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Abstract

As individuals who abuse methamphetamine (MA) often exhibit socially maladaptive behaviors such
as violence and aggression, it is possible that they respond abnormally to social cues. To investigate
this issue, we exposed 12 MA-dependent participants (abstinent 5-16 days) and 12 healthy
comparison participants to fearful and angry faces while they performed an affect matching task
during functional magnetic resonance imaging (fMRI). Although the groups did not differ in task
performance, the healthy participants showed more task-related activity than the MA-dependent
participants in a set of cortical regions consisting of the ventrolateral prefrontal cortex (VLPFC),
temporoparietal junction (TPJ), anterior and posterior temporal cortex, and fusiform gyrus in the
right hemisphere, and the cuneus in the left hemisphere. In contrast, the MA-dependent participants
showed more task-related activity than the healthy participants in the dorsal anterior cingulate cortex
(dACC). As expected, the task elicited activation of the amygdala in both groups; however, contrary
to expectation, we found no difference between groups in this activation. Dorsal ACC hyperactivity,
along with high self-ratings of hostility and interpersonal sensitivity in the MA-dependent group,
suggest a hyper-sensitivity to socially threatening cues in the MA-dependent participants, while lower
VLPFC activation could point to a deficit in integrating socio-emotional information and/or
regulating this limbic hyperactivity. Additional activation differences in neural circuitry related to
social cognition (TPJ, anterior, and posterior temporal cortex) suggest further socio-emotional
deficits. Together, the results point to cortical abnormalities that could underlie the socially
inappropriate behaviors often shown by individuals who abuse MA.
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1. Introduction

Individuals who abuse methamphetamine (MA) often show evidence of socio-emotional
disturbances during early abstinence, ranging from mood disturbances such as depression and
anxiety during the first week of abstinence (London et al., 2004; Newton et al., 2004) to socially
salient symptoms such as irritability and uncontrolled anger (Zweben et al., 2004). A
combination of these negative mood states and socially maladaptive behaviors likely
contributes to hostility, unmotivated interpersonal violence, and aggressive behavior, reported
by individuals who currently abuse MA (Hall et al., 1996; Cohen et al., 2003) or previously
were MA-dependent (Sekine et al., 2006). These behaviors are also observed in communities
(for review, see Cretzmeyer et al., 2003; Maxwell, 2005), where MA abuse is associated with
high rates of assault, weapons charges (Zweben et al., 2004), trauma center visits for physical
attacks and intentional injuries (Tominaga et al., 2004; Zweben et al., 2004), and death from
homicidal violence (Logan et al., 1998). As MA-dependent individuals are highly vulnerable
to relapse during the early phases of abstinence (Huber et al., 1997), and negative mood states
and antisocial behaviors can contribute to stress that may ultimately increase the risk of relapse
(Shaham et al., 2000), investigation of the socio-emotional factors influencing behavior during
this time, and of the neural systems underlying them, could help clarify potential relapse
mechanisms.

Research on emotion regulation has converged on a set of brain regions that includes the
prefrontal cortex (PFC), in particular orbital and ventrolateral regions (Blair, 2001), the anterior
cingulate cortex (ACC), and the amygdala (see Davidson et al., 2000, for review). The model
proposed by Davidson et al. (2000) suggests that dysfunction in any of these regions, or the
connections between them, can lead to poor emotion regulation and increased propensity for
impulsive aggression and violence, and neurocognitive models of reactive aggression in
psychopathy corroborate this view (Blair, 2005). The descriptions of impulsive aggression in
these models are reminiscent of the behavior of MA-dependent individuals in early abstinence,
and indeed MA-abusing individuals exhibit structural and metabolic abnormalities in each of
these regions when compared to healthy individuals.

Much of the relevant research involving PFC has focused on neurochemical deficits, such as
lower serotonin concentration in postmortem tissue from individuals who had been current
abusers of MA (Wilson et al., 1996), and deficits in currently abstinent MA-dependent
individuals, including lower serotonin transporter (SERT) and dopamine transporter (DAT)
binding (Sekine etal., 2003, 2006; 7 days — 5 years since last MA administration), lower white-
matter markers for neuronal integrity and higher grey-matter markers for gliosis (Ernst et al.,
2000; median time of abstinence = 4.25 months), and volumetric deficits (Thompson et al.,
2004; within the first two weeks of abstinence). Functional neuroimaging studies of currently
abstinent individuals have also begun to relate dysregulated regional cerebral glucose
metabolism (rCMRglc) in PFC to mood and psychiatric symptoms (Volkow et al., 2001;
London et al., 2004), and lower task-related activation to impaired decision-making after 6 —
46 days of sobriety (Paulus et al., 2002), suggesting that the structural deficits are functionally
significant.

In limbic regions, low markers for neuronal integrity have been observed in the ACC of
individuals abstinent 4 — 13 weeks (Nordahl et al., 2002), as well as low relative rCMRglc
(London et al., 2004), and low grey-matter concentration in the first week of abstinence
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(Thompson et al., 2004), with the loci of dysregulated rCMRglc and grey-matter deficits
overlapping in dorsal and subgenual portions. In addition, lower DAT and SERT binding
(Sekine et al., 2003, 2006), and higher relative rCMRglc (London et al., 2004) were observed
in the amygdala in recently abstinent MA-dependent individuals compared to healthy
individuals.

Together, these abnormalities have been linked to MA-related behavioral problems during
early abstinence, such as reduced harm avoidance (Goldstein et al., 2002), psychiatric
symptoms (Sekine et al., 2001), aggressive symptoms (Sekine et al., 2006), mood disturbances
(London et al., 2004), and poor decision-making (Paulus et al., 2002), and could represent the
neural basis for the socially problematic behaviors described above. However, the nature of
the functional deficits leading to socio-emotional disturbances in MA-dependent individuals
has not been directly assessed.

The present study used a task containing stimuli with socio-emotional relevance — negative
facial expressions — to probe the functional integrity of brain regions associated with socio-
emotional processing in MA-dependent individuals. The task exposed MA-dependent and
healthy participants to fearful and angry faces while they underwent functional magnetic
resonance imaging (fMRI). In healthy individuals, processing of facial expressions is subserved
by neural circuits that include those outlined by Davidson et al., 2000 (PFC, ACC, and
amygdala), as well as regions involved in visual processing of faces and social cognition, such
as the fusiform gyrus, parietal regions, and temporal regions (Haxby et al., 1996, 2002; Kesler-
West et al., 2001; Keightley et al., 2003). Given the structural and metabolic abnormalities in
relevant regions in MA-dependent individuals, the present study was expected to uncover task-
related functional differences between MA-dependent and healthy individuals in these brain
regions. Specifically, we expected limbic regions involved in emotional reactivity (e.g., ACC,
amygdala) to be hyper-responsive in MA-dependent compared to healthy individuals, and
prefrontal systems involved in planning and control of emotional reactivity to be less reactive.
In addition, we expected measures of socially relevant behaviors, such as aggression and
sensitivity to social distress, to relate to these differences in neural function.

2.1 Participants

Twenty-four volunteers participated in the study. All participants were recruited via newspaper
and Internet advertisements. After receiving a detailed description of the protocol, they
provided written informed consent, following the guidelines of the UCLA Office for Protection
of Research Subjects.

Twelve participants (5 female, 10 tobacco smokers, 33.75 + 7.61 years old) were MA-
dependent and not currently seeking treatment. They reported MA use of 4.60 + 7.58 g per
week (range = 0.5 - 28 g/wk). The remaining 12 participants (3 female, 9 tobacco smokers,
32.17 £ 9.27 years old) had no history of abuse of any illicit drugs, except for possible light
use (< 1 joint per week) of marijuana; these participants comprised the healthy comparison
group. Although the groups differed in years of education, with the healthy participants having
on average 15.58 + 1.98 years of education and the MA-dependent group 13 + 1.65 years (t
(22) = 3.48, p < .05), they did not differ significantly in age (t(22) < .5), gender composition
(X?(1) < 1,), employment status (unemployed/full-time/part-time) (X2(2) = 4.44), income (t
(22) < 1), or estimated 1Q from the Shipley Institute of Living Scale (Shipley, 1940) (t(19) =
1.93), all p > .05.

Inclusion criteria for MA-dependent participants included a diagnosis of MA dependence, as
assessed by the Structured Clinical Inventory for DSM-IV (SCID-I) (First, 1996), self-reports
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of spending at least $100 on MA over the 30 days before enrollment in the study, and recent
MA use, confirmed by a positive urine test for MA metabolites on admission. The MA-
dependent participants resided at the UCLA General Clinical Research Center (GCRC) for
5-14 days (average 7.17 + 2.5 days) before scanning. Abstinence from MA and other drugs of
abuse (besides nicotine) during the course of the study was confirmed by urine drug screens
every other day. Thus, at the time of scanning, participants had been MA-abstinent for 5-16
days (average 8.6 + 3.5 days). The healthy comparison participants were also tested via urine
screen for drug use prior to scanning, but did not reside at the GCRC.

Once the participants provided informed consent, a physical examination was performed and
a medical history taken, including collection of samples for standard blood chemistry and
hematology profiles. All participants had values within normal limits for hematocrit, plasma
electrolytes, and markers for hepatic and renal function. Exclusion criteria following the
examination included the use of medications that affect the central nervous system,
cardiovascular, pulmonary or systemic disease, claustrophobia, pregnancy, and seropositive
status for HIV.

Psychiatric diagnoses were established using the DSM-1V, with diagnoses for Axis | disorders
determined using the SCID-I, and personality disorders evaluated using the SCID Il (version
1) (First, 1997). A current Axis | diagnosis other than nicotine dependence, and MA
dependence for the MA-dependent group, was exclusionary. Although none of the participants
had current exclusionary Axis | diagnoses, three of the MA-dependent participants had a history
of depressive episodes, and one MA-dependent participant had a history of anxiety disorder.
None of the healthy participants had any histories of mood disorders, and none of the 24
participants met criteria for antisocial personality disorder, as assessed via the SCID I1.

For both groups, light use of alcohol was allowed (< 7.5 drinks per week). All participants
were right-handed, as determined by the Edinburgh Handedness Inventory (Oldfield, 1971).

2.2.1 Task paired with fMRI—While undergoing fMRI, participants performed a visual
matching task, adapted from Hariri et al. (2000), consisting of two types of trials: matching of
emotional facial expressions (“Emotion Match” trials), and matching of irregular shapes
(“Shape Match” trials) (Figure 1). During Emotion Match trials, the stimuli were images of
faces, selected from the Ekman and Friesen face set (Ekman and Friesen, 1976). Only faces
classified as having fearful, angry, or neutral expressions were displayed, with the target
expression (described below) always being fear or anger. During Shape Match trials, the items
were irregular black blobs. The conditions were named on the basis of the content of the stimuli,
not the type of processing required; Emotion Match trials could evoke social as well as
emotional processes, which could not be separated. The task can therefore be considered to tap
social, emotional, or both processes.

In each trial, the task for the participant was to match a target stimulus to one of two choice
stimuli. Each trial began with the presentation of a target item centered in the upper portion of
the visual field, and two choice items (one matching the target) presented in the lower right
and left portion of the visual field. These items remained on the screen for 5 sec, after which
the word “Respond” appeared next to the target item. The appearance of the word “Respond”
was the cue for the participant to indicate which of the two choice items matched the target.

During Emotion Match trials, the task was to identify the choice face with an emotional
expression that matched that on the target face. The person pictured in the target face was
always different in identity from either of the individuals comprising the choice faces. During
Shape Match trials, participants matched the items on the basis of shape.
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Participants indicated their choice on a keypad in their right hand. A press with the index finger
indicated the left choice item, while pressing with the middle finger indicated the right choice
item. The participant's choice was displayed by an arrow pointing to the chosen item, but no
feedback regarding accuracy was provided. Regardless of response time, the items and
response cue remained on the screen for 2 sec after the response cue appeared. Finally, the
display was cleared for a 1-sec inter-trial interval, for a total trial length of 8 sec.

Stimuli were delivered in a semi-block design, consisting of three trials per block, so that each
block was 24 sec long. For each participant, the order of the blocks was chosen randomly from
one of four pseudorandom orders. Participants completed two runs of the task, with each run
consisting of 6 blocks of each type of trial (12 blocks/run total). Total scan length was therefore
9 min 36 sec, with an additional ~1 min rest between runs. All participants but one experienced
two identical runs, with the same block order in each; one participant completed two runs in
which the block orders were different.

2.2.2 Out-of-scanner assessment—All participants completed a behavioral assessment
on the day of admission to the study, including the Symptom Checklist 90 (SCL-90-R)
(Derogatis et al., 1973) and Brief Symptom Inventory (BSI) (Derogatis and Melisaratos,
1983). Both of these questionnaires ask participants to self-report the severity of psychological
symptoms experienced over the past 7 days (SCL-90-R) or 30 days (BSI), from a rating of 0
(“not at all”) to 4 (“extremely”). Symptom dimensions include somatization, obsessive-
compulsive symptoms, interpersonal sensitivity, depression, anxiety, hostility, phobic anxiety,
paranoid ideation, and psychoticism. Due to the social nature of the hostility and interpersonal-
sensitivity subscales, and their ability to quantitatively characterize the everyday social and
aggressive behaviors of the participants outside of the fMRI setting, scores for these subscales
were used for further analysis.

Participants also completed the Beck Depression Inventory (BDI; Beck et al., 1961), a self-
rating questionnaire that assesses current depressive symptoms on a scale from 0 to 63, on the
day of intake. Eight MA-dependent participants completed the BDI a second time, either on,
or within 3 days of, the day of scanning. Nine MA-dependent participants also completed a
MA withdrawal questionnaire (MAWQ) on the day of intake, as well as on, or within 3 days
of, the day of scanning. The MAWQ includes an item for symptoms of fatigue, for which
participants rated how tired they felt on a scale from 0 (“absent”) to 3 (“severe”).

2.3 MR Parameters

2.3.1 Stimulus parameters—Stimuli were presented to participants via a set of magnet-
compatible VGA goggles (Resonance Technology, Northridge, CA). These goggles have a
field of view of approximately 20° vertically and 30° horizontally, and display computer
images at 800x600 pixel resolution. Responses were registered using a magnet-compatible
two-button button box.

2.3.2 Scan parameters—All scanning was performed on a 3T head-only MRI device
(Siemens Allegra; Erlangen, Germany). The scanning session included acquisition of a set of
T2-weighted high-resolution echo-planar anatomical images covering the entire brain volume,
which was used for spatial alignment. Functional images were acquired using a gradient-echo
EPI sequence (45 slices, 2 mm thick/0.5 mm skip, pixels 3.125 mm?2, TR/TE 2500/28 ms). For
17 participants, the slices were angled at approximately 30° toward coronal from the AC-PC
line. For the remaining participants, slices were acquired parallel to the AC-PC line. Two
identical functional runs, each with 115 volumes, were performed in sequence.
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2.4 Data analysis

2.4.1 Task paired with fMRI—Response data were discarded for two participants in the
MA-dependent group and one participant in the healthy group due to poor accuracy on shape
match trials, indicating problems registering responses on the button box. Response accuracy
and reaction time were analyzed using one-way repeated-measures ANOVAs with group (MA-
dependent and Healthy) and trial type (Emotion Match and Shape Match) as factors.

2.4.2 fMRI image analysis—All analyses were performed using SPM2 (Wellcome
Department of Imaging Neuroscience, London), with the exception of spatial normalization,
which was performed using the FSL software package (FMRIB Group, Oxford). First, all
functional scans were spatially aligned to the first image of the series to correct for motion. Of
the 48 scans acquired (2 per participant, 12 participants per group), one showed movement of
>2.5 mm (the thickness of one slice) and was excluded from further analysis for this reason.
The remaining images were then normalized to a standard spatial template and smoothed using
a 10 mm full-width at half-maximum (FWHM) Gaussian kernel.

Functional data were analyzed using the general linear model. Each participant's functional
images were entered into a random effects model, using two box-car functions as regressors:
one for Emation Match blocks and one for Shape Match blocks (each boxcar had a length of
24 sec). Regressors were convolved with a canonical hemodynamic response function (HRF)
provided by SPM2 in order to approximate a physiologically accurate blood flow response
against which to regress the signal timecourse (Friston et al., 1994). The GLM was applied at
each voxel, and parameters estimated on a per-voxel basis.

The resulting statistical maps were then entered into a second-level random effects ANOVA
combining all single-subject data for each group, and t-tests were performed to assess
differences within and between groups. Results were assessed at a statistical threshold of p <.
005 (uncorrected) with a cluster extent of 10 contiguous voxels (Forman et al., 1995).

Region of interest (ROI) analyses were performed using the MarsBaR toolbox (Brett et al.,
2002). Anatomical images of bilateral amygdalae served as a priori ROIs, while the remaining
ROIls were functional clusters identified in the random effects analyses. BOLD signal change
values were extracted at each voxel in an ROI, averaged across all voxels in the ROl image,
and analyzed using SPSS 11 (Chicago, IL).

2.4.3 Out-of-scanner assessment—Due to the skewed distribution of SCL-90 and BSI
scores across participants, raw scores for the Hostility (HOS) and Interpersonal Sensitivity (I-
S) subscales were analyzed using nonparametric methods (Mann-Whitney U). BDI and
MAWQ scores were analyzed using two-sample t-tests to test for differences between groups,
and paired t-tests to test for differences between study days.

3. Results

3.1 Participants

On the day of intake, the MA-dependent participants had significantly higher scores on the
BDI (mean score = 10.92 + 10.08) than the healthy participants (mean score = 2.33 £ 2.87; t
(22) = 2.84, p < 05). However, on the day of scanning, BDI scores had decreased significantly
in the MA-dependent participants (mean score = 4.44 + 4.88; t(8) = 2.45, p <.05), so that scores
were no different from scores of the healthy participants on intake (t(19) = 1.25, p > .05). In
addition, scores for the fatigue item on the MAWQ showed a significant decrease between the
day of intake (mean score = 1.63 + 1.30) and the day of scanning (mean score = 0.5 +.76; t(7)
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=3.21, p < .05). These results indicate that the fatigue and depressive symptoms associated
with early abstinence from MA (Newton et al., 2004) had resolved by the time of testing.

3.2 Task paired with fMRI

The healthy participants responded to Emotion Match trials with a mean accuracy of 91.9%
(SEM = 2.79) and reaction time (RT) of 495.45 msec (SEM = 26.62), and Shape Match trials
with a mean accuracy of 99.5% (SEM = .45) and RT of 490.04 msec (SEM = 35.55). The MA-
dependent participants responded to Emotion Match trials with a mean accuracy of 90.1%
(SEM =2.93) and RT of 577.25 msec (SEM = 27.91), and Shape Match trials with a mean
accuracy of 99.4% (SEM = .47) and RT of 542.63 msec (SEM = 37.29). Accuracy did not
differ significantly between groups (p > .5), and although there was a significant effect of trial
type (F(1) = 17.8, p < .05), there was no Group * Trial Type interaction (p > .5). RT showed
no effect of group, trial type, or Group * Trial Type interaction (all p > .1).

3.3 Imaging results

Within-group one-sample t-tests of Emotion Match > Shape Match contrasts revealed similar
patterns of task-related activity in the two groups (Table 1), with healthy and MA-dependent
participants showing activation of left amygdala, bilateral ventrolateral and dorsolateral
prefrontal cortex (inferior and middle frontal gyri), dorsomedial and precentral frontal regions,
parietal cortex including the precuneus, and occipital regions including the cuneus and lingual
gyrus. In addition to these effects that were common to the two groups, participants in the
healthy group showed significant activation of the right amygdala, right precentral gyrus, and
left middle/superior temporal gyri; MA-dependent participants additionally showed significant
activation of bilateral parahippocampal gyri, left thalamic regions bordering the putamen,
bilateral occipitotemporal regions, and cerebellum.

Between-groups two-sample t-tests of the Emotion Match > Shape Match contrasts revealed
a set of cortical regions in which the healthy comparison participants showed more activity
than the MA-dependent participants (Table 2, Figure 2). These regions included right
ventrolateral prefrontal cortex (RVLPFC), right temporoparietal junction (TPJ; consisting of
posterior superior temporal gyrus, angular/supramarginal gyri, and inferior parietal lobule),
right temporal pole (consisting of anterior inferior and middle temporal gyri), right fusiform
gyrus, and left cuneus. Contrasting MA-dependent > healthy participants revealed only asingle
region of higher activity in the MA-dependent than the healthy participants: dorsal anterior
cingulate cortex (dACC) (Table 2, Figure 3).

Since the original hypotheses predicted differences in amygdala activation between groups,
region-of-interest (ROI) analyses were performed in anatomically defined amygdala ROls
(traced in MNI space) applied to participants' individual Emotion Match > Shape Match
contrast images. While bilateral amygdala activation (as indexed by the magnitude of
parameter estimates for the Face > Shape Match contrast) tended to be lower in the MA-
dependent participants than the healthy participants, this finding was not statistically significant
(left amygdala: healthy group mean = .668, MA mean = .314, t(22) = 1.308, p = .164; right
amygdala: healthy group mean = .475, MA mean = .165, t(22) = 1.207, p =.119) .

Given the involvement of RVLPFC and dACC in social threat processing and risk for
aggression (Eisenberger et al., 2003, 2007), exploratory ROI analyses were performed in the
RVLPFC and dACC clusters significant in the between-groups whole-brain contrasts.
Parameter estimates were extracted and averaged across all voxels in the cluster as an indicator
of signal change. Regression analysis was performed, modeling activity in the dACC as a
function of activity in the RVLPFC, group, and the interaction between these two variables.
Only study group was a significant predictor of dACC activity (t(20) = 2.17, p < .05).
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3.4 Out-of-scanner assessment

Scores on the SCL-90 and BSI Hostility (HOS) and Interpersonal Sensitivity (I-S) subscales
were skewed, such that most scores fell in a low range of 0-5, and a small number of scores
fell in a very high range of up to 24. For this reason, parametric t-tests could not be performed
to test for differences between groups. However, separating the data into those from
participants with low scores (0-5) and those with high scores (>5), respectively, revealed that
on all subscales, the low-scoring group contained all 12 of the healthy participants, and that
the high-scoring group consisted of only MA-dependent participants (4 participants each for
BSI HOS, BSI I-S, and SCL-90 HOS, and 6 participants for SCL-90 I-S). Mann-Whitney U
tests revealed that mean rank tended to be higher in the MA-dependent than healthy comparison
group, and the difference was statistically significant for the BSI I-S subscale (U =34.0,p <.
05). To test the relationship between scores on the subscales and regional brain activity during
the Emotion Match task, Mann-Whitney U tests were performed, comparing ROl parameter
estimates between low-scoring (0-5) and high-scoring (>5) individuals in the MA-dependent
group (the test could not be performed on data from the healthy comparison group, since none
of the participants were high-scoring). Results showed that mean rank for dACC activity was
significantly higher in individuals with high scores on SCL-90 HOS, SCL-90 I-S, BSI HOS,
and BSI I-S (all U = 4.0, all p <.05). The only other relationship that emerged between self-
reports and regional brain activity was between SCL-90 I-S and RVLPFC, showing a trend
towards lower rank for RVLPFC activation in MA-dependent individuals with high self-reports
of interpersonal sensitivity (U = 7.0, p = .093). Although intriguing, these results were
computed using small samples and yielded small or trend effects, and should therefore be
considered preliminary.

4. Discussion

Matching emotional facial expressions produced task-related neural activity that is typical of
facial affect processing in a group of MA-dependent participants in early abstinence, as well
as a group of healthy comparison participants. Both groups exhibited activation in ventral
temporal cortex, linked to face detection and recognition (Haxby et al., 1996; Kanwisher et al.,
1997), amygdala, linked to emotional responsivity to threatening facial expressions (Adolphs
et al., 1994, 2003; Morris et al., 1996), dorsomedial PFC, linked to the formation of mental
representations about the internal states of others (Frith and Frith, 2001; Ochsner et al.,
2004), and dorsolateral PFC and parietal cortex, which participate in cognitive and executive
processes necessary for successful task performance (Kane and Engle, 2002).

Despite these similarities in activation patterns among groups, the two groups differed in
activation of a number of cortical regions linked to affective and social cognitive processing.
These differences did not stem from mood disorders in the MA-dependent sample, as
volunteers with current psychiatric diagnoses were excluded from the study, and MA-
dependent participants had recovered from abstinence-related depression and fatigue. Instead,
activation differences are likely to reflect differences in processing of socio-emotional
information.

The ventrolateral prefrontal cortex (VLPFC), which showed more task-related activity in the
healthy than in the MA-dependent participants, has consistently been implicated in affect
processing (Phan et al., 2002), in particular in relation to emotional facial expressions
(Nakamura et al., 1999; lidaka et al., 2001; Kesler-West et al., 2001; Keightley et al., 2003;
Phillips et al., 2004; Ishai et al., 2005). VLPFC has been suggested to represent an endpoint
for the distributed networks involved in emotion recognition, where the information contained
in emotional faces can be integrated for further processing (Sprengelmeyer et al., 1998), or to
participate in the semantic processing of this information (Hornak et al., 1996). The ability to
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effectively process or interpret socio-emotional information could therefore be compromised
in MA-dependent individuals, owing to a functional deficit in this region.

Alternatively, VLPFC involvement has been associated with regulation of emotional --
particularly aggressive (Blair, 2005) -- impulses, with right VLPFC (RVLPFC) thought to exert
top-down inhibitory control over limbic structures (Hariri et al., 2000; Eisenberger et al.,
2003). RVLPFC projects to limbic regions of the brain (Carmichael and Price, 1995; Cavada
et al., 2000; Vogt and Pandya, 1987), inhibiting amygdala reactivity during intentional
(Ochsner et al., 2004) and unintentional (Lieberman et al., 2007) regulation of affect, as well
asthe anterior cingulate cortex during placebo analgesia (Lieberman et al., 2004) and regulation
of social threat (Eisenberger et al., 2003). In addition, RVLPFC has been implicated in motor
response inhibition (Ma et al., 2003; Eagle et al., 2004; Aron et al., 2004), and regulation of
impulsively aggressive behaviors (Bufkin and Luttrell, 2005; Raine et al., 1998; Pietrini et al.,
2000). Notably, chronic stimulant administration to animals, and stimulant abuse by humans,
are associated with both deficits in inhibitory function (Jentsch et al., 2002; Goldstein &
Volkow, 2002; Salo et al., 2005; Monterosso et al., 2005) and structural deficits in RVLPFC
(Thompson et al., 2004). Although the current study was not designed to detect an inhibitory
contribution of RVLPFC, future studies could determine whether the difference in task-related
RVLPFC activation found here reflects a regulatory deficit over limbic structures (amygdala
and/or dACC).

Of particular interest is the potential regulation of dACC, which was more active in the MA-
dependent than healthy participants in the present study. Dorsal ACC plays a role in pain and
distress (Rainville et al., 1997), including social distress (Eisenberger et al., 2003, 2007). In a
study of social rejection (Eisenberger et al., 2003), healthy individuals who felt distressed by
an exclusionary experience exhibited dACC activation; however, individuals who activated
RVLPFC more during the social exclusion showed less activation in dACC and reported less
social distress, suggesting that RVLPFC regulated the distress of socio-emotional threat. A
later study (Eisenberger et al., 2007) found relationships between dACC reactivity during social
exclusion, self-reports of social sensitivity and trait aggression, and genetic factors previously
linked to aggressive behavior, further suggesting that dACC activation reflects social hyper-
reactivity that can lead to aggressive behavior. The present findings parallel these results, as
the MA-dependent participants showed higher dACC activation than the healthy participants,
and behavioral measures hinted at higher interpersonal sensitivity. In addition, those
individuals in the MA-dependent group who gave particularly high self-reports of hostility and
interpersonal sensitivity showed the highest dACC activation, and those who had high
interpersonal sensitivity scores tended to have the lowest RVLPFC activity. In light of these
preliminary self-report findings, higher dACC and lower RVLPFC activity in the MA-
dependent participants could point to a disruption in the system implicated in socio-emotional
regulation (Eisenberger et al., 2003), indicating a potential mechanism underlying the mood
disturbances and socially maladaptive behaviors often exhibited by MA-dependent
individuals.

The remaining regions showing more task-related activity in the healthy participants than the
MA-dependent participants — temporoparietal junction (TPJ), superior temporal sulcus (STS),
and temporal pole — are often implicated in social cognition, particularly in understanding the
motivations and emotional states of others (“theory of mind”) (Ochsner et al., 2004; Gallagher
and Frith, 2003; Fletcher et al., 1995; Brunet et al., 2000). Theory of mind is thought to rely

heavily on dorsomedial PFC (Frith and Frith, 2001), which was in fact active in both groups.
However, it also involves mentally representing the internal states of others, and constructing
a coherent model about their beliefs, which has been shown to depend on the integrity of the
TPJ (Saxe et al., 2004; Vollm et al., 2006; Saxe and Kanwisher, 2003; Samson et al., 2004;

Saxe and Wechsler, 2005). Our finding that MA-dependent participants activate these regions
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less than healthy participants suggests a functional impairment that could interrupt or impede
the construction of such mental-state representations. The facial expression matching task is
not commonly thought to engage theory of mind processing; however, these activation
differences between groups could point to a spontaneous engagement of some social cognitive
processes by the healthy participants that are impaired in the MA-dependent participants
(although comparable dorsomedial PFC activations point to some theory of mind processing
in both groups). This impairment in some aspects of social cognitive processing could, in turn,
lead MA-dependent individuals to respond inappropriately to what others are expressing.

Contrary to expectation, we did not find reliable between-groups differences in amygdala
activation during facial affect matching, despite previous findings that MA-dependent
participants have abnormal glucose metabolism in this region (London et al., 2004). Although
amygdala activation tended to be lower in the MA-dependent participants than the healthy
participants during Emotion Match trials, this difference was not significant. It is possible that
adequate amygdala responsivity to threatening facial expressions is preserved in MA-
dependent individuals, consistent with the finding that some, but not all, functions of the
amygdala are impaired in reactive aggression with psychopathy (Blair, 2005), and that it is
perhaps amygdala downregulation, rather than activation, that is impacted in MA-dependent
individuals. Contributing factors may also have included poor signal-to-noise ratio, as signal
dropout can be a problem in acquisition of amygdala fMRI images, small sample size, or
habituation to repeated and/or prolonged presentation of faces within each block (Wright et
al., 2001; Fischer et al., 2003).

In sum, although the capacity to activate the amygdala in response to negative facial
expressions appears equivalent in individuals who abuse MA and individuals who do not,
differences exist in a set of cortical regions necessary for experiencing social threat (dAACC),
integrating and/or regulating emotional information (RVLPFC), and more general social
cognitive functions (temporal regions and TPJ).

Behavioral performance differences between Emotion Match and Shape Match trials suggest
that the two types of trials differed in difficulty, so that active regions in the Emotion Match
> Shape Match contrast could reflect higher attentional or processing demands, independent
of the effects of emotion. However, the results are highly consistent with the imaging literature
focusing on facial affect. In addition, the contrasts of interest were between the two groups of
participants, and as no effect of group, or group X trial type interaction were found in the
behavioral data, potential differences in difficulty between the two trial types are expected to
subtract out.

An alternative interpretation of the group differences in task-related brain activity could be
simple strategy differences in performing the task. However, equivalent task accuracy, along
with biochemical differences between groups in relevant regions, point to functional deficits
in the MA-dependent group, rather than a voluntary strategy difference. An additional
alternative interpretation is based on the fact that, as with most fMRI data, imaging data were
analyzed using subtractive logic (statistical maps for Shape Match trials were subtracted from
statistical maps for Emotion Match trials). Thus, observed differences are open to two
interpretations, as group differences attributed to processing of faces could have in fact been
due to differences in processing of shapes. It is, however, not likely to be the case, as, for
example, there is no evidence to suggest that matching shapes would induce more limbic
activity than processing emotional information, for which the limbic system is specialized.
Similarly, greater activation in one group than the other could also reflect less de-activation.
Moreover, interpretation of functionality of a region on the basis of BOLD signal change is
inferential, so that a number of task-related (or unrelated) functions could have been supported
by activation of a given region. For example, dACC is often thought of as important in cognitive
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control, and an emotion regulation region, and the link to socio-emotional threat inferred
through previous findings (e.g., Eisenberger et al., 2003, 2007). Future research will need to
address direct links between regions and their function in socio-emotional regulation by testing
specific hypotheses in specific regions. Another potential source of group differences in brain
activity is the psychiatric history of the MA-dependent sample, as some mood disorders have
been associated with altered brain structure and function (e. g., Leppanen et al., 2004). While
none of the participants had a current psychiatric diagnosis, three of the MA-dependent
participants had histories of depressive episodes, and one had a history of anxiety disorder.
These histories did not appear to impact the results of the present sample, however, as removal
of the participants from the whole-brain random effects analysis did not qualitatively change
the results. Finally, the relatively small number of Emotion Match trials, relatively limited
sample size of 12 per group, and relatively liberal threshold of p < .005 suggest an increased
possibility for Type | and Type Il errors to occur. While use of a blocked design and inclusion
of a cluster-size threshold of 10 contiguous voxels (which helps protect against false positives
(Formanetal., 1995) and has been used in previous studies (Eisenberger etal., 2003; Lieberman
etal., 2004)) can partly alleviate these concerns, the limitations should be borne in mind when
considering the present results.

Despite these caveats, the present study identifies functional differences between MA-
dependent and healthy comparison participants in brain regions linked to emotion integration
and/or cognitive control, social threat perception, and social cognition, and is the first to do so
in the context of responsivity to facial expressions. Such deficits may lead to inappropriate
socio-emotional behaviors associated with MA use, potentially contributing to states of stress
and increased risk of relapse.
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“Emotion Match” Trial “Shape Match” Trial

Figure 1. Representative Emotion Match and Shape Match trials

Target items are at the top of each display, and choice items at the bottom. In the Emotion
Match trial (left panel), the target face and the choice face on the right both express fear, and
are therefore a correct match. The choice face on the left expresses anger, and is therefore an
incorrect match. In the Shape Match trial (right panel), the correct choice is the item on the
right, as it corresponds in shape to the target item.
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R hemisphere L hemisphere

Figure 2. Healthy > MA Contrast

Healthy participants (control) show greater task-related activity than MA-dependent
participants during Emotion Match (relative to Shape Match) trials in a set of cortical regions
consisting of right ventrolateral prefrontal cortex, anterior and posterior lateral temporal cortex,
and temporoparietal junction (circled), as well as fusiform gyrus and left cuneus. Image
thresholded at p <.005 with a 10-voxel cluster extent, and rendered on the SPM2 single-subject
template.
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Figure 3. MA > Healthy Contrast

Dorsal ACC is the only region in which MA-abusing participants show more task-related
activity than healthy (control) participants during Emotion Match (relative to Shape Match)
trials. Image thresholded at p < .005 with a 10-voxel cluster extent, and overlaid on the SPM2
single-subject template.
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