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Abstract
Alcoholism (ALC) and HIV-1 infection (HIV) each affects emotional and attentional processes
and integrity of brain white matter fibers likely contributing to functional compromise. The highly
prevalent ALC+HIV comorbidity may exacerbate compromise. We used diffusion tensor imaging
(DTI) and an emotional Stroop Match-to-Sample task in 19 ALC, 16 HIV, 15 ALC+HIV, and 15
control participants to investigate whether disruption of fiber system integrity accounts for
compromised attentional and emotional processing. The task required matching a cue color to that
of an emotional word with faces appearing between the color cue and the Stroop word in half of
the trials. Nonmatched cue-word color pairs assessed selective attention, and face-word pairs
assessed emotion. Relative to controls, DTI-based fiber tracking revealed lower inferior
longitudinal fasciculus (ilf) integrity in HIV and ALC+HIV and lower uncinate fasciculus (uf)
integrity in all three patient groups. Controls exhibited Stroop effects to positive face-word
emotion, and greater interference was related to greater callosal, cingulum and ilf integrity. By
contrast, HIV showed greater interference from negative Stroop words during color-nonmatch
trials, correlating with greater uf compromise. For face trials, ALC and ALC+HIV showed greater
Stroop-word interference, correlating with lower cingulate and callosal integrity. Thus, in HIV,
conflict resolution was diminished when challenging conditions usurped resources needed to
manage interference from negative emotion and to disengage attention from wrongly cued colors
(nonmatch). In ALC and ALC+HIV, poorer callosal integrity was related to enhanced emotional
interference suggesting curtailed interhemispheric exchange needed between preferentially right-
hemispheric emotion and left-hemispheric Stroop-word functions.
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1. Introduction
A substantial proportion of individuals with HIV have comorbid conditions, notably alcohol
abuse (Cooper & Cameron, 2005), which can impair immune responses possibly
exacerbating neuroinflammation and neurodegeneration (Persidsky et al., 2011; Potula et al.,
2006). Alcohol consumption is also associated with an increase in HIV type 1 virus
replication in peripheral blood mononuclear cells (Bagasra & Pomerantz, 1993) and
compromise of the blood brain barrier, thereby increasing viral entry and microglial
activation (Persidsky et al., 2000; Wang, Sun, & Goldstein, 2008). There is evidence that
both HIV-1 and alcohol induce oxidative stress by enhancing the production of cytotoxins
associated with neuronal compromise (Boyadjieva & Sarkar, 2010; Gonzalez-Scarano &
Martin-Garcia, 2005) and targets gene expression level associated with defects in myelin
metabolism and HIV-1-associated neurocognitive disorder (Borjabad et al., 2011).

Functional and structural neuroimaging studies in HIV (Ernst, Chang, Jovicich, Ames, &
Arnold, 2002) and in alcoholism (Fein et al., 2006; Makris et al., 2008; Marinkovic et al.,
2009) report abnormalities in frontostriatal and limbic systems, which are relevant for
emotional and reward processing and for cognitive and behavioral control. The caudate is
preferentially affected in HIV (Ances et al., 2006; Goodkin et al., 1997) and is associated
with gating functions of salient and emotionally relevant information (Carretie et al., 2009;
Horvitz, 2002) and with reward-based behavioral learning (Haruno et al., 2004; Kim and
Lee, 2011). HIV and alcoholism each also affect gray matter nodes of limbic and frontal
brain systems (HIV: Ances et al., 2012; Clark, Cohen, Westbrook, Devlin, & Tashima,
2010; Di Sclafani et al., 1997; Stout et al., 1998; Towgood et al., 2012; alcoholism: Fortier
et al., 2011; Pfefferbaum et al., 2012) as well as white matter fibers connecting subcortical
and cortical nodes (HIV: Gongvatana et al., 2011; Pfefferbaum et al., 2009; alcoholism:
Pfefferbaum, Rosenbloom, Fama, Sassoon, & Sullivan, 2010; Rosenbloom, Sullivan, &
Pfefferbaum., 2003; Schulte, Müller-Oehring, Rohlfing, Pfefferbaum, & Sullivan, 2010).

Limbic circuits involving prefrontal, medial temporal, and the cingulate cortices have been
associated with processing emotion and attention (Etkin, Egner, & Kalisch, 2011; Schulte
Müller-Oehring, Sullivan, & Pfefferbaum, 2012). The uncinate fasciculus (uf) and the
cingulum (c) connect these regions, and degradation of fiber integrity in these bundles may
influence transfer of information among regions intercepting these limbic circuits (Zhang et
al., 2012). Lateral frontal, temporal and parietal cortices play a key role for selective
attention and executive control and are interconnected by superior (slf) and inferior
longitudinal fasciculus (ilf) (Yin et al., 2011). Emotion functions are preferentially
processed in the right cerebral hemisphere (Adolphs, Damasio, Tranel, & Damasio, 1996;
Hartikainen Ogawa, & Knight, 2000) and verbal functions in the left cerebral hemisphere,
recently confirmed with functional imaging for Stroop-word conflict processing (Schulte et
al., 2012). The corpus callosum, the thick band of white matter fibers connecting cortices of
the two cerebral hemispheres, enables interhemispheric transfer of information (Barnett &
Corballis, 2005; Barrick, Lawes, Mackay, & Clark, 2007; Schulte et al., 2010) pertinent to
cognitive control (Schulte, Müller-Oehring, Javitz, Pfefferbaum, & Sullivan, 2008). Thus,
the deleterious effect of both HIV infection and alcohol abuse on cortical and subcortical
interconnected circuits including mesocorticolimbic pathways from brain stem nuclei
(substantia nigra, ventral tegmental area) to basal ganglia and cortices (Koob, 2011; Kumar,
Ownby, Waldrop-Valverde, Fernandez, & Kumar, 2011) could result in impairment in
attention, and executive functions (Fama, Rosenbloom, Nichols, Pfefferbaum, & Sullivan,
2009; Fama et al., 2011; Martin et al., 2007; Schulte, Mueller-Oehring, Rosenbloom,
Pfefferbaum, & Sullivan, 2005) and emotional dysregulation (Johnson-Greene, Adams,
Gilman, & Junck, 2002; Salloum et al., 2007; Schulte et al., 2011). Although the fiber
bundles connecting key cortical regions involved in processing emotion, attention, and
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cognitive control are well known, the roles of cortico-limbic and callosal fiber integrity for
emotional and attentive control are not yet established in HIV and alcoholism.

In search of brain substrates of emotional and attentional dysregulation, we used MR
diffusion tensor imaging (DTI) and quantitative fiber tracking of selective association brain
fiber tracts in patients with alcoholism, HIV infection, or comorbidity for both condition.
DTI yields fractional anisotropy (FA), a measure of the degree to which water diffusion
exhibits a predominant orientation: the more linear and organized the fibers in a region, the
higher the FA and the lower the diffusivity (Basser & Jones 2002; Mori & Zhang, 2006).
Thus, FA and diffusivity provide measures of the microstructural integrity of local fiber
bundles including a metric sensitive to the condition of myelin ([notdef]t, transverse
diffusivity). We used an emotional Stroop Match-to-Sample task and added a cueing
component to the task because this enabled emotion, attention and executive control to be
tested separately (Bannerman, Milders, & Sahraie, 2010). Our task, which required subjects
to match the color of a cue to that of an emotional word, showed that HIV patients with or
without alcoholism and patients with alcoholism alone have greater difficulty than controls
in resolving conflict arising from emotional words (Schulte et al., 2011).

Here, we sought to identify brain substrates of these attention and emotion functions. We
hypothesized that 1) deficits in emotion processing would be related to disruption of
uncinate fasciculus (uf) and cingulum (c) fiber tracts; 2) deficits in attention and conflict
resolution to inferior (ilf) and superior longitudinal fasciculi (slf); and deficits in integrating
right-lateralized emotion and left-lateralized Stroop word processes to corpus callosum (cc)
integrity (Schulte et al., 2012) in patients with either HIV-infection or alcoholism. Patients
with both disorders would show the greatest compromise and relations observed in each
condition alone.

2. Methods
2.1. Participants

Behavioral data were taken from our earlier study (Schulte et al., 2011) and included
participants who also had DTI data acquired contemporaneously. The four participant
groups were comprised of: 19 patients with alcoholism alone (ALC), 16 patients with HIV-1
infection alone (HIV), 15 patients with ALC+HIV comorbidity, and 15 healthy controls
(CTL). All participants gave written informed consent to participate in the study, which was
approved by the institutional review boards at Stanford University School of Medicine and
SRI International. All volunteers were screened by trained clinicians using the Structured
Clinical Interview for DSM-IV (American Psychiatric Association, 1994) to exclude
schizophrenia, bipolar disorder, current (past 3 months) non-alcohol drug abuse or
dependence, or use of drugs (excluding cannabis and tobacco) in the past month. Healthy
control participants did not meet criteria for any lifetime Axis I pathology. Medical
exclusions were head trauma, documented compound skull fracture, clear neurologic
sequelae, or any disease with potential central nervous system involvement, such as stroke,
multiple sclerosis, or epilepsy. The study groups did not differ in age, gender or verbal
intelligence (ANART IQ, National Adult Reading Test; Nelson, 1982) (Table 1). All
subjects were right handed as determined with a quantitative questionnaire (Crovitz &
Zener, 1962).

Lifetime alcohol consumption (in kilograms) was estimated using a semistructured interview
(Pfefferbaum, Rosenbloom, Crusan, & Jernigan, 1988). Drinks of each type of alcoholic
beverage were standardized to units containing approximately 13.6g of alcohol and summed
over the lifetime. Groups differed significantly in lifetime alcohol consumption, with the
two alcohol groups having consumed significantly more alcohol than the control and the

Schulte et al. Page 3

Neuropsychologia. Author manuscript; available in PMC 2013 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HIV group, whereas ALC and ALC+HIV groups did not significantly differ from each other
(Tab. 1). The two alcoholism groups did not differ in length of alcohol abstinence prior to
study participation, and age at onset of alcoholism. Longer alcohol abstinence was
associated with higher amounts of lifetime alcohol consumption in ALC+HIV (rho=.47, p=.
046). The two HIV groups did not differ in age at onset of HIV-1 infection. Among the 15
subjects in the ALC+HIV group, alcoholism preceded HIV-1 infection in 12 subjects, and
HIV-1 infection preceded alcoholism in 2 subjects. Onset of alcoholism was unknown in
one woman. The HIV and ALC+HIV groups did not differ in CD4 T-cell count, an index of
disease severity (Tab. 1).

The Karnofsky scale, which ranged from 0 to 100 (Karnofsky, Abelmann, Craver, &
Burchenal, 1948), characterized each patient's HIV-infection disease severity in terms of
daily functioning; no one scored below 80 (normal activity with effort and some signs of
disease), 10% were scored 90 (normal activity; minor signs of disease), and 90% had no
evidence of significant functional compromise (score 100). Regarding HIV medication, 81%
in the HIV group and 87% in the ALC+HIV group were taking highly active antiviral
treatment (HAART). There was no significant difference in medication status between these
two study groups (Tab. 1).

To address the potential contribution of depressive symptoms to our primary dependent
measures, we used the Beck Depression Inventory (BDI-II), a quantitative measure of
depressive symptoms (Beck, Steer, & Brown 1996). BDI scores of 0–13 indicate minimal,
14–19 mild, 20–28 moderate, and 29–63 severe depressive symptoms. HIV and ALC+HIV
groups scored on average within the minimal, non-clinical range. The scores were even
lower for alcoholics and lowest in healthy controls. Groups differed significantly in BDI
scores (Tab. 1); however, over all groups BDI-estimated depression was minimal. In the
ALC+HIV group higher BDI scores correlated moderately with higher amounts of lifetime
alcohol consumption (kg) (rho=.47, p=.046). DSM-IV diagnoses assigned at the SCID
interview indicated that 2 ALC patients met criteria for current major depression, and 5
ALC, 3 HIV and 5 ALC+HIV had met depression criteria in the past (full remission). In
addition, 3 HIV and 6 ALC+HIV tested positive for Hepatitis-C infection (HCV); 5 ALC
and 4 ALC+HIV had also used other drugs than alcohol including cocaine, opioids, and
amphetamines within the past year but not within the past 3 months prior to testing. One
CTL, 8 ALC, 3 HIV and 7 ALC+HIV were current smokers and 2 ALC, 2 HIV and 1 ALC
+HIV past smokers. Together, 7 ALC, 4 HIV, and 10 ALC+HIV had at least one other
comorbidity, including mood disorder. Finally, all subjects took a breath-alcohol analyzer
test to ensure abstinence from alcohol at the time of testing.

2.2. Data Acquisition and Analyses
The emotional Stroop Match-to-Sample task required subjects to match the color of targets,
an emotional word (HAPPY, ANGRY) or a letter string (XXXXX) printed in red, green, or
blue to that of a prior color cue (Fig. 1). Cue and target colors matched in half of the trials.
Participants pressed a YES-key for color matches and a NO-key for color nonmatches.

In the color match `baseline' condition, the target stimulus consisted of the neutral letter
string XXXXX. In the color match `emotional word' condition, the target stimulus consisted
of the word HAPPY or the word ANGRY. Stroop color-word conflict was defined as
interference from the word's content while matching cue and word ink colors, and calculated
by subtracting color matching times for letter string trials (baseline) from those for word
trials, separately for positive (HAPPY – XXXXX) and negative (ANGRY – XXXXX)
emotional words.
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In half of the color match trials, an emotional face cue (happy or angry faces) was presented
between color cue and target stimulus to test how an emotional face would influence color
matching per se and conflict resolution for emotional Stroop words. Emotional face cues
were presented in combination with a letter string, i.e., `happy face–XXXXX' and `angry
face–XXXXX' and in combination with emotional Stroop words. In these `face+word' trials,
facial expression and Stroop word content always conveyed the same emotion, i.e., `happy
face–word HAPPY' and `angry face–word ANGRY.'

Conditions were administered in blocks of 4 trials; blocks were presented in pseudo-random
order thereby ensuring the same number of trials per condition for each subject. In total, 96
trials were presented with 24 trials in each of the four color-match conditions: 1) no face–
letter string, 2) no face–emotional word, 3) face cue–letter string, and 4) face cue–emotional
word. Number of correct responses, errors and reaction time data were recorded for each
trial and subject. Subjects had to make at least 80% correct responses to be included for
further analyses.

2.3. Diffusion Tensor Imaging
2.3.1. DTI and MRI Acquisition—All imaging data were acquired with an 8-channel
head coil at 3T after higher-order (nonlinear) shimming (Kim, Adalsteinsson, Glover, &
Spielman, 2002). DTI and fast spin echo (FSE) structural data were collected with the same
slice locations: DTI (2D echo-planar, TR=7300ms, TE=86.6ms, thickness=2.5mm, skip=0,
locations=62, b=0 (5 NEX)+15 noncollinear diffusion directions b=860s/mm2 (2 NEX)+15
opposite polarity noncollinear diffusion directions b=860s/mm2 (2 NEX), FOV=240mm,
xdim=96, y-dim=96, reconstructed to 128×128, 4030 total images); FSE (2D axial,
TR=7850ms, TE=17/102ms, thickness=2.5mm, skip=0, locations=62). The dual-echo FSE
sequence acquired as part of the DTI protocol was used for co-registering structural and
diffusion images. T1-weighted SPGR (3D axial IR-prep, TR=6.5ms, TE=1.6ms,
thick=1.25mm, skip=0, locations=124) images were aligned, such that two 1.25mm SPGR
slices subtended each 2.5mm-thick FSE/DTI slice. A field map was generated from a
gradient recalled echo sequence pair (TR-460ms, TE=3/5ms, thickness=2.5mm, skip=0mm,
locations=62).

2.3.2. DTI Analysis—DTI quantification was preceded by eddy-current correction on a
slice-by-slice basis using within-slice registration, which took advantage of the symmetry of
the opposing-polarity acquisition (Bodammer, Kaufmann, Kanowski, & Tempelmann, 2004)
and also allowed for compensation of the diffusion effect created by the imaging gradients
(Neeman, Freyer, & Sillerud, 1991), reducing the data to 15 non-collinear diffusion-
weighted images per slice for tensor computation. Using the field maps, B0-field
inhomogeneity-induced geometric distortion in the eddy current-corrected images was
corrected with PRELUDE (Phase Region Expanding Labeller for Unwrapping Discrete
Estimates, Jenkinson, 2003) and FUGUE (FMRIB's Utility for Geometrically Unwarping
EPIs, Jenkinson, 2001).

DTI models water diffusion within each voxel as a zero-mean multivariate Gaussian
distribution, which is parameterized by its symmetric 3×3 covariance matrix, the diffusion
tensor. The diffusion-weighted data measured with respect to each of the diffusion gradient
directions exhibits a signal attenuation relative to b=0 data acquired without diffusion
gradients. The logarithm of this signal attenuation is a linear combination of the six unique
elements of the diffusion tensor, their weights determined by the direction of the diffusion
gradients. Computing a least squares solution for this over-determined linear equation
system independently at each voxel yielded the elements of the diffusion tensor for that
voxel. The diffusion tensor was then diagonalized to obtain eigenvalues λ1, λ2, λ3, and
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corresponding eigenvectors. From the eigenvalues, fractional anisotropy (FA) and two
orientational diffusivity measures, λl and λt, were calculated on a voxel-by-voxel basis
(Basser & Jones, 2002; Basser & Pierpaoli, 1998; Pierpaoli & Basser, 1996). These “native
space” DTI data were also used for fiber tracking.

A diffusion tensor can be graphically represented by an equidensity ellipsoid. The axes of
this ellipsoid are oriented according to the eigenvectors of the tensor, and their lengths are
proportional to the square roots of the corresponding eigenvalues. In tissue that is highly
linear, one eigenvalue dominates the other two. The ellipsoid is, therefore, long and narrow
and has a preferential orientation, presumed to indicate the course of white matter fiber
tracts. FA quantifies the degree to which water diffusion exhibits a predominant orientation:
the more linear and organized the fibers in a region, the higher the FA. In an ellipsoid with a
preferential orientation, its long axis is referred to as longitudinal, or axial, diffusivity (λl =
λ1), which has been shown to be an indicator of axonal integrity. The mean of the short axes
of the diffusion ellipsoid is referred to as transverse, or radial, diffusivity (λt = [λ2 +λ3]/2),
which is considered a marker of myelin integrity (Song et al. 2002; Sun et al. 2006).

2.3.3. Fiber Bundle Identification and Tracking—Fiber tracking was performed with
the software by Gerig et al. (2005) based on the method of Mori and colleagues (Mori & van
Zijl, 2002; Xu, Mori, Solaiyappan, van Zijl, & Davatzikos, 2002; Xue, van Zijl, Crain,
Solaiyappan, & Mori, 1999). This approach requires the identification of a group of
“source” voxels from which streamlines (i.e., fiber tracts) are initiated and propagated
throughout the brain following the orientation of the principal eigenvector of the diffusion
tensor at each point along the fiber. To describe a particular fiber bundle selectively, a group
of “target” voxels is also identified, and only the streamlines that pass through the target are
retained. Thus, each identified fiber bundle is required to originate in a source voxel and
pass through at least one target voxel.

Fiber tract sources and targets were identified on the FA image of the SRI24 atlas (Rohlfing,
Zahr, Sullivan, & Pfefferbaum, 2010; http://nitrc.org/projects/sri24) as follows. The major
targets for the commissural tracts were identified as all voxels of the corpus callosum in the
midsagittal slice. They were then divided into seven sectors, reflecting divisions determined
with histological analysis (Pandya & Seltzer, 1986). Commissural sources were two 3-mm-
thick planes, 5mm bilateral to commissural targets. The uncinate fasciculus and the superior
and inferior longitudinal fasciculi were identified in the middle of their extent. The cingulate
bundle was identified in three sections: superior, posterior, and inferior. The midpoint voxel
of each fasciculus and each cingulate section was dilated with a morphological operator to
produce a 5mm cube as the fiber tracking target. Sources were 3mm-thick planes placed
5mm anterior and 5mm posterior to the targets.

These targets and sources were mapped to the corresponding locations on the native-space
DTI images for each subject using coordinate transformations computed by nonrigid image
registration (Rohlfing & Maurer, 2003; http://nitrc.org/projects/cmtk/). In particular, the
SPGR channel of the SRI24 atlas was registered to each subject's SPGR image, which was
registered to that subject's FSE image pair, which in turn was registered to the b=0 image of
the subject's DTI acquisition. All three transformations were concatenated to produce
sources and targets in the subject's DTI space using only a single reformatting operation.

The tensor data as well as targets and sources were passed to the fiber tracking routine in
native space, thus avoiding the need for tensor field resampling and tensor reorientation.
Fiber tracking parameters included white matter extraction threshold (minimum FA) of .17,
minimum fiber length of 37.5 mm, maximum fiber length of 187.5 mm, fiber tracking
threshold of .125 (terminates a fiber if the vector field in the local neighborhood is too
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noisy), and angle of maximum deviation of .80 (~37° maximum angle between successive
fiber segments). In postprocessing, we enforced the additional constraint that a commissural
fiber originating in a source voxel in one hemisphere was required to pass through a target
voxel in the corpus callosum and also through at least one source voxel in the other
hemisphere.

The output of the fiber tracking for each subject and each source-target pair was a 3D
geometric model of the fiber paths comprising a table of all point locations along each fiber
with local DTI metrics (FA, MD, λ1, λ2, λ3). Mean FA, longitudinal diffusivity (λl = λ1),
and transverse diffusivity (λt = [λ2 + λ3]/2) for each fiber bundle were the units of
subsequent analysis.

2.4. Statistical Analyses
For behavioral data analysis, mean reaction times (RTs) for correct YES and NO responses
and the numbers of errors were computed for each subject for each color-match condition.
For the analyses of specific task effects, we calculated Stroop effects for positive and
negative emotional words as the difference in reaction time (RT) between word and letter
string trials for both color match and nonmatch trials and separately for trials with and
without face cues.

For DTI fiber microstructural analysis, we used MANOVAs to test for group differences in
FA, λl, and λt in each fiber bundle. Significant group effects were followed up with post-
hoc Least Square Difference (LSD) tests. To examine the relationships between fiber
integrity (FA), emotion and conflict processing within each group, we used non-parametric
Spearman Rho correlation analyses. Finally, to test for relationships between DTI fiber
microstructure, demographic and clinical variables and performance, we used Spearman
Rho correlation (one-tailed), based on the assumption that less fiber integrity and higher
severity of illness would result in poorer performances (slower processing speed, more
errors). Applying family-wise Bonferroni correction for comparisons of 7 DTI fiber tracts,
p-values ≤ .014 (1-tailed) and p-values ≤ .007 (2-tailed) were considered significant. For all
other statistical tests, alpha significance levels were set at p<.05, 2-tailed (SPSS 15.0).

3. Results
3.1. Behavioral Performance

3.1.1. Accuracy—The four groups did not differ significantly in number of errors
committed (F(3,61)=1.67, p=.09; η2

p=.08), although, on a descriptive level, ALC+HIV (8±6
errors) and HIV (7±5 errors) committed more errors than CTL (5±3 errors) or ALC (5±4
errors). Number of errors and overall reaction times (RTs) were not significantly correlated
in CTL, HIV, and ALC+HIV groups, and the positive correlation in ALC (r=.50, p<.03;
Rho=.44, p=.06) indicated lack of speed-accuracy trade off.

3.2. Attention, Emotion, and Conflict Processing
3.2.1. Attention and emotional faces—A repeated-measures ANOVA testing for
effects of attentional color cueing (match, nonmatch) and emotional faces (no face, happy
face, angry face) in letter string trials (XXXXX) as within-subjects factor and group as
between-subjects factor (CTL, ALC, HIV, ALC+HIV) showed that all groups (group effect
and interactions, p's > .05) had longer RTs to nonmatch than match trials (F(1,61)=88.37,
p<.0001) and to trials with angry than happy faces that were longer than RTs to trials with
no faces (face effect: F(1,61)=19.56, p<.0001; attention-by-face interaction: F(1,61)=10.07,
p=.002) (Figure 2A).
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3.2.2. Emotion and Stroop conflict—We next tested whether groups differed in Stroop
conflict depending on the emotional content of the Stroop word and the presence of an
emotional face. To control attention effects, we tested this separately for match (valid color
cue) and nonmatch (invalid color cue) trials by using repeated-measures ANOVAs with
Stroop words (word/no word), faces (face/no face) and emotional content (happy/angry) as
within subject factors and group (CTL, ALC, HIV, ALC+HIV) as between subjects factor.

For match trials, groups differed significantly in the interaction between emotional Stroop
and emotional face effects (group-by-emotional Stroop-by-face interaction: F(1,61)=13.95,
p=.021) (Fig. 2B). Overall, Stroop effects were greater for emotionally negative (ANGRY)
than positive (HAPPY) words (emotional Stroop effect: F(1,61)=9.44, p=.003). Follow-up
analyses revealed a significant group effect (F(3,61)=3.80, p=.015) showing enhanced
Stroop interference from the word HAPPY (no faces) in HIV (p=.032) and ALC+HIV (p=.
003) relative to controls, who did not show Stroop interference on trials without faces (Fig.
2B). In addition, within group follow-up analyses revealed an emotional Stroop-by-face
interaction in CTL (F(1,14)=6.18, p=.026), illustrating that Stroop effects for positive
emotion was enhanced by presenting happy faces, while the overall greater Stroop effect for
negative emotion was barely modulated by angry faces. Also, ALC showed greater Stroop
effects for negative than positive emotional words (F(1,18)=4.42, p=.05), but these were not
significantly modulated by emotional faces (interaction: F(1,18)=1.24, ns). Patients with
HIV alone did not show any significant modulation of Stroop-match effects by emotional
word content and emotional faces (all p's>.05). In contrast to the pattern observed in
controls, those with comorbid ALC+HIV tended to show enhanced Stroop conflict (for
ANGRY) for angry faces and reduced Stroop conflict (for HAPPY) for happy faces
(emotional Stroop-by-face interaction: F(1,14)=4.52 p=.058) (Fig. 2B).

For nonmatch trials, groups did not differ in emotional Stroop effects (group main and
interaction effects, p's>.05). Also here, Stroop effects were greater for negative (ANGRY)
than positive (HAPPY) emotional words (emotional Stroop effect: F(1,61)=21.6, p<.0001),
and for trials with than without emotional faces (F(1,61)=16.1, p<.0001), especially when
the Stroop word `ANGRY' was preceded by an angry face (emotional Stroop-by-face
interaction: F(1,61)=5.23, p=.026) (Fig. 2B). However, between group analyses for each
Stroop effect separately (HAPPY-no face; HAPPY+face; ANGRY-no face; ANGRY+face)
revealed a trend for a group effect (F(3,61)=2.63, p=.058) showing enhanced Stroop-
ANGRY word interference (trials without faces) in ALC+HIV compared to controls (p=.
009) (Fig. 2B).

3.3. Brain Microstructure
To test for group differences (CTL, HIV, ALC, HIV+ALC) in brain microstructure,
MANOVAs were applied to each measure of fiber integrity (FA, λt, λl) and for the superior
(slf) and inferior longitudinal fasciculus (ilf), cingulum (superior (sc), posterior (pc) and
inferior (ic), uncinate fasciculus (uf), and corpus callosum (cc) fiber tracts. The results are
summarized in Tab. 2. Relative to CTL, DTI-based fiber tracking revealed lower FA in ilf
and uf in all three patient groups (p's<.05). Transverse diffusivity (λt) in the uf was greater
in HIV and ALC+HIV than in CTL (Tab. 2).

3.4. Correlation Analyses
3.4.1. Fiber integrity and performance—Tab. 3 summarizes the results of the DTI-
Stroop correlations. In CTL, longer Stroop-nonmatch effects for negative emotional words
(ANGRY) were related to higher cingulum (pc) diffusivity (λt, λl). However, when the
emotional Stroop word HAPPY was primed by a happy face, greater Stroop-nonmatch
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effects were related to higher integrity (higher FA, lower λt, λl) of the inferior longitudinal
fasciculus (ilf), cingulum (sc), and corpus callosum (cc1, cc2, cc3, cc5).

In ALC, only for trials with facial cueing, greater Stroop effects (for ANGRY and HAPPY)
were related to lower fiber integrity mainly in the cingulum (sc) and for nonmatch trials
additionally to callosal (cc3, premotor) fiber integrity. In HIV, greater Stroop-ANGRY
effects for nonmatch trials were related to lower fiber integrity in the uncinate fasciculus
(uf). In ALC+HIV, greater Stroop-ANGRY effects for nonmatch trials and with `angry face'
cues were related to lower callosal (cc5, sensory) fiber integrity.

3.4.2. Fiber integrity, age and clinical measures—Tab. 4 summarized the results of
the correlation analysis.

3.4.2.1. Age: In the healthy control group, older age was related to higher diffusivity in the
inferior longitudinal fasciculus (ilf) fiber bundle. Similarly, in alcoholics older age was
related to lower fiber integrity in the ilf and additionally in the cingulum (sc) and uncinate
fasciculus (uc). Older age was only moderately correlated with higher callosal diffusivity in
HIV (cc5 λt:rho=.47, p=.035; cc5 λl:rho=.48, p=.032) and ALC+HIV (cc6 λt:rho=.51, p=.
027).

3.4.2.2. Alcohol consumption parameters: In the comorbid ALC+HIV group, longer
periods of alcohol abstinence before testing were related to higher callosal FA in the parietal
sector (cc6) (Tab. 4) and moderately with other callosal sectors (cc4:rho=.45, p=.047; cc7:
rho=.53, p=.021) and the cingulum (pc:rho=.55, p=.016). In ALC, only a moderate
correlation was found between higher amounts of lifetime alcohol consumption and lower
slf FA (rho=.45, p=.029).

3.4.2.3. CD4 t-cell count: Moderate relationships were further observed between higher
CD4 cell counts and higher corpus callosum FA in HIV (for cc1, rho=.44, p=.046) and
between CD4 count and callosal (for cc7,rho=.45, p=.046) and cingulum FA (pc) in ALC
+HIV (rho=.55, p=.016).

3.4.2.4. Overall performance: In both HIV groups, lower callosal fiber integrity was
predictive of slower processing speed (HIV: cc5; ALC+HIV: cc3, cc5) (Tab. 4). Lower
accuracy (more errors) was related to lower uf integrity in HIV and lower slf integrity in
ALC+HIV (Tab. 4).

4. Discussion
The focus of this study was to examine whether attentional and emotional processes were
associated with microstructural integrity of regional fiber systems in patients with HIV-1
infection with or without alcoholism and those with alcoholism alone. Consistent with
earlier studies, all groups had longer reaction times to nonmatch than match trials, because
nonmatch trials are assumed to usurp processing resources due to the mismatch of the color
cue and color naming of the word (Schulte et al., 2005; Schulte et al., 2011; Williams,
Mathews, & MacLeod, 1996). Response times were longer for angry than happy faces,
indicating that more resources were needed to process negative emotion (Huang et al.,
2011), an effect that was similar in all groups. Despite similar baseline color-matching
performance for trials with and without emotional faces, however, the groups differed on
Stroop conflict processing, especially for match trials. Here, HIV and ALC+HIV showed
greater Stroop interference for positive emotional words than controls. Overall, emotional
face presentation enhanced emotional Stroop effects. While in controls, this enhancement
was observed specifically for positive emotion, emotional faces regardless of valance did not
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modulate Stroop effects in patients with ALC or HIV alone. In the comorbid ALC+HIV
group, this enhancement was observed for negative rather than positive emotion. Under
attentionally more challenging nonmatch conditions, the comorbid ALC+HIV group showed
the greatest Stroop interference from negative emotion relative to all groups. This greater
Stroop conflict for negative emotion and the observed increases of Stroop conflict with
negative facial stimuli may indicate difficulties with emotional processing in patients with
ALC+HIV (Hutton et al., 2004).

Similar to previous reports of compromised fiber integrity in HIV infection (Chang et al.,
2008; Laubenberger et al., 1996; Pfefferbaum et al., 2009) and alcoholism (Pfefferbaum et
al., 2010; Schulte et al., 2005; Wang et al., 2009), we found that relative to controls, all three
patient groups (HIV, ALC and ALC+HIV) had lower fractional anisotropy, in particular in
the inferior longitudinal fasciculus (ilf) (connecting frontal and posterior attentional regions)
and uncinate fasciculus (uf) (connecting frontal to limbic emotional regions). The cingulum
and uncinate fascilulus are part of the cortico-striatal-limbic circuit involved in processing
emotional stress, alcohol cues, and reward (Seo, Barraclough, & Lee, 2011). The anatomical
characteristics of the underlying white matter tracts, and associated axonal injury or
impaired conductivity (Kumar & Cook, 2002), can be a marker of compromised neural
connectivity in cortico-cortical and cortico-subcortical circuits and potentially subserve
functional dysregulation of emotion and cognition (Schulte et al., 2011). For example,
Zhang et al. (2012) recently reported that the severity of depression was associated with
microstructural abnormalities in the uncinate fasciculus.

Having found regional white matter compromise in several fibers, we analyzed structure-
function relationships between fiber integrity and performance in patients with HIV and
alcoholism. Attentional challenge (color nonmatch) and negative emotional content during
Stroop processing both revealed the relevance of fiber integrity in all groups, but the fiber
connectivity tracts for functional modulation differed between groups. In controls, the
amount of Stroop conflict elicited by an emotional word was predicted by fiber integrity in
several fiber bundles, including the inferior longitudinal fasciculus and cingulum (sc, pc),
and the corpus callosum (cc1–3, cc5) when emotional words were primed by face cues. Also
in alcoholics, Stroop-word conflict with face cueing was related to callosal (cc3) and
cingulum (sc) fiber integrity, and in comobid ALC+HIV patients to callosal sensory sector
integrity (cc5). In patients with HIV alone, greater interference from negative Stroop-words
was related to lower uncinate fasciculus integrity.

The differential fiber tracts in the two HIV groups may suggest different underlying
processes: Uncinate fasciculus microstructure was compromised in the HIV relative to
controls, and this compromise may have contributed – at least in part – to poorer conflict
resolution when challenging conditions usurp resources needed to curtail interference from
negative emotion and to disengage attention from the wrongly cued color during nonmatch
(Rochat, Billieux, & Van der Linden, 2011). Although structure-function relationships were
observed mostly for color-nonmatch trials; in alcoholics, we found relationships also for
attentionally less challenging color-match conditions. In this case, lower superior cingulum
fiber integrity was related to enhanced word interference, especially when the emotional
content of the word was cued by an emotional face. Thus, in alcoholics, fiber integrity
modulated processing of emotional content during both, more and less attentionally
challenging conditions. We speculate that variability in cingulum fiber integrity may help
synchronization of neural communication between limbic emotion and frontoparietal
attention systems needed to control intrusion of emotional information during color
matching. In ALC+HIV, the posterior callosal region was associated with poorer conflict
resolution for negative emotion in nonmatch trials; here, cueing from the additional `angry
face' may have necessitated interhemispheric exchange of information to resolve Stroop
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conflict, preferentially processed in the left hemisphere (Schulte et al., 2012), and
interference from angry faces, which are preferentially processed in the right hemisphere
(Jackson, Wolf, Johnston, Raymond, & Linden, 2008). Callosal involvement for Stroop
conflict processing was further observed in controls and alcoholics, and again only for trials
with emotional face cues. While this structure-function relationship was compromise-
oriented in the patient groups, i.e., lower callosal integrity was related to greater Stroop-
word interference for trials with emotional face cues, this was not the case in controls.
Controls showed Stroop effects for positive emotional content only when the word HAPPY
was cued by a happy face, i.e., evidence that the word's emotional content was actually
processed, and this normal Stroop interference was related to better fiber integrity. Together,
these results support the assumption that the corpus callosum plays a role in integrating
preferentially lateralized processes of nonverbal emotional interference and verbal Stroop
conflict resolution (Silveri et al., 2006).

There is evidence for differential neurobiological substrates for processing positive and
negative emotion. For example, a recent ERP study reported that unpleasant emotion, but
not pleasant emotion, influenced the early stage of behavioral inhibitory control by
enhancing the monitoring of response conflicts (Wang et al., 2011). In the current study, we
also found differential effects for negative and positive emotion in controls, who showed
interference from the word ANGRY, whereas for the word HAPPY interference was only
observed when it was cued by a happy face. Here, greater interference from positive
emotion was related to higher callosal fiber integrity, possibly allowing faster
interhemispheric communication between preferentially right-hemispheric facial and left-
hemispheric word processes. By contrast, lower integrity in several fiber tracts correlated
with enhanced interference from negative emotion, particularly during color-nonmatch
conditions. These findings support the assumption of different neurobiological substrates for
positive and negative emotion with enhanced alerting for negative emotion (Yuan et al.,
2007) and relatively less biological significance for pleasant stimuli for self-preservation
(Wang et al., 2011; Yuan et al., 2011). Moreover, different neurotransmitter systems seem to
be involved in processing positive and negative emotional expressions (Blair, 2003):
Serotonergic manipulations differentially affected the processing of fearful and happy
expressions (Harmer et al. 2001), and dopaminergic and GABAergic manipulations
differentially affected the processing of angry expressions (Borrill et al. 1987; Blair &
Curran 1999; Zangara et al. 2002). Together, our results complement findings on different
neurobiological substrates for positive and negative emotion by showing that in the healthy
brain, fiber integrity was associated with enhanced processing of positive emotion, but
reduced interference from negative emotion.

To our knowledge, there are only few studies that have related specific fiber measures and
clinical symptoms in alcoholism and HIV-1 infection. Although recent findings suggested
the role of uncinate and cingulum in major depression (Zhang et al., 2012), in our study
groups, we did not find exclusive relationships between cingulum and uf fiber integrity and
emotion functions as tested with emotional word and face processing. Because the uncinate
fasciculus connects the medial anterior temporal lobe ventrally including hippocampus and
amygdala with medial and inferior orbitofrontal cortices, abnormalities in these regions may
influence both attentional and emotional processing in patients with white matter
abnormalities.

Even though the total study sample included 65 subjects, subgroup samples were relatively
small, thereby limiting the interpretation of our results for population inference. Most of the
HIV subjects had received HAART therapy, but a substantial proportion of subject had
comorbidities including substance abuse other than alcohol, hepatitis, and depression further
modifies HIV− and alcoholism-related effects on brain microstructure and associated
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emotion and attention function. Thus, variability in fiber integrity measures and emotional
processing may have been influenced by these comorbidities, which often occur in patients
with HIV infection and alcoholism (Sassoon, Rosenbloom, Fama, Sullivan, & Pfefferbaum,
2012; Stubbe-Dräger et al., 2012; Wright, Heaps, Shimony, Thomas, & Ances, 2012). In
addition, in vivo neuroimaging can only provide an approximate estimation of white matter
fiber tract integrity. For example, in regions of complex tissue architecture, especially those
with crossing fibers, axial diffusivity values can misrepresent underlying existent
microstructural features of tissue organization (Wheeler-Kingshott and Cercignani, 2009;
Klawiter et al., 2011). We used fiber-tracking algorithms developed to mitigate partial
voluming effects from crossing fibers (Gerig et al., 2005; Rohlfing et al., 2010). Despite
converging evidence for white matter compromise in HIV (Pfefferbaum et al., 2009; Müller-
Oehring et al., 2010; Stubbe-Dräger et al., 2012) and alcoholism (Colrain et al., 2011;
Konrad et al., 2012; Pfefferbaum, Rosenbloom, Rohlfing, & Sullivan, 2009; Schulte,
Müller-Oehring, Pfefferbaum, & Sullivan, 2010), the specific role of association and
commissural fiber tracts for the transmission and integration of emotional content in HIV
and alcoholism needs further confirmation from future studies.

Together, our results indicate that individual variability in fiber integrity in alcoholism, HIV,
and their comorbidity contributes to deficits in cognitive control processes and is reflected in
enhanced attentional interference while processing emotional words and faces. These results
highlight the functional relevance of association and commissural fiber tracts and their
integrity in alcoholism and HIV infection to enable processing of emotional valence and
selective attention.
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HIGHLIGHTS

- A substantial proportion of individuals with HIV have comorbid conditions,
notably alcohol abuse.

- Alcoholism (ALC) and HIV was associated with compromise in emotion and
attention processes.

- In HIV, uncinate fiber compromise correlated with enhanced interference
from negative emotion.

- In ALC and ALC+HIV, poorer callosal integrity was related to enhanced
emotional interference.

- Fiber integrity in ALC and HIV has functional relevance for emotion and
attention processing.
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Figure 1. Emotional Stroop Paradigm
The task was to match the color of a color cue to that of a target stimulus (word or XXXXX)
by pressing a YES-key for color matches and a NO-key for color nonmatches. The task had
the following color matching conditions: 1) no face–letter string (baseline); 2) no face–word
HAPPY; 3) no face–word ANGRY; 4) happy face–letter string; 5) angry face–letter string;
6) happy face–word HAPPY; 7) angry face–word ANGRY. Face stimuli were selected from
the MacBrain Face Stimulus Set (http://www.macbrain.org/resources.htm). Development of
the MacBrain Face Stimulus Set was overseen by Nim Tottenham and supported by the John
D. and Catherine T. MacArthur Foundation Research Network on Early Experience and
Brain Development.
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Figure 2. Behavioral results
A. Mean reaction times (RT) and standard error bars for matching colors between cue and
letter string (XXXXX) (baseline) for color-matches and nonmatches, trials without and with
faces (happy and angry), for each study group: healthy controls (CTL), patients with
alcoholism (ALC), HIV infection (HIV) and comorbid disorder (ALC+HIV). Note that
baseline color-matching RTs for each condition did not significantly differ between groups.
B. Emotional Stroop effects: Difference RTs between word trials and baseline trials for the
Stroop words HAPPY and ANGRY, for trials with and without emotional faces for each
study group, and separately for match and nonmatch trials.
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Figure 3. Structure-function relationships
Correlations between emotional Stroop effects and fiber integrity measures for each study
group: healthy controls (CTL), patients with alcoholism (ALC), HIV infection (HIV), and
comorbid disorder (ALC+HIV).
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