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erebral Metabolic Dysfunction and Impaired
igilance in Recently Abstinent Methamphetamine
busers

dythe D. London, Steven M. Berman, Bradley Voytek, Sara L. Simon, Mark A. Mandelkern,
ohn Monterosso, Paul M. Thompson, Arthur L. Brody, Jennifer A. Geaga, Michael S. Hong,
iralee M. Hayashi, Richard A. Rawson, and Walter Ling

ackground: Methamphetamine (MA) abusers have cognitive deficits, abnormal metabolic activity and structural deficits in limbic
nd paralimbic cortices, and reduced hippocampal volume. The links between cognitive impairment and these cerebral abnormalities
re not established.
ethods: We assessed cerebral glucose metabolism with [F-18]fluorodeoxyglucose positron emission tomography in 17 abstinent (4 to
days) methamphetamine users and 16 control subjects performing an auditory vigilance task and obtained structural magnetic

esonance brain scans. Regional brain radioactivity served as a marker for relative glucose metabolism. Error rates on the task were
elated to regional radioactivity and hippocampal morphology.
esults: Methamphetamine users had higher error rates than control subjects on the vigilance task. The groups showed different

elationships between error rates and relative activity in the anterior and middle cingulate gyrus and the insula. Whereas the MA user
roup showed negative correlations involving these regions, the control group showed positive correlations involving the cingulate
ortex. Across groups, hippocampal metabolic and structural measures were negatively correlated with error rates.
onclusions: Dysfunction in the cingulate and insular cortices of recently abstinent MA abusers contribute to impaired vigilance and
ther cognitive functions requiring sustained attention. Hippocampal integrity predicts task performance in methamphetamine users

s well as control subjects.
ey Words: Methamphetamine, drug abuse, brain imaging, sus-
ained attention, continuous performance test

ndividuals who abuse methamphetamine (MA) have cogni-
tive deficits that may influence their success in treatment.
Active users show impairments in mental flexibility, response

nhibition, problem solving, abstract thinking, and manipulation
f information (Sim et al 2002; Simon et al 2002). Impairments of
nhibitory control (Kalechstein et al 2003; Salo et al 2002), verbal
earning (Volkow et al 2001c), and decision making (Paulus et al
002, 2003) are observed during abstinence (Nordahl et al 2003).

Positron emission tomography (PET) reveals losses of cere-
ral dopamine transporters (McCann et al 1998; Sekine et al 2001,
003; Volkow et al 2001c) and abnormalities of global and
egional cerebral glucose metabolism (rCMRglc) in MA abusers
London et al 2004; Volkow et al 2001a; Wang et al 2004).
ompared with control subjects, MA abusers in early abstinence
xhibit lower relative rCMRglc in the anterior cingulate gyrus and
nsula but higher activity in lateral orbitofrontal and posterior
ingulate cortices and subcortical limbic structures; their symp-
oms of depression and anxiety vary with relative rCMRglc in
ortical and subcortical limbic regions (London et al 2004).
ethamphetamine abusers also exhibit hippocampal and cortical

tructural deficits (Thompson et al 2004a). Furthermore, func-
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tional magnetic resonance imaging (fMRI) indicates that ab-
staining MA abusers performing a decision-making task have
impaired activation of dorsolateral and ventromedial prefron-
tal cortex (Paulus et al 2002). Current findings suggest that
recovery is slow and incomplete (Volkow et al 2001b; Wang et
al 2004).

To help clarify the cognitive deficits in MA abusers, we
examined relationships of relative rCMRglc, indexed by uptake
of [F18]fluorodeoxyglucose (FDG), and hippocampal morphol-
ogy with performance on an auditory continuous performance
task (CPT), a vigilance test of sustained attention (Bush et al
2000; Riccio et al 2002). Performance in the intensity aspects of
alertness and sustained attention is likely a prerequisite for the
more demanding selective aspects of attention (Salo et al 2002)
and other cognitive functions. The CPT activates a complex
network involving cortical regions (Riccio et al 2002). Whereas
most neuroimaging studies of attention have focused on the
visual modality (Corbetta et al 1993; Heinze et al 1994; La Berge
and Buchsbaum 1990; Pardo et al 1990, 1991), some tested
auditory vigilance (Benedict et al 1998, 2002; Cohen et al 1987,
1992; Seidman et al 1998; Sturm et al 2004). Control subjects
exhibited lower midcingulate rCMRglc during performance of
tasks similar to the one used here compared with rest (Cohen et
al 1987, 1992), and smaller midcingulate and hippocampal fMRI
signals but greater signals in the insula have been associated with
greater auditory CPT task difficulty (Seidman et al 1998).

We hypothesized that newly abstinent MA users would differ
from control subjects in how their cognitive performance on an
auditory vigilance task was related to concomitant relative rCM-
Rglc in cognitive and affective brain networks and to hippocam-
pal structural defects. The rCMRglc data from most of the subjects
has been reported (London et al 2004). Because CPT perfor-
mance was the focus of the current analysis, we excluded data
from two subjects whose performance on the CPT during the
30-minute FDG uptake period differed by �3 SD of the mean

from all subjects.

BIOL PSYCHIATRY 2005;58:770–778
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ethods and Materials

ubjects
Written informed consent was obtained from all participants

fter a detailed description of the study, which was approved by
he institutional review boards of University of California Los
ngeles (UCLA) and the Long Beach Veterans Administration
edical Center. They were generally healthy by physical exam-

nation, medical history, and laboratory tests. Exclusion criteria
ncluded use of medications that affect the central nervous
ystem; cardiovascular, pulmonary or systemic disease; claustro-
hobia; pregnancy; and seropositive status for human immuno-
eficiency virus infection. Psychiatric diagnoses were deter-
ined using the Structured Clinical Interview for DSM-IV (First
t al 1996, 1997) to exclude participants with current psychotic
isorders and to determine diagnoses of drug abuse disorders
also see below).

Participants completed questionnaires related to drug use (an
ntake questionnaire, a drug use survey, and the Addiction
everity Index) (McLellan et al 1992). Light use of alcohol (�7.5
rinks per week) was not exclusionary, but a diagnosis of current
rug or alcohol dependence (other than MA dependence for the
A abuser group and nicotine dependence for both groups) was
xclusionary. Recent use of MA was indicated by self-report of
pending �$100 on MA during the month before screening, and
A use was verified by urine drug screen. A urine drug screen

hat was positive for any other illegal drug of abuse other than
arijuana, at intake, was exclusionary. Control subjects provided
rine samples negative for illicit drugs of abuse at the time of
creening.

Handedness was determined according to the Lateral Prefer-
nce Pattern Assignment subtest of the Physical and Neurological
xamination for Soft Signs (Denckla 1985). The criterion for
ight-handedness was a self-report of writing and performing all
r all but 1 of 11 items with the right hand.

eneral Experimental Design

Methamphetamine-abusing subjects were inpatients (at the
CLA General Clinical Research Center or the UCLA Neuropsy-
hiatric Institute and Hospital) during their participation. Cere-
ral glucose metabolism was assayed by the FDG PET method
Reivich et al 1979; Phelps et al 1979) when the MA abusers were
bstinent for 4 to 7 days. About 90% of MA administered orally is
xcreted within 4 days (Caldwell et al 1972). Control subjects
articipated on a nonresidential basis. Urine drug screens on the
est day were negative for all illegal drugs of abuse in all
articipants.

ET Procedure
Before injection of FDG, the subject was positioned on the

canner gantry. A germanium (68Ge) transmission scan was
erformed to verify the position of the brain, and a 68Ge
ransmission scan was performed for attenuation correction. The
ubject was then removed from the scanner and began perform-
ng a CPT. The task, similar to one used by Cabeza and Nyberg
2000), presented tones every 2 seconds and required discrimi-
ation of a target tone (higher pitch) presented within a se-
uence of distracting tones (lower pitch) and responding with a
utton press.

[F18]fluorodeoxyglucose (�5 mCi, �185 MBq) was injected
ntravenously 5 minutes after the CPT was started. Thirty minutes
ater, the CPT was stopped, and the subject was repositioned in

he scanner. Brain images, acquired for 30 minutes (six 5-minute
frames), beginning 50 minutes after the FDG injection, were
reconstructed using attenuation correction data from the trans-
mission scan.

Magnetic Resonance Imaging Scans and Analysis
A single 3-Tesla superconducting magnet (GE Medical Sys-

tems, Waukesha, Wisconsin) was used to obtain structural mag-
netic resonance imaging (MRI) scans as three-dimensional (3-D),
T1-weighted spoiled gradient (SPGR) volumes (SPGR recalled
acquisition, 256 � 256 matrix, echo time [TE] � 4 milliseconds,
repetition time [TR] � 24 milliseconds, flip angle � 35 degrees,
1.22-mm slice thickness). They were used for co-registration with
PET data (see below) to facilitate correct anatomical labeling and
for hippocampal structural analysis.

For structural analysis, each magnetic resonance (MR) image
volume was resliced into a standard orientation, and 20 standard-
ized anatomical landmarks in each subject’s image data set were
“tagged” (Thompson et al 2003). A least squares, linear transfor-
mation spatially matched each individual to an average brain in
the standardized coordinate space developed by the Interna-
tional Consortium for Brain Mapping (ICBM-305 space) (Mazzi-
otta et al 2001), maintaining regional differences in brain size and
shape.

We created 3-D surface models of the hippocampus in each
scan, as previously described (Narr et al 2002), and measured the
volumes of these models. A medial 3-D curve was derived from
each individual hippocampus, threading down its central axis
(Thompson et al 2004b), and the distance of each surface point
from this centerline measured the hippocampal radius. Regres-
sions were run at each surface point to map linkages between
radial size and a log-transformed measure of CPT performance
[log (1� percent errors)]. The p value describing the significance
of this linkage was plotted at each point on the surface to
produce a statistical map showing the spatial patterns of corre-
lations between hippocampal structure and performance. Per-
mutation methods (Thompson et al 2003) were applied to assess
the significance of the statistical maps and to correct for multiple
comparisons. To do this, the covariate [log (1� percent errors)]
was permuted 1,000,000 times on an SGI Reality Monster super-
computer with 32 internal R10000 processors (Silicon Graphics
Inc., California), and a null distribution was developed for the
area of the average hippocampus with performance-structure
correlation statistics above a fixed threshold in the significance
maps. The overall linkage between performance and hippocam-
pal structure was then reported after this correction for multiple
comparisons.

Statistical Analysis
Group comparisons of demographic variables were con-

ducted using t tests or chi-square analysis. As the number of days
in the last 30 during which MA was used did not meet the
assumption of homogeneity of variance, a separate variance t test
was performed in the Statistical Package for the Social Sciences
(SPSS, Illinois) and the degrees of freedom adjusted accordingly.
A d= statistic, which considers both correct responses and false
alarms to overcome the problem of response bias (Green and
Swets 1966), was used to evaluate CPT accuracy, and a t test
compared the mean values of d= between groups. For these
analyses, the statistical threshold was set at p � .05, uncorrected
for multiple comparisons. The d= statistic calculation requires
determination of individual z-scores for each subject’s false
alarms and hits separately. Since z-scores are infinite in the

absence of errors, .001 errors were added to perfect scores.

www.sobp.org/journal
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Group comparisons of relative regional brain activity, indicat-
ng relative rCMRglc, were performed by statistical parametric
apping (SPM99; Wellcome Department of Cognitive Neurol-
gy, London, United Kingdom; http://www.fil.ion.ucl.ac.uk/
pm/) (Friston et al 1995a, 1995b). Each PET image (decay-
orrected raw counts of radioactivity) was co-registered to the
orresponding structural MR image using Automated Image
egistration (Woods et al 1992). These co-registered MR images
ere then used to normalize each subject’s PET data spatially by

inear and nonlinear transformations (Friston et al 1995a) that
arped the images into ICBM-305 space (Mazziotta et al 2001).
he hippocampal MRI data were mapped only linearly into
tandard space, so that hippocampal shape differences remained
ntact and could be analyzed for correlations with performance.
or the PET image analyses, however, additional nonlinear
natomical normalization was applied to improve the spatial
lignment of anatomy across subjects. Normalized images were
hen smoothed with an 8-mm (full width half maximum) isotro-
ic Gaussian kernel, and the images were scaled to a fixed mean.
stationary random Gaussian field was used to model the data

nd to calculate the probability of one or more voxels having all
ossible values of t (or z) greater than a predefined height
hreshold. The probability associated with the spatial extent
size) of obtaining a cluster as large as or larger than all clusters
f contiguous suprathreshold voxels that passed the predefined
eight threshold was also calculated. Group differences were
ssessed by two-sample, one-tailed t tests; the results were
isplayed as statistical parametric maps (SPMs).

For PET analyses, we sampled the following seven regions of
nterest (ROIs) in each hemisphere: lateral orbitofrontal cortex
lateral and posterior orbital gyri, Brodmann area [BA] 47, 11);
ingulate gyrus (infragenual [BA 25, 24], perigenual [BA 24, 32,
3], middle [BA 23, 24, and small portions of 32, 31], and
osterior [BA 23, 29, 30, 31]); insula (BA 13); and hippocampus.
he cortical ROIs had exhibited differences in relative rCMRglc
etween MA users and control subjects during performance of
he CPT in our previous investigation of mood disturbance
London et al 2004). While the hippocampus was not studied in
hat report, we added it here because structural imaging of MA
busers compared with control subjects (including the current
ubjects) found a deficit in hippocampal volume in MA abusers
Thompson et al 2004a).

Bilateral sampling provided data on 14 ROIs and 28 tests (MA
busers � control subjects, control subjects � MA abusers).
tatistical significance within each ROI was determined accord-
ng to the SPM model described above, using a voxel height
hreshold of p � .05 (uncorrected) for inclusion in clusters.
egion of interest effects listed in the tables represent clusters
ith p � .05 for spatial extent (number of contiguous voxels)
fter correction for the ROI search volume. Although we used
his spatial extent threshold as the statistical criterion, we also
oted the probability associated with the peak voxel height
corrected for ROI search volume). Further, we indicated which
lusters maintained spatial extent significance when applying the
onferroni correction for the number of tests (e.g., 28 t tests for
two-tailed hypothesis of group differences in 14 ROIs). None-

heless, the Bonferroni method is unduly conservative, as it
ssumes independence across tests while brain activities in the
OIs sampled are unlikely to be independent.

Relationships between relative rCMRglc in the 14 selected
egions and CPT errors [log (1� percent errors)] were evaluated
ith covariate analysis in SPM99. The Bonferroni correction was

pplied for 28 one-tailed tests (14 regions, positive and negative

ww.sobp.org/journal
covariance). We examined the main effect of covariation (CPT
errors and relative rCMRglc) and the interaction between group
and covariation (slope tests).

Results

Description of Subjects
The groups did not differ significantly in gender, handedness,

race, age, or mother’s education (Table 1). The MA abusers,
however, had fewer years of education than the control subjects
[t (31) � 2.61, p � .014]. One of the control participants had a
history of a manic episode and two each had a past depressive
episode. In addition, one MA abuser had a current diagnosis of
social phobia and three met criteria for marijuana abuse but not
dependence; three participants in the MA abuse group but no
control subjects met criteria for antisocial personality disorder.

Drug Use
On average, participants in the MA abuser group reported MA

use for more than 9 years, beginning in their early to mid
twenties (Table 2). They used about 3.6 g MA per week, and they
used MA on 19 of the 30 days before entering the study. For all
subjects, the primary route of administration was smoking. The
two groups reported similar alcohol use but differed significantly
in frequency of marijuana use during the month before study
[t (31) � �2.23, p � .033]; nine MA abusers and three control
subjects reported use within the 30 days before study. Fourteen
of the MA abusers and none of the control participants were also
cigarette smokers.

CPT Performance
The CPT responses were equally fast in the two groups [t(31) �

�.314, p � .756], and both groups exhibited a high degree of
accuracy, consistent with findings in simple CPTs (Nuechterlein
1991) (Table 3). The distribution of percent errors was signifi-
cantly positively skewed (skew � 1.35 � .41). We therefore
normalized the data by log transformation (log [1 � percent
errors]), reducing the skew to .06 � .41. Although our prior
assessment of CPT performance between MA users and control
subjects found no statistical significance during the first 15

Table 1. Characteristics of Research Participants

Control
Subjects

MA
Abusers

Age (Years)a 33.3 (1.98) 34.7 (1.87)
Gender (Male Subjects/Total Number) 10/16 11/17
Education (Years)a 14.6 (0.47) 12.8 (0.50)c

Mother’s Education (Years)a 14.1 (0.63) 12.7 (0.78)
Race

Caucasian (non-Hispanic) 11/16 9/17
Caucasian (Hispanic) 2/16 4/17
African American 3/16 2/17
Asian 0/16 2/17

Handedness (Right-Handed)b 12/16 14/17

MA, methamphetamine.
aData shown are mean values (standard errors of the means), n � 16

Control subjects, n � 17 MA abusers.
bHandedness was determined according to the Lateral Preference Pat-

tern Assignment subtest of the Physical and Neurological Examination for
Soft Signs. (Denckla 1985). To qualify as right-handed, a participant had to
write and to perform all or all but 1 of 11 items in addition to writing with the
right hand.

cSignificantly different from control group, p � .05 by Student t test.
minutes after FDG injection (London et al 2004), the current

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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nalysis of normalized data over the entire 30-minute FDG
ptake period indicated that MA users made significantly more
rrors than control subjects [t (31) � 3.77, p � .001]. They also did
ot discriminate as well between targets and nontargets, as
ssessed by the signal detection measure d= [t (31) � 3.39, p �
002]. Log transformed [1 � percent errors] and d= were highly
orrelated (r � .89). Since computing d= required adjusting error
ates when subjects had either no omissions or no commissions,
e used log transformed [1 � percent errors] for all further
nalyses.

erebral Metabolism
As reported (London et al 2004), relative rCMRglc in the

ilateral infragenual cingulate gyrus and right insula were lower
n MA abusers than in control subjects. The deficit in the left
nfragenual anterior cingulate gyrus of the MA abusers remained
ignificant after Bonferroni correction. In contrast, MA abusers
ad higher relative rCMRglc than control subjects in the right
ateral orbitofrontal area and the right middle and posterior

able 2. Self-Reported Drug Use

Control
Subjects MA Abuser

ethamphetamine Use
Duration (Years) — 9.29 (1.13)
Average (g/week) — 3.60 (.78)
Days Used in Last 30 — 19.24 (2.14)
Age of First Use (Years) — 25.3 (1.84)

obacco Smokers
(�5 Cigarettes/Day) 0/16 14/17a

arijuana Use
Days in Last 30 0.25 (.14) 2.82 (1.11)b

lcohol Use
Days in Last 30 1.96 (.59) 2.94 (1.04)

No subject (either group) had a diagnosis of current drug or alcohol
ependence (other than MA dependence and nicotine dependence for MA
busers). Data shown are mean values (SEM) of self-reported drug use
ecorded on an intake questionnaire, a drug use survey, and the Addiction
everity Index (McLellan et al 1992). In addition to the tabulated data on
egular drug use, control subjects provided 12 reports (10 subjects) of hav-
ng used an illicit drug (other than marijuana) �5 times ever and 8 reports (8
ubjects) of �5 instances of use. Methamphetamine abusers gave 29 re-
orts (13 subjects) of using an illicit drug (other than MA or marijuana) �5

imes and 11 reports (11 subjects) of �5 instances of such use.
MA, methamphetamine.
aSignificantly different from control subjects by Pearson chi-square anal-

sis (�2
1 � 22.89, p � .001).

bSignificantly different from control subjects by post hoc Student t test,
� .05.

able 3. CPT Performance in Early Abstinence from MA

Control
Subjects

MA
Abuser

eaction Time (milliseconds) 606 (191) 625 (152)
ercent Errors 1.6 (2.01) 5.5 (4.19)a

ormalized Errors (log [1 � %errors]) .32 (.072) .72 (.077)b

= 5.99 (.34) 4.57 (.25)a

Data are mean values (SEM) for 16 control subjects and 17 MA abusers.
CPT, continuous performance task; MA, methamphetamine.
aSignificantly different from control subjects by post hoc Student t test,

� .01.
bSignificantly different from control subjects by post hoc Student t test,
� .001.
cingulate gyri. The group difference at the peak voxel in the right
posterior cingulate gyrus remained significant after Bonferroni
correction.

Cerebral Metabolism and CPT Performance
Combining groups, higher relative rCMRglc in the left insula

and bilateral hippocampus was associated with fewer errors
(negative association) (Figure 1A). These effects in the left insula
(p � .001) and left hippocampus (p � .0005), but not the right
hippocampus (p � .03), remained significant after Bonferroni
correction. In addition, a significant interaction indicated group
differences in the relationship of relative rCMRglc in the left
insula to performance. This interaction was also significant in the
right insula, bilateral infragenual and perigenual regions of the
anterior cingulate gyrus, and the midcingulate region of the left
hemisphere (Table 4, Figure 1B).

The interactions in Table 4 and main effects in the hippocam-
pus were clarified through examination of the relationship
between relative rCMRglc and CPT performance within the
individual groups (Table 5). While the significant main effect in
the left hippocampus derives from significant direct relationships
between relative rCMRglc and CPT performance in both groups,
neither group showed an independently significant relationship
involving the right hippocampus.

Figure 1. Relative rCMRglc is related to CPT error rate. (A) Main effects.
Negative covariation between relative rCMRglc and CPT error rate (log [1 �
percent errors]) across all subjects (n � 33) is shown by colored voxels in the
gray-scale structural image representing ICBM space. Negative covariation
indicates that higher relative rCMRglc was correlated with smaller error
rates. Voxels are colored to indicate locations where the height threshold of
t � 1.69 (p � .05) was reached. Arrows indicate clusters exhibiting p � .05 for
spatial extent (corrected for the ROI volume, outlined in yellow). (B) Rela-
tionships between relative rCMRglc and CPT rate varies with the subject
group. Slope differences between MA (n � 17) and control subjects (n � 16)
in the covariation of relative rCMRglc and CPT error rate (log [1 � percent
errors]). More positive covariation in the control group (� more negative
covariation in MA group) is shown in blue. No ROI tested showed more
positive covariation in the MA group. Coloration of voxels in the gray-scale
structural image representing ICBM-space indicates areas where the height
threshold of t � 1.69 (p � .05) was exceeded. Arrows indicate clusters
exhibiting p � .05 for spatial extent (corrected for the ROI volume, outlined
in yellow, see Table 4). ACCpg, perigenual region of anterior cingulate
cortex; ACCig, infragenual region of anterior cingulate cortex; MCC, middle
cingulate cortex; MA, methamphetamine; rCMRglc, regional cerebral glu-
cose metabolism; CPT, continuous performance task; ROI, region of interest;
ICBM, International Consortium for Brain Mapping.
The interaction between group and covariation of error rate

www.sobp.org/journal
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ith rCMRglc in the anterior cingulate gyrus resulted both from
n association of higher relative rCMRglc with lower error rates in
A abusers and of higher relative rCMRglc with higher error rates

n control subjects. In the right infragenual and perigenual
ingulate gyrus, this association attained significance only in the
A group, and in the left perigenual and middle cingulate, the

elationship attained significance only in the control group. The
ame relationship between errors and relative rCMRglc was
ound among MA users in the insula bilaterally but was strongest
n the left hemisphere, with no evidence for any effect in control
ubjects.

ippocampal Anatomical Deficits
The estimated mean hippocampal volume reduction in MA

sers was 6% to 8% in the present sample. Combining data from
he current MA and control groups, the log transformation of CPT
rrors was strongly negatively correlated with hippocampal
olume (left hippocampus: p � .009, right hippocampus: p �
026) after adjusting for differences in whole brain volume. The
orrelation was also significant without adjusting for brain vol-
me (i.e., before scaling data into standard space; left hippocam-
us: p � .016, right hippocampus: p � .025). After further
djustment for experimental group (i.e., control subjects or MA),
he number of CPT errors, after log transformation, was still
ssociated with hippocampal volume in the left hemisphere (p �
035) and at trend level in the right hemisphere (p � .061). There
as no significant interaction between group and CPT perfor-
ance as predictors of hippocampal volume.
Given the main effect of CPT error rate as a predictor of

ippocampal volume, statistical maps were also made to deter-
ine whether the association was localized or distributed over

he hippocampal surface (Figure 2). Regions were identified that
ere associated with CPT error rate in the right hippocampus (p
.048, corrected; permutation test) and at trend level in the left

ippocampus (p � .059, corrected; permutation test). In a post
oc exploratory test, the regions where left hippocampal atrophy
as linked with CPT error rate were more sensitively detected
hen a primary threshold of p � .1 was used (p � .040,

orrected, left hemisphere). This situation is unusual but occurs
hen a weak atrophy of low effect size is consistently found over

able 4. Interactions Between Group and the Relationships of CPT Error Ra

Cluster-Level

Corrected
p Value Voxels/Cluster

nterior Cingulate Infragenual
Left � .0005a 240
Right .013 91

nterior Cingulate Perigenual
Left .001a 415
Right .004 237
iddle Cingulate
Left .020 156

nsula
Left .020 197
Right .007 264

The measure of error rate entered into covariate analysis was log (1 � pe
n the control group (more negative in the MA abusers group).

CPT, continuous performance task; rCMRglc, regional cerebral glucose m
aAfter correction for search volume, the indicated clusters also exceede
he hippocampal surface and is pervasive enough to be signifi-
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cant by permutation when the entire surface is taken into
account.

Discussion

Methamphetamine abusers differed from control subjects in
the relationships between auditory CPT performance (normal-
ized errors, i.e., log [1 � % errors]) and relative rCMRglc of the
infragenual, perigenual, and midcingulate cortices and the in-
sula. These cortical regions, as well as the lateral orbitofrontal
gyrus, previously showed abnormalities in rCMRglc (London et al
2004). Although MA abusers also had a deficit in hippocampal
structure (Thompson et al 2004a), both groups showed a nega-
tive association of hippocampal rCMRglc and CPT error rate,
indicating that participants with more activity in their hip-
pocampi had better performance irrespective of MA abuse.

Anterior Cingulate Cortex and Error Detection
Those control subjects who made the most errors had the

highest relative rCMRglc in the anterior cingulate cortex. This
relationship may reflect recruitment of activity in this region
during error detection (Bush et al 2000). Given the rCMRglc and
structural deficits in the anterior cingulate gyrus in MA abusers
(London et al 2004; Thompson et al 2004a), however, low
rCMRglc here may be an index of pathology that impairs
performance. In this case, higher anterior cingulate activity may
be associated with better performance because lower relative
rCMRglc indexes the severity of MA-induced deficiency. Notably,
relative rCMRglc in the anterior cingulate cortex (left infragenual)
covaried negatively with recent MA use (g/week) (London et al
2004). While increase in relative rCMRglc associated with error
monitoring may occur in the MA users, this effect may account
for less variance than the severity of the drug abuse associated
deficit.

Connections of the Anterior Cingulate Cortex
Given the complexity of connections of the cingulate gyrus,

metabolic and structural abnormalities here could impair cogni-
tive control functions (Cabeza and Nyberg 2000; Carter et al 1998;
George et al 1994; Ito et al 2003) that are relevant to CPT
performance. Whereas a dorsal cognitive subdivision maintains

Relative rCMRglc

Voxel-Level

Voxels/Search
Volume

Corrected
p Value z-Score

Coordinates
(x, y, z)

459 .043 2.97 �4, 42, �10
452 .085 2.68 0, 42, �10

1091 .141 2.74 �2, 44, �4
1086 .241 2.50 4, 34, 24

733 .052 3.00 �4, 16, 38

1535 .225 2.64 �40, 12, 4
1456 .115 2.93 42, 10, 6

errors). In each case of a significant interaction, the slope was more positive

olism; MA, methamphetamine.
criterion of the Bonferroni correction for 14 comparisons.
tes to

rcent
connections with the lateral prefrontal and parietal cortices and
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remotor and supplementary motor areas, a rostroventral affec-
ive subdivision (where relatively low rCMRglc in MA users is
elated to negative affect [London et al 2004]) connects with the
rbitofrontal cortex, insula, and subcortical limbic regions (Bush
t al 2000; Devinsky et al 1995).

ivergent Effects Within the Cingulate Gyrus
While the area of the cingulate gyrus that showed relative

CMRglc below control levels in MA abusers was centered in the
nterior portion (perigenual region), MA users had relative
CMRglc above control levels in an area centered in the posterior
ingulate in BA 31, extending into the posterior part of the
iddle cingulate gyrus at the border between BA 31 and 24. The

nteractions produced by a more negative relationship between
CMRglc and CPT error rate in MA users than in control subjects
ere similarly centered in the anterior cingulate (Figure 1B) but
xtended into the anterior part of the middle cingulate gyrus in
A 32. Therefore, the midcingulate ROI contains parts of both
nterior and posterior cingulate gyrus networks that functionally
eviate from normality in opposite directions in MA users.

ffects Involving the Hippocampus and Insula
The association between errors and relative rCMRglc of the

able 5. Significant Covariance Between Error Rates on Auditory CPT and R

Cluster-Level

Corrected
p Value Voxels/Cluster

nterior Cingulate Infragenual
Left

Control Group (�) .008 110
MA (�) .003 147

Right
MA (�) .007 108

nterior Cingulate Perigenual
Left

Control Group (�) .003 308
Right

MA (�) .036 111
iddle Cingulate
Left

Control Group (�) .006 224
Right

Control Group (�) .022 108
MA (�) .035 89

nsula
Left

MA (�) �.0005a 882
Right

MA (�) .019 194
ippocampus
Left

Control Group (�) �.0005a 107
MA (�) .009 29

Significant associations (individual groups) between relative rCMRglc an
ssessed as a covariate of relative rCMRglc in those regions that showed a si
r an interaction between group and the covariance between performan
orrection using SPM99 in the regions of interest (ROIs) where either an inter

eft hippocampus) was observed. Positive associations (�) indicate that high
ndicate that higher relative rCMRglc accompanied fewer errors.

CPT, continuous performance task; rCMRglc, regional cerebral glucose m
aIn addition to the correction for search volume, the indicated clusters al

ach of 2 groups, 9 ROIs).
ippocampus and left insula implies that the best task performers
had the highest rCMRglc in these regions. In light of the prior
observations that task difficulty is inversely related to activity, the
present finding suggests that participants who made more errors
found the CPT task relatively more difficult and experienced
greater hippocampal deactivation.

Also of interest is the link between hippocampal structure and
CPT errors, with those subjects (in each group) who had smaller
hippocampal volumes performing less well than those with
larger hippocampi. Hippocampal volume has been positively
associated with navigation skills in normal subjects (Maguire et al
2000), and deficits in hippocampal structure, including local
volume reductions, have been correlated to poorer performance
on the Mini-Mental State Exam in studies of aging and dementia
(e.g., Thompson et al 2003). Given a structural hippocampal
deficit in MA users and the correlation of hippocampal radius
with memory performance (Thompson et al 2004b), the relation-
ship between hippocampal structure and performance on a
simple vigilance task suggests that hippocampal integrity is
required to perform a broad range of cognitive functions in MA
users and healthy subjects.

Unlike the consistent relationship across groups between
relative hippocampal rCMRglc and CPT error rate, there was a

e rCMRglc: Separate Groups

Voxel-Level

Voxels/Search
Volume

Corrected
p Value z-Score

Coordinates
(x, y, z)

459 .245 2.19 �4, 40, �14
459 .228 4.11 0, 28, �16

452 .223 2.23 2, 28, �18

1091 .204 2.65 �2, 52, 8

1086 .195 2.69 2, 22, 24

733 .031 3.32 �2, �4, 44

708 .117 2.77 2, �6, 44
708 .077 2.93 2, 20, 28

1535 .011 3.90 �44, 16, 12

1456 .176 2.82 42, 10, 6

247 .148 2.39 �32, �20, �14
247 .104 2.55 �36, �34, �8

rs (log of [1 � percent errors]) on the auditory complex CPT. Each score was
ant relationship between performance and relative rCMRglc across groups
d relative rCMRglc (slope test). Tests were performed with small volume
n (the seven regions in Table 4) or main effect without interaction (right and
ative rCMRglc accompanied more errors, whereas negative associations (�)

olism; MA, methamphetamine.
eeded the criterion of the Bonferroni correction for 18 comparisons (i.e., for
elativ

d erro
gnific
ce an
actio
er rel

etab
so exc
negative correlation between relative insular rCMRglc and CPT
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rror rate only in MA abusers. The insula, like the anterior
ingulate cortex, is relatively hypometabolic in MA abusers
erforming this task, and relative rCMRglc in the insula covaries
egatively with measures of MA use (left insula rCMRglc with
mount used [g/week]; right insula rCMRglc with frequency of
se [days in past 30]) (London et al 2004). Higher insular activity
ay therefore accompany better performance because it indexes

ess drug-related impairment, as we also suggested for the
nterior cingulate cortex. However, since activation of the insula
s greater when subjects perform a more demanding (vs. less
emanding) CPT (Seidman et al 1998), the interaction may
ndicate that in more impaired MA abusers, activity does not
ncrease to meet the demands of the task. Our data are consistent
ith results from a study using a visual CPT task, where healthy

ontrol subjects also showed poorer performance associated
ith greater local cortical activity, but euthymic patients with
ipolar disorder had performance that was positively associated
ith the activity of several frontotemporal cortical gyri, including

he anterior inferior insula (Strakowski et al 2004).

ossible Role of Negative Affect
The anterior cingulate and insular cortices have both been

mplicated in processing negative affect as well as cognition
Rémy et al 2003). We have observed (London et al 2004) that
CMRglc of both structures in a group of MA abusers, which
ncluded most of the current subjects, was indirectly associated
ith trait anxiety (State-Trait Anxiety Inventory) (Spielberger
983). As higher activity in these structures reflected lower
nxiety, it may be that anxiety influenced the relationship
etween rCMRglc and vigilance performance and contributed to
he negative correlation between CPT error rates and relative
CMRglc in these structures of MA abusers but not control

igure 2. Hippocampal atrophy in MA abusers is linked with poorer auditory
igilance performance. Each hippocampus was traced in coronal MRI sec-
ions and converted to a mesh surface representation in which the radial
ize of the hippocampus was measured from a centerline and plotted on the
urface. These meshes were averaged across MA subjects, and atrophy
elative to the control mean was computed at each surface grid point as
escribed before (Thompson et al 2004b). Hippocampal regions (in ICBM
pace) where CPT error rate [log (1� percent errors)] was significantly asso-
iated with radial atrophy in the MA abuser group are shown in red. The
Top” section is viewed from the anterior and superior position while the
iew from “Bottom” is from the posterior and inferior position. MA, meth-
mphetamine; MRI, magnetic resonance imaging; ICBM, International Con-
ortium for Brain Mapping; CPT, continuous performance task.
ubjects.

ww.sobp.org/journal
Possible Effects of Group Differences in Tissue Composition
The interaction between group and relationship of CPT errors

to relative rCMRglc in the anterior cingulate cortex may be
related to an effect of MA on tissue composition, as indicated by
loss of gray matter volume in the cingulate cortex (Thompson et
al 2004a). Nonetheless, it appears that other factors are involved,
as the interactions described were manifested in both hemi-
spheres and were more robust on the left. In contrast, the deficits
in cingulate gray matter were severe in the right hemisphere and
nonsignificant on the left. In addition, no significant difference in
volume of the cingulate gyrus was noted, unlike the situation
with the hippocampus, where the average volume was 7.8%
smaller in the MA group (Thompson et al 2004a). Therefore, PET
measurements of the anterior cingulate gyrus were probably not
influenced by partial volume effects that would include adjacent
regions (e.g., corpus callosum, adjacent gyrus).

Caveats and Conclusion
These results should be considered with some caveats. First,

while comparable to other imaging studies, the study sample was
small. In addition, the FDG method does not distinguish between
neuronal systems within an area. Finally, although the groups
matched well on most categories, most of the MA abusers but
none of the control subjects were tobacco smokers. One concern
is the potential for effects of smoking abstinence on the day of
the PET scan, when participants abstained from smoking for 2 to
4 hours before testing. Nonetheless, no significant effects on
performance of a vigilance task by smokers were observed at 2,
4, and 8 hours of smoking deprivation, although an increase in
errors of commission occurred after 24 hours (Hatsukami et al
1989). It therefore appears unlikely that nicotine withdrawal
effects produced the effects that we now report, but there still
may be group differences unrelated to withdrawal.

Our findings support the view that previously shown func-
tional deficits in the anterior cingulate gyrus and insula of chronic
MA abusers during early abstinence, as well as structural deficits
in their hippocampi, also underlie cognitive vigilance deficits in
these individuals. Given the importance of sustained attention in
behavioral treatment for MA dependence, the present findings
clarify a clinical challenge and underscore the need for pharma-
cological treatment for MA users in the early stages of abstinence,
when retention in treatment is critical.
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