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Abstract
Changes in brain function during the initial weeks of abstinence from chronic methamphetamine
abuse may substantially affect clinical outcome, but are not well understood. We used positron
emission tomography with [F-18]fluorodeoxyglucose (FDG) to quantify regional cerebral glucose
metabolism, an index of brain function, during performance of a vigilance task. Ten
methamphetamine-dependent subjects were tested after 5-9 days of abstinence, and after 4 additional
weeks of supervised abstinence. Twelve healthy control subjects were tested at corresponding times.
Global glucose metabolism increased between tests (p = .01), more in methamphetamine-dependent
(10.9%, p = .02) than control subjects (1.9%, NS). Glucose metabolism did not change in subcortical
regions of methamphetamine-dependent subjects, but increased in neocortex, with maximal increase
(> 20%) in parietal regions. Changes in reaction time and self-reports of negative affect varied more
in methamphetamine-dependent than in control subjects, and correlated both with the increase in
parietal glucose metabolism, and decrease in relative activity (after scaling to the global mean) in
some regions. A robust relationship between change in self-reports of depressive symptoms and
relative activity in the ventral striatum may have great relevance to treatment success because of the
role of this region in drug abuse-related behaviors. Shifts in cortical-subcortical metabolic balance
either reflect new processes that occur during early abstinence, or the unmasking of effects of chronic
methamphetamine abuse that are obscured by suppression of cortical glucose metabolism that
continues for at least 5-9 days after cessation of methamphetamine self-administration.
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Human subjects who previously abused methamphetamine (MA) exhibit disturbances of mood
and cognition during abstinence 1-5. These deficits appear to reflect regional cerebral
dysfunction. When abstinent for one week, MA abusers studied with [F-18]
fluorodeoxyglucose (FDG) and positron emission tomography (PET) have more severe self-
reports of depressive symptoms than control subjects, and these self-reports covary with
relative uptake of the radiotracer in anterior cingulate cortex and amygdala 1. Cingulate and
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insular dysfunctions may also contribute to impaired vigilance in MA-dependent subjects who
recently stopped taking the drug 6.

Anterior cingulate dysfunction has also been observed in subjects who maintained abstinence
from MA. Deficiencies were seen in activation during performance of a decision-making task
after one month of abstinence 2. In another study, cingulate perfusion was lower than control
levels after 3 months of abstinence, but was normal in subjects abstinent for 36 months 7.

Abnormalities in cerebral glucose metabolism during the first week of abstinence from MA
differ from those observed in a sample abstinent between .5-35 months. Cortical glucose
metabolism was above control levels, most markedly in parietal cortex, with lower relative
radioactivity (after global scaling) in the striatum and thalamus 8. The thalamic, but not the
striatal deficits in relative activity, normalized after the first year 9.

Although the first weeks of abstinence from MA abuse are important for retention in treatment
10, we know of no reports on cerebral metabolic changes during this period. Such effects might
have important implications for therapies that involve specific brain circuits, and therefore are
the subject of the present report. We hypothesized: 1) that abnormalities during the initial week
of abstinence from chronic MA abuse (i.e., lower relative glucose metabolism in the anterior
cingulate gyrus, higher relative glucose metabolism in the striatum) 1 would shift, after an
additional month of abstinence, to the pattern previously reported after longer abstinence 8,9
through increases in cortical activity, particularly in the parietal lobes, and 2) that changes in
activity would be associated with concurrent changes in cognitive performance, as measured
by a vigilance task, and in self-reports of depressive symptoms.

Methods
General experimental design

Two groups of research subjects participated. MA-dependent participants resided on a research
ward during the study. Cerebral glucose metabolism was assayed using FDG with PET 11

during an auditory vigilance task. Comparison subjects participated on a nonresidential basis.
MA-dependent subjects were tested after 5-9 days (mean ± SD = 6.7 ± 1.6 days) and after
another month of supervised abstinence (mean ± SD = 27.6 ± 0.96 days). The test interval was
analogous for comparison subjects (mean ± SD = 33.1 ± 7.20 days). Participants each provided
a self-rating of depressive symptoms (Beck Depression Inventory, BDI) 12 and a urine sample
negative for illegal drugs of abuse on the day of each PET scan.

Research participants
The current sample of 10 MA-dependent and 12 comparison subjects overlapped with 17 MA-
dependent and 18 comparison subjects in a prior study of mood and cerebral glucose
metabolism 1. Only subjects who completed both PET sessions were included. Abstinence was
confirmed by urine drug screens during hospitalization. All subjects gave informed consent as
approved by the institutional review boards of UCLA and Long Beach VAMC, and were
healthy according to medical history, physical examination, and laboratory tests. Left-
handedness 13, current use of psychoactive medications, and seropositive status for human
immunodeficiency virus were exclusionary.

The groups did not differ significantly on age, gender, ethnicity, education, or mother’s
education (Table 1). During the first week of abstinence, subjects completed a self-report intake
questionnaire and drug-use survey. Current Axis I diagnoses of dependencies on substances
other than nicotine and lifetime Axis I diagnoses unrelated to drug abuse (Structured Clinical
Interview for DSM-IV; SCID-I) 14, were exclusionary, except that MA-dependence and abuse
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before enrollment (verified by urine screen) were required for the MA group. Alcohol use <
7.5 drinks per week was permitted.

Image acquisition
T2 and T1-weighted whole-brain MRI images were acquired (3-T, General Electric),
respectively, for exclusion of individuals with frank structural brain abnormalities and for co-
registration of PET scans (Siemens ECAT EXACT HR+, Knoxville, TN), acquired in
conjunction with an auditory vigilance task. Details on the methods of data acquisition and
quantitative analysis of the PET scans have been published 1.

Subjects performed a 30-min auditory vigilance task that required a button press after hearing
a tone of designated pitch within a sequence of nontarget tones (inter-stimulus interval = 2
sec). FDG (< 5 mCi) was injected shortly after the vigilance task began. PET images integrated
decay-corrected activity from 50-80 min after FDG injection, used as an index of radiotracer
uptake during the vigilance task. An input function, using data from arterial samples, was used
to determine cerebral metabolic rate for glucose (CMRglc, mg glucose per 100 g tissue per
min) at each voxel 15. Voxels exhibiting values < 4 mg/100 g/min were excluded to minimize
contributions from cerebrospinal fluid, and remaining voxels averaged to calculate global
CMRglc. Although all subjects provided analyzable images of decay-corrected activity,
CMRglc could not be calculated for one MA-dependent and five control subjects due to catheter
failure or improper instrument calibration.

Statistical analysis
Vigilance performance was quantified by target accuracy and reaction time (RT). Two-tailed
t-tests compared the groups on vigilance and continuous demographic variables. Chi square
analyses were used for frequency data. The statistical threshold was set at p < .05.

Group comparisons to assess regional relative radioactivity from FDG (regional radioactivity
divided by whole-brain radioactivity, used as a surrogate measure of regional – CMRglc), and
absolute regional CMRglc (from modeled images) were performed by Statistical Parametric
Mapping software (SPM2; Wellcome Department of Cognitive Neurology, London;
www.fil.ion.ucl.ac.uk/spm). PET images were spatially normalized into a standard coordinate
system (Montreal Neurological Institute, MNI space), and smoothed with an 8-mm (FWHM)
isotropic Gaussian kernel.

Ten regions of interest (ROIs) were selected because of prior demonstrations of functional
abnormalities associated with MA abuse: parietal cortex (Brodmann areas [BAs] 1, 2, 3, 5, 7,
19, 39, 40), thalamus, dorsal striatum, ventral striatum, medial orbitofrontal cortex (gyrus
rectus & medial orbital gyrus; BA 11), lateral orbitofrontal cortex (lateral, posterior orbital &
inferior frontal gyri; BAs 47, 11), infragenual anterior cingulate cortex (ACC) (BAs 25, 32),
supragenual ACC (BAs 24, 32, 33), insula (BA 13), and amygdala. 1, 6, 8, 9

ROIs were drawn on the structural MR template provided in SPM2, using MEDx Software
(Sensor Systems, Sterling, VA). Bilateral sampling of these regions provided data on activity
changes across sessions within 20 ROIs (i.e., 40 comparisons). Separate analyses were
performed for analyses of the cerebral metabolic rate for glucose (CMRglc) and regional
relative radioactivity. Additional analyses assessed covariation between changes in regional
brain activity across sessions and simultaneous changes in cognitive performance (vigilance
task reaction time and depressive symptoms; BDI score).

We set an initial voxel-height threshold of p = .01 (uncorrected) for inclusion in statistical
parametric maps. However, to correct for multiple comparisons within a volume of assessed
voxels, we considered as significant only findings that also retained a p value < .05 after
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correction for the volume of the ROI (SPM2 familywise error correction; Wellcome
Department of Cognitive Neurology, London; www.fil.ion.ucl.ac.uk/spm). As an additional
measure of confidence, effects that retained statistical significance after Bonferroni correction
for the number of regions were also identified. Using this approach, the nominal alpha level
for a particular region must be < 0.05 divided by the number of comparisons (i.e., .05 / 40 = .
0012) in order to exhibit a true alpha level of 0.05. This evidentiary criterion is highly
conservative as it assumes that tests of the individual regions are independent of one another.
This assumption is certainly untrue because of connectivity between different brain regions,
especially brain regions selected for study on the basis of prior reports of a common functional
abnormality.

RESULTS
Self-report of drug use

Self report data are given in Table 1. The MA group had used the drug, on average, for > 8
years; consumed about 2-4 g/week, and had used MA on most of the 30 days before entering
the study.

Self-report of depressive symptoms
Control subjects reported low ratings of depressive symptoms at the initial measurement (eight
BDI scores of 0, two scores of 1, and two scores of 3). Participants in the MA group gave higher
self-ratings than control subjects at 5-9 days of abstinence (mean [SD] 5.8 [6.4], (t = 2.73, p
= .01). Four weeks later, one control subject reported a 1-unit increase in BDI score. No other
scores changed. In contrast, half of the MA group showed a BDI change ≥ 4 units at retest (2
increases, 3 decreases). Although the MA group as a whole reported a 29.3% reduction in BDI
score after 4 weeks (from 5.8 to 4.1 [6.1]), this reduction was not significant (t = 0.93, p = .
38). At retest, there was no longer a significant difference between groups (t = 1.88, p = .08).

Vigilance task performance
Accuracy on the vigilance task decreased in both groups at retest (MA initial mean [SD] 96.0%
[4.4], retest 94.1% [5.6]; control 98.1% [2.3], retest 96.1% [3.3]). Although the Session-by-
Group interaction was not significant (F 1, 20 = .01, p = .93), the decrease attained significance
in the control group (p = .02) but not in the MA group (p = .37). Since the mean decrease was
similar (MA 1.9%; control 2.0%), this finding appeared to be due to larger variance of the
change score in the MA group (SD = 6.0%) vs control group (2.5%); Levene’s Test for equality
of variance (F = 3.85, p = .06).

Mean RT was 4 ms shorter at retest in the control group (Mean [SD] 664 ms [206] vs. 660 ms
[181]) and 43 ms longer in the MA group (714 ms [194] vs. 757 ms [243]). These effects and
the Session-by-Group interaction (F 1, 20 = 0.40, p = .53) were not significant. However, there
was significantly greater variance in the RT change score for the MA group (43 ms [243]) than
in the control group (4 ms [78]), as indicated by Levene’s Test for equality of variance (F =
5.68, p = .03).

Global CMRglc
The total sample showed a significant increase in global CMRglc from the first to the second
measurement (F 1, 14 = 8.67, p = .01). The Session-by-Group interaction bordered on
significance (F 1, 14 = 4.31, p = .06). Planned comparisons indicated that in the MA group, a
10.9% increase in CMRglc was significant (9.84 vs. 10.91, t 8 = 2.94, p = .02), whereas in the
control group the 1.9% increase was not significant (10.19 vs. 10.38, t 6 = 1.71, p = .14).
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Regional CMRglc
Analyses of the interaction of group with session indicated larger increases at retest in the MA
group or decreases in the control group based on volume-corrected spatial-extent p-values in
both right and left parietal lobe ROIs (Table 2). These effects maintained statistical significance
after Bonferroni correction. Peak voxel effects were significant in the parietal lobes, the lateral
orbitofrontal cortex, supragenual cingulate cortex, insula, and thalamus, although voxel effects
did not maintain statistical significance after Bonferroni correction. Figure 1 depicts this
interaction over much of the cerebral grey matter, including prominent effects in parietal cortex.

Separate analysis of the change across session within each group confirmed that the effects
depicted in Figure 1 were due solely to widespread increases in the MA group. They attained
Bonferroni-corrected spatial-extent significance in bilateral parietal lobe, lateral orbitofrontal
cortex, insula and supragenual cingulate gyrus (Table 2). Peak voxel effects attained
Bonferroni-corrected significance in bilateral parietal lobe, right lateral orbitofrontal cortex
and right insula. Whole brain statistical analysis revealed that no voxel in the MA group showed
a decrease in CMRglc of p < .01, even prior to correction for multiple comparisons.

Regional relative radioactivity
The interaction of group with session produced evidence for greater increase in the MA group
or decrease in the control group by the criterion of spatial-extent in the right parietal lobe (p
= .033), and of peak height in the parietal lobes (left p = .029; right p = .023), right lateral
orbitofrontal cortex (p = .017), and right insula (p = .028). A peak voxel in the left dorsal
striatum had a greater decrease in the MA group, or increase in the Control group, (p = .017).
No effects survived Bonferroni correction.

However, separate analysis of the MA group confirmed an increase in the bilateral parietal
lobes (left and right spatial-extent p <.0005; both peak voxel z > 4.8, both p = .001), and right
lateral orbitofrontal cortex (spatial-extent p <.003; peak voxel z = 4.21, p = .003). All parietal
effects retained significance after Bonferroni correction, but the orbitofrontal cortex effects
did not.

Relationship between changes in regional CMRglc or relative radioactivity and vigilance task
performance

In the control group, there was no relationship between RT change and either regional CMRglc
or relative radioactivity.

In the MA group, the amount of RT slowing was associated with increases in regional CMRglc
by the criterion of spatial extent for clusters in the left (32 voxels, p = .047) and right parietal
lobes (166 voxels, p = .004). The peak voxel effect in the right parietal lobe (14, −62, 48) was
also significant (Z = 4.38, p = .024). Although the amount of RT slowing was not associated
with increased relative radioactivity in any ROI, it was associated with a decrease in 7 of the
20 ROIs by the criterion of peak voxel-height (Table 3). Six of these ROIs were also significant
for spatial extent, with the largest effects in ventromedial orbitofrontal cortex (Figure 2). The
spatial-extent effect in the right medial orbitofrontal cortex retained significance after
Bonferroni correction.

Relationship between changes in regional CMRglc or relative radioactivity and depressive
symptoms in MA Group

As BDI scores were negligible, with no meaningful change between assessments in the control
group, these analyses were only conducted for the MA group. The extent of the increase in
regional CMRglc in the left parietal lobe was directly associated with BDI score by the criteria
of spatial extent (p = .045) and peak voxel height (x,y,z = −32, −40, 64; Z = 4.57, p = .005).
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BDI score was correlated with change in relative radioactivity in at least one cerebral
hemisphere for all ROIs with the exception of the thalamus (Table 4). BDI score was positively
correlated with the change in relative radioactivity by criteria for both spatial extent and peak
voxel effect in the right parietal lobe, right amygdala, and bilateral ventral striatum, and in the
bilateral dorsal striatum by the criterion of peak voxel effect. The peak effect in the right ventral
striatum retained significance after Bonferroni correction (Figure 3).

BDI score was negatively correlated with the change in relative radioactivity (one measure
increased when the other decreased) by criteria for both spatial extent and peak voxel effect in
the right infragenual cingulate cortex, right supragenual cingulate cortex and right insula. The
indirect associations were significant by the peak voxel criterion only in the left insula, right
lateral orbitofrontal cortex, and bilateral dorsal striatum, and by the spatial extent criterion only
in the right medial orbitofrontal cortex (Table 4).

Discussion
Widespread, large increases in cortical CMRglc (>20% in parietal lobes) develop during the
initial month of MA-abstinence. Notably, parietal glucose metabolism during the initial week
of abstinence from MA does not differ from that in healthy comparison subjects but reportedly
is higher after prolonged abstinence. This combination of findings may indicate that residual
effects of MA on CMRglc persist for at least a week after initiating abstinence, making an
underlying chronic effect; or session of chronic MA administration produces new effects that
evolve after the first week of abstinence form the drug. At retest, participants who were
maintaining abstinence from MA varied more than healthy subjects on task performance and
global CMRglc. Such heterogeneity is consistent with considerable variation in the magnitude
or timecourse of physiological abnormalities during early MA abstinence.

Importance of absolute measures
Although many functional brain imaging studies have used only measures of relative activity,
our results underscore the value of absolute measures of cerebral glucose metabolism. During
the first month without MA, CMRglc increased in most of the superior cortex. These
widespread increases changed the global mean, and therefore the relative measures scaled to
that mean. Despite the greater sample size for analysis of changes in regional relative
radioactivity, scaling reduced the power to detect significant differences between groups. The
pattern of higher relative radioactivity in striata of MA abusers during the first week of
abstinence 6 was reversed four weeks later. With only relative measures, this might be
interpreted as a loss of striatal function, but there was no absolute change in this region.
Absolute measures suggest that relative decreases in striatal radioactivity may actually measure
the degree of global increase in CMRglc driven by widespread cortical change.

With only relative measures, one might interpret the relationship between slowing of vigilance
reaction time and decreased relative ventromedial frontal radioactivity depicted in Figure 2 as
a frontomedial metabolic deficit with cognitive consequences. However, comparison of Figure
2 to Figure 1 shows that the ventromedial frontal region where decreased relative radioactivity
is reliably related to slowed vigilance reaction time is precisely that part of cortex where the
actual level of metabolic activity changed least. The largest metabolic change, the degree of
increased parietal CMRglc, was associated with both slowed vigilance reaction time and with
less reduced (or higher) self-report of depressive symptoms. Subjects with larger metabolic
increases in parietal cortex will have larger whole-brain increases. Larger whole-brain
increases generate relative activity decrease in areas where absolute activity increases less than
the global index. Since no brain area showed a decrease in absolute CMRglc over the first
weeks of abstinence, the magnitude of CMRglc increase in the parietal lobes may constitute a
measure of the severity of brain insult, or the inability to recover normal brain function.

Berman et al. Page 6

Mol Psychiatry. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Distractibility and anhedonia are two deficits associated with abstinence from chronic MA
abuse 17. This explanation is, therefore, consistent with negative covariation of both vigilance
reaction time and BDI score with relative activity in the medial and lateral orbitofrontal cortex,
ventral cingulate, and dorsal striatum (Tables 3 and 4), areas where CMRglc increased less
than in the parietal lobes.

Behavioral observations during early withdrawal
MA withdrawal has an early phase with severity greatest at 24 h after final use, decreasing
over the next week 16, 17 and stabilizing at 7-10 days. The initial week is characterized by
depression, craving, anxiety, increased sleeping and eating. Together with prior results 1, 6, 8,
9, the current results suggest that during this phase, subcortical and limbic radiotracer uptake
are abnormally high and cortical uptake is abnormally low, whereas later abstinence is
associated with higher CMRglc in posterior, particularly parietal cortices.

Possibly reflecting reduced novelty to some degree, there was evidence for reduced vigilance
at retest, i.e. – accuracy decreased by 2% in both groups. Mean reaction time was 41 ms longer
at retest with higher variance in the MA group than the control group. BDI scores also were
higher and more variable in the MA group than in the control group, with negligible BDI score
or change across sessions in the control group, but notable change in half of the MA group. As
discussed above, increased parietal CMRglc was associated with both slower vigilance reaction
time and less drop in BDI score, and this may have produced the negative covariations with
relative activity in Tables 3 and 4.

In contrast, the robust positive covariation between the change in BDI score and relative activity
in the ventral striatum suggests that although the MA-group had no overall change in activity
of the ventral striatum at retest, subjects with lower BDI scores also had less relative activity,
subjects with higher BDI scores also had more relative activity, or both. The association of
ventral striatal activity with the change in BDI score during the critical early weeks of
abstinence from MA is particularly important because of the role of the nucleus accumbens in
drug-mediated reinforcement 18, withdrawal 19, and relapse 20.

The dorsal striatum yielded evidence for areas with both positive and negative covariation
between change in BDI score and relative activity. Visual inspection of the statistical
parametric maps indicated the positive covariation represented extension of effects in the
ventral striatum into the inferior dorsal putamen (see Figure 3), whereas the negative
covariation occurred about 2 cm superiorly in the most dorsal 10% of the dorsal striatum.

Possible interpretations of changes in cortical glucose metabolism
Although MA abuse produces the most profound neurotoxicity in the dopamine-rich basal
ganglia 21-23, it also increases proliferation of cortical microglia and astrocytes 24. Increasing
the numbers of both types of glia are thought to increase CMRglc 25. Therefore, Volkow and
associates 8 suggested that higher parietal activity in MA abusers could reflect reactive gliosis
after excitotoxic damage to parietal neurons. Notably, the rat brain shows MA-associated
neurodegeneration in parietal cortices 26.

Magnetic resonance spectroscopy (MRS) investigations of MA abuse have reported basal
ganglia and frontal cortical metabolite abnormalities consistent with gliosis 27-30, including an
abnormally high choline signal, a potential index of glial density, in the anterior cingulate
cortex of MA abusers abstinent less than six months 31. However, the signal was negatively
correlated with duration of abstinence, and had returned to control values after more than one
year. The authors suggested the first 8 months following MA neurotoxicity are characterized
by axon sprouting and gliosis, whereas later abstinence features axon pruning and recovery.
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Our preliminary MRS investigations of the parietal lobes 32 did not find evidence for this
abnormally high choline signal at 5-9 days of abstinence.

In rats, three daily exposures to MA are sufficient to induce reactive gliosis lasting 14-21 days
21. Our subjects used MA regularly for many years. If the elevated parietal metabolism we
report at one month of abstinence, and previously reported later in abstinence 8, derives from
parietal gliosis, either gliosis did not occur until after the initial week of abstinence, or some
process masks the gliosis-mediated increase in parietal CMRglc during the initial week.

Cortical/subcortical homeostasis
Metabolic abnormalities in the MA group at one week abstinence 1 resemble those observed
in a previous human study of acute MA effects; less cortical activity and more subcortical
activity 33. Reduction of cortical CMRglc is a common response to acute administration of
drugs of abuse 34, as observed with opiates 35, barbiturates 36, benzodiazepines 37, cocaine
38, and amphetamine 39. This commonality is consistent with a classic theory proposing that
activity in subcortical emotion circuits alters human consciousness more when cortical
inhibition is suppressed 40. In this view, metabolic effects of intoxication represent release of
subcortical regions from cortical inhibition, resulting in heightened emotions.

If chronic MA use inhibits cortical activity, compensatory adjustment might work to up-
regulate cortical activity. Although the time-course of inhibition of cortical activity after acute
MA intoxication has not been well-studied, compensatory changes after chronic abuse should
be unmasked after a sufficient period of abstinence. The time-course and reversibility of any
such adjustments are also unknown.

Unmasking increased noradrenergic tone
Our vigilance task required detection of rare events, termed “oddballs.” Oddball detection in
all sensory modalities activates frontoparietal attention networks 41, which generate the P300
event-related scalp potential. Parietal activity during oddball detection, has been linked to
noradrenergic modulation 42 and frontal activity to dopaminergic modulation 43. Therefore,
another possible explanation of the changes observed during the first month of abstinence from
MA is that progressive unmasking of increased noradrenergic tone due to long-term MA abuse
and accompanying dopaminergic neurotoxicity has shifted frontoparietal attention networks
toward relatively more parietal activity, and that lowered efficiency of frontal executive arousal
networks has increased vigilance reaction time. This idea is consistent with reports that a rat
analog of P300 was reduced by 15 days of MA followed by over a week of abstinence 44, just
as the human P300 is reduced during recovery from MA-abuse 45.

Limitations
This study has a small sample size of abstaining MA users. However, most previous studies
of regional brain function during abstinence from chronic MA have not considered longitudinal
changes, or have compared subjects tested once during broad periods of early abstinence,
(usually < 6 months), with subjects tested during later abstinence. 46, 7, 8, 9 As the only previous
report on repeated assessments of brain function compared 5 subjects tested at < 6 months
abstinence to reassessment between 12 and 17 months 9, the current report represents the largest
sample of subjects tested twice during abstinence and the first study to compare two narrowly
specified periods of abstinence (5-9 days vs 32-36 days).

Although chronic MA-use has been associated with lesions in both gray 47 and white matter
48, we did not consider structural influences on our functional measures. A previous study of
22 MA-abusers and 21 controls from which the current subjects were drawn did not find
structural changes in the parietal lobes 47. However, a larger group of 43 former MA-abusers
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had larger gray matter volumes than control subjects in both parietal cortex and basal ganglia
49. Because prolonged functional activity can increase local grey matter 50, high striatal activity
during the first week of abstinence 1, combined with high parietal activity in later abstinence
(this paper and a previous report 8), suggests that alternating between periods of use and
abstinence may produce cumulative increases in the volumes of both structures.
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Figure 1. Parietal cortex CMRglc increased between sessions in the MA abuse group, more than
in the control group
The figures are depicted in neurological orientation. The gray-scale image is a T1 structural
MRI that is representative of MNI space, where positive values of the x, y, and z coordinates
approximately represent mm to the right, anterior and superior relative to the sagittal midpoint
of the anterior commissure. The a priori parietal lobe regions of interest (ROIs) are outlined
in light blue. Red/yellow colors indicate greater increases in CMRglc from initial PET session
to four weeks later in 9 MA, as compared to 7 control subjects (p < .01 uncorrected).
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Figure 2. Between-session directional change in relative radioactivity of medial orbitofrontal cortex
was inversely correlated with vigilance reaction time (RT) in the MA abuse group
Red/yellow colors indicate areas where the amount of RT slowing from initial PET session to
four weeks later was associated with decreased regional relative radioactivity in 10 MA
subjects (p < .01 uncorrected).
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Figure 3. Between-session directional change in relative radioactivity of ventral striatum was
directly correlated with self-reported depressive symptoms in the MA abuse group
Red/yellow colors indicate areas where change in BDI score from initial PET session to four
weeks later was associated with change in regional relative radioactivity in 10 MA subjects
(p < .01 uncorrected).
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Table 1

Characteristics of Research Subjects

Analysis: CMRglc Relative Radioactivity

Control
n = 7

MA
n = 9

Control
n = 12

MA
N = 10

Age (years) a 33.1(7.17) 32.9 (7.17) 33.7 (7.49) 33.1 (6.79)
Gender (males/total number) 6/7 8/9 7/12 9/10
Subject’s Education (years) a 15.0 (2.08) 13.2 (2.10) 14.5 (2.07) 13.5 (2.17)
Mother’s Education (years) a,b 13.4 (1.90) 13.2 (2.82) 12.9 (1.64) 13.5 (2.80)
Race
European (non-Hispanic) 5/7 4/9 8/12 5/10
European (Hispanic) 0/7 2/9 1/12 2/10
African American 2/7 1/9 3/12 1/10
Asian 0/7 2/9 0/12 2/10

Self – Reported Drug Use c
 Methamphetamine Use
 Duration (yr) - 8.89 (4.2) - 8.20 (4.5)
 Average (g/wk) - 2.10 (2.1) - 2.01 (2.0)
 Days Used in Last 30 - 19.3 (6.2) - 18.1 (7.01)
 Tobacco Smokers d 0/7 8/9* 0/12 9/10*
 Marijuana Use
 Days in Last 30 .29 (.76) 1.67 (3.32) .17 (0.58) 1.70 (3.13)
 Alcohol Use e
 Days in last 30 1.86 (2.12) 1.44 (1.74) 2.00 (2.09) 1.3 (1.70)

a
Data shown are means (standard errors of the means) for the number of subjects indicated.

b
An index of socioeconomic status

c
Data shown are means (SEM) of self-reported drug use. In addition to the data tabled above regarding regular drug use, data were obtained on other illicit

drugs. Seven of ten subjects in the MA group and two of twelve subjects in the control group reported lifetime use of an illicit drug other than marijuana.
There were no occurrences of illicit drug use during the last 30 days.

d
Self-reported smoking ≥ 5 cigarettes per day.

*
Significantly different from control by Pearson Chi-Square analysis (χ2 (1) = 18.28, p < .001 for relative activity analysis; (χ2(1) = 12.44, P<.001) for

CMRglc measurement.

e
No subject in the MA group had a lifetime history of alcohol abuse or dependence. One control subject had a history of alcohol abuse but no current drug

or alcohol-related diagnosis.
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