of all participants.
Since both the ALC and COMO groups were matched on lifetime
drinking quantity, one possible explanantion is that individuals in the
low, moderate, and high drinking ranges who suffer from PTSD and
alcoholism, consume alcohol in different patterns than alcoholics who
do not have PTSD. Specific drinking patterns that have been reported
in individuals who suffer from PTSD include binge drinking [121] and
morning drinking [122]; these patterns might affect brain structure
and function in different ways from chronic alcoholism. Furthemore,
genetic predispositions and alcohol exposure during fetal periods might
be important in accounting for the differences of alcoholic profiles. For
example, Goodlett demonstrated using a nonhuman animal model, that
even a single day of alcohol exposure during the brain’s growth spurt
within fetal development accounted for brain weight restriction and
Purkinje cell loss [123]. It is thus possible that the ALC group without
PTSD suffered from certain environmental and genetic predispositons
for the disorder, which contributed to the frontal subcortical region
alterations. The COMO group, on the other hand, might have engaged
in alcoholism as a coping mechanisms for their PTSD symptomotology
[124], thus lacking the additional factors that were present within non-
comorbid alcoholics.

Heterogeneity of alcohol consumption

The highest drinking category (excessive drinkers), based on the
weight-corrected lifetime alcohol consumption measure, was shown

to be predictive of all alcoholism-related changes. Thus, the commonly
reported alterations within the frontal subcortical and the dorsolateral
frontal-parietal regions were not characteristic of our entire alcoholic
sample, but specific only to the highest drinking subgroup of alcoholics.
Particular findings included lower FA values within the frontal
subcortical regions, independent of cognitive impairment and increased
FA values within the dorsolateral frontal-parietal regions within the
excessive drinking subgroup who also had impaired executive function.

The latter finding is consistent with prior studies that indicated
a compensatory role of the dorsolateral frontal-parietal areas in
individuals who suffer from executive impairments [109]. Axons
within this region underlie areas that have been shown to engage in
higher activity as executive function decreased. Gilman et al. [125]
demonstrated that the left inferior and right middle frontal gyri
activated within alcoholics to a larger extent than in healthy controls
during the same task requiring executive function. Desmond et al. [126]
found that although there were no performance differences in abstinent
alcoholics, they exhibited greater fMRI activation than a control group
in the left frontal and right superior cerebellar regions during the same
task. Additional studies have reported that increased activity in certain
brain regions [7,126] appeared to serve as compensatory mechanisms
for the damaged circuits, thereby allowing alcoholics to maintain the
same level of performance as healthy controls [9]. Within our sample,
the dorsolateral frontal-parietal factor involves two affected circuits
(described above) that were associated with decreased performance on
the corresponding executive tasks. Although hypothetical (due to the
cross-sectional design), these data support the notion that the integrity
of white matter bundles underlying the compensatory regions have
changed from their premorbid state, and in this manner, facilitated
functional compensation for the corresponding gray matter.
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It is important to address our previous finding [127], indicating
that PTSD was associated with reduced cortical thickness within gray
matter regions, located superior to certain subcortical regions within
dorsolateral frontal-parietal factor. Specifically, gray matter within
the left pre- and post-central gyri, right dorsal pre-central gyrus and
superior frontal gyrus were all found to be decreased in indivudals
affected by PTSD. Although analyzing the gray/white matter relationship
between the two disorders is outside of the scope of this study, these
data raise several questions for future research. First, it would be
important to examine whether the decreased cortical thickness of the
noted gyri is associated with a change in executive functioning. Since
FA value increase underlying these gyri seems to serve a compensatory
role for decreased executive function, it would be useful to examine
whether cortical thinning is related to the same change in cognition.
Furthermore, since the methods of the current study utilized a factor
analysis technique, conclusions about specific ROIs cannot be made. It
is, therefore, possible that a certain amount of variability exists within
each of the factor regions. Another direction for future research would
thus be to examine whether there are white matter fluctuations within
each of the areas that were shown to be affected in alcoholics, and if so,
it would be important to examine the nature of their association with
each of the overlaying cortical areas.

Limitations

Although this is the first study to examine the associations of white
matter and cognitive changes in alcoholics, while controlling for PTSD
and heterogenuity of drinking, there are several important limitations
that need to be taken into account. First, these results can be applied
only to men, as female Veterans were less available in our sample
than their male counterparts, and were difficult to stratify within the
diagnostic groups. Given that recent findings have shown clear gender
differences in alcoholism-related brain and behavioral functioning
[9,109], further research needs to explore these variations as the number
of deployed women Veterans continues to increase. A second limitation
comes from the retrospective cohort design of this study, which did not
allow for the addition of measurement tools, such as those that would
allow us to control for the length of abstinence or indentify different
drinking patterns (i.e. morning drinking or binge drinking). Functional
recovery and neurogenesis are important factors to consider in relation
to the length of abstinence and might shed further light on these
findings. Collecting more detailed data on various drinking patterns
would help identify the unique cognitive and anatomical signatures of
additional drinking profiles, which might help differentiate them from
the “excessive drinkers” discussed in this research. Another limitation
of this design is that we did not control for alcohol consumption
prior to testing. However, it is unlikely that alcohol was consumed
immediately before testing for two reasons. First, participants were
asked to fast (including not consuming alcohol) for 12 hours prior to
their first session, in order to accommodate a blood draw. If an alcohol
abuse issue was revealed at the time of scheduling, the first session was
delayed by one month, during which participants were requested to
abstain from consuming alcohol. Second, as mentioned earlier, the ALC
group’s SMAST scores for the past year before the session were below
1, indicating abstinence. We did not use a breathalyzer test that would
indicate whether participants had abstained from consuming alcohol
beyond the 12 hours prior to their appointment. Therefore, acute effects
of alcohol cannot be ruled out with certainty.

Another limitation involves the use of the factor analysis approach
that was employed in this study. Given the high number of ROI studies

that have been published in the past examining the effects of alcohol,
the factor-analysis approach was used as a data reduction technique.
This provided a way to examine larger whole-brain brain regions
and allowed us to study any alterations within entire axon bundles
that might span across networks and predefined brain areas, while
decreasing the chance of a Type II error. A notable limitation of this
approach is decreased sensitivity; factor-analysis techniques sacrifice a
more sensitive measurement approach that might help delineate subtle
changes within the factor’s components. Finally, as discussed earlier,
we did not have the sufficient statistical power to measure whether the
cognitive and white matter changes relating to the dorsolateral frontal-
parietal regions were driven by excessive drinkers or independent of the
amount of lifetime alcohol consumption. It is likely that the relationship
of these changes is the same as it is for the ALC group, but statistically
derived conclusions cannot be made due to the standard limitations of
a cross-sectional design.

Conclusions

Results of the present study showed that several of the previously
identified associations between brain structure and function were (a)
unique to those who fell within the highest quartile of lifetime alcohol
consumption, and (b) independent of the effects of the frequently
comorbid PTSD. Alterations within the white matter regions underlying
the frontal portions of the frontocerebellar and the mesocorticolimbic
pathways were independent of cognitive dysfunction. Changes within
the white matter regions, underlying the dorsolateral frontal-parietal
areas, showed higher axon integrity, that likely served a compensatory
role for decreased executive functioning. When this sample was
examined in relation to the diagnostic groups, white matter and
cognitive changes occurred only within the ALC participants, without
comorbid PTSD. These data open the possibility that individuals who
suffer from both disorders might engage in different drinking patterns
that are less deleterious to this region. These differences, however, do
not apply to the highest drinking category of individuals, whose white
matter and cognitive changes were associated directly with pathological
alcohol consumption.
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