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Clinical and MRI Evaluation of
Psychostimulant Neurotoxicity

George Bartzokis, Mace Beckson, and Walter Ling

PSYCHOSTIMULANT NEUROTOXICITY AND CLINICAL
MEDICATION TRIALS

Human and animal data have demonstrated that psychostimulants can
cause central nervous system (CNS) neurotoxicity.  In addition to
gross neurotoxic effects such as infarcts and seizures (Ritz and George
1993; Rodnitzky and Keyser 1992), more subtle cellular toxicity has
also been demonstrated and is especially evident in the dopaminergic
neurotransmitter system (Gibb et al. 1993).

The Dopaminergic System is believed to be of central importance to
the brain processes involved in the development of human addiction
to psychoactive substances (Parsons et al. 1991; Robinson and
Berridge 1993).  Study of animal models of addiction has revealed
that mesocorti-colimbic dopaminergic pathways are necessary for the
establishment of repetitive self-administration of psychoactive drugs
such as cocaine, opiates, and alcohol (Koob and Bloom 1988).
Repetitive self-adminis-tration will not occur following disruption of
dopaminergic transmission, including lesions to the nucleus
accumbens.  This nucleus, anatomically distinct in rats but indistinct
from the ventral striatum in man, receives dopaminergic input from
presynaptic neurons whose cell bodies reside in the ventral tegmental
area (VTA) of the midbrain (Fallon 1988).  Cocaine and other
psychostimulants bind to the dopaminergic transporter of the
presynaptic nerve terminal, thereby blocking reuptake and increasing
dopaminergic synaptic transmission (Gawin 1991).  This presumably
applies to all dopaminergic systems, including mesocorticolimbic pro-
jections believed responsible for the repetitive behaviors of addiction
as well as the nigrostriatal dopamine system responsible for the
coordination of complex movements.

The search for a medication to ameliorate or reverse the clinical
syndrome of cocaine addiction, including withdrawal, craving, and
relapse, has taken on great urgency in the context of both a high
prevalence of cocaine depen-dence and the limited efficacy of
established treatment strategies (Adams et al. 1986; Kosten et al.
1987).  Clinical trials of medications that affect the dopaminergic
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systems have been and continue to be conducted to evaluate the
potential therapeutic usefulness of such agents.  Except for gross
neurological abnormalities (e.g., clinical evidence of stroke), these
studies generally do not evaluate for the more subtle indicators of
neurotoxic damage.  Thus, the subject samples recruited for these
trials may be hetero-geneous with respect to the functioning and
pharmacologic responsiveness of the dopaminergic system.  This
problem would be compounded by the fact that most trials are short
in duration and enroll patients early in their abstinence.  These factors
may limit any recovery from neurotoxic damage in individuals for
whom reversibility of such damage is possible.

The inclusion of highly heterogeneous groups of patients in clinical
trials in the absence of any measures of neurotoxicity could greatly
hinder the effort to develop pharmacologic treatments in at least two
ways.  First, heterogeneity of the population reduces the power of
clinical trials to detect medication efficacy.  Second, the opportunity
to detect subgroups of patients in whom a pharmacologic intervention
is either especially efficacious or possibly countertherapeutic could be
missed if quantitative assessments of neurotoxicity are not done a
priori.

The following sections review a hypothesis suggesting new avenues of
inquiry into the impact of neurotoxicity on medication trials.  The
data presented are preliminary and, although supportive of the thesis
of neurotoxicity in psychostimulant-addicted populations, they should
be interpreted with caution.

Mechanisms of Basal Ganglia Neurotoxicity

Catecholamine metabolism produces free radicals (Halliwell and
Gutteridge 1985, 1988) and psychostimulants greatly increase
catechol-amine metabolism.  Animal data support the hypothesis that
the increased levels of catecholamines cause psychostimulant
neurotoxicity through free radical mechanisms and that these toxic
effects are persistent (Gibb et al. 1993).  Metabolic abnormalities,
which do not improve with long periods of abstinence, have also been
observed in the basal ganglia dopaminergic terminals and in the
cortex of cocaine addicts (Baxter et al. 1992; Volkow et al. 1992,
1993), and these abnormalities have been shown to be interrelated
(Volkow et al. 1993).  One study also reported increased urinary
lipoperoxides (breakdown products from oxidative damage of
membrane polyunsaturated lipids) in abusers of cocaine (Knight et al.
1988).



302

The basal ganglia, a region rich in catecholamine terminals, are at
high risk for neurotoxicity caused by psychostimulants because
increased oxidative stress results from increased dopamine
metabolism.  Bursts of increased dopamine metabolism increase free
radical production and can cause neurotoxicity (Halliwell and
Gutteridge 1985, 1988; Gibb et al. 1993).  An important additional
risk factor for basal ganglia oxidative damage is the high levels of
iron present in these structures (Hallgren and Sourander 1958; Morris
et al. 1992).  As shown in figure 1, iron can catalyze the
transformation of free radicals into highly reactive hydroxyl radicals
capable of causing neurotoxicity by denaturing biomolecules and
initiating lipid peroxidation (Halliwell and Gutteridge 1985, 1988).

Some animal data indicate that amphetamines are more likely to be
neurotoxic than cocaine alone (Bennett et al. 1993) or result in
different neurotoxicity patterns than cocaine (Ellison and Switzer
1993).  Some investigators have even reported a lack of evidence of
neurotoxic effects of cocaine in controlled animal experiments
(Goodman and Sloviter 1993; Bennett et al. 1993).  As these
investigators have pointed out, however, this finding should not be
interpreted as evidence of lack of toxicity in human addicts because
of differences between human and animal physiology, as well as
differences between human drug use patterns and animal
psychostimulant exposure in laboratory paradigms.

The extent of neurotoxicity in humans can be increased by multiple
factors.  In the context of cocaine use, even limited exposure to
amphetamines can have severe neurotoxic consequences (Kleven and
Seiden 1991).  Addicts rarely limit themselves to the abuse of a single
substance, and, in addition, cocaine is often "cut" with amphetamines.
Cocaine may be especially neurotoxic once it enters the CNS (Gu et
al. 1993).  By bypassing hepatic metabolism, human crack users can
achieve very high CNS cocaine levels.  Thus, cocaine-induced
neurotoxicity may be especially relevant for crack users.  In addition,
animal data indicate that dopamine metabolism may be markedly
increased by significant interactions between cocaine and
environmental stress (Kalivas and Duffy 1989).  Such interactions
would suggest that the psychosocial stressors addicts endure could
also increase the likelihood of deleterious effects from cocaine.
Finally, considering that human addicts use cocaine for months to
years versus the limited exposure in most animal experi-ments, there is
an increased likelihood that neurotoxicity is a significant component
of the human psychostimulant dependence syndrome.
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Clinical Evidence of Basal Ganglia Neurotoxicity

Despite the fact that evaluation of neurotoxicity in humans is
hampered by the lack of microscopic specimens, evidence is
beginning to emerge.  Clinical manifestations of subtle neurotoxicity
such as deficits in concen-tration and memory (O'Malley et al. 1992;
Berry et al. 1993) have been reported.  Persistent extrapyramidal
movement disorders such as dystonia, chorea, and tics, which are
clearly associated with amphetamine and neuroleptic exposure
(Rodnitzky and Keyser 1992; Bartzokis et al. 1990), have also been
reported with cocaine abuse (Habal et al. 1991; Bauer 1993; Daras et
al. 1994).  The prevalence of choreoathetoid movements in the
cocaine-addicted population is unknown, and it is probably under-
appreciated since Daras and colleagues (1994) report that the addicts
themselves are aware of the association between crack binges and
choreo-athetoid movements, referring to the phenomenon as "crack
dancing."

Extrapyramidal movement abnormalities in the cocaine-addicted
population may be a useful way of evaluating neurotoxicity in
subjects participating in clinical medication trials.  A controlled
assessment of choreoathetoid movements in cocaine addicts has not
been published.  Following are preliminary results of an ongoing pilot
study on choreo-athetoid movements in male inpatients admitted to
the Alcohol and Drug Treatment Program of the West Los Angeles
VA Medical Center for treatment of primary cocaine dependence.  All
patients evaluated were male, with an average age of 41 (range 30 to
60), and had a diagnosis of cocaine dependence according to criteria
in the "Diagnostic and Statistical Manual of Mental Disorders," 4th ed.
(DSM-IV).  Patients were excluded on the basis of a concomitant
current or past diagnosis of dependence on other substances, but were
not excluded for history of abuse of other sub-stances with the
exception of amphetamines.  A group of normal controls matched in
age, race, and sex to the patient group was also examined.  Control
subjects had no history of major illness, exposure to neuroleptic
medications, severe head trauma (defined as loss of consciousness
greater than 15 minutes), or disease or neurologic impairment on
routine admis-sion clinical exam.  By self-report, the control subjects
denied a history of drug dependence or abuse, but some did admit to
limited experimentation with cocaine years before the assessment.

Choreoathetoid movements were evaluated using the Abnormal
Involuntary Movement Scale (AIMS) and were rated according to the
Schooler and Kane (1982) criteria developed for rating tardive
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dyskinesia (TD).  All but one of the patients were evaluated an
average of 8 days after last use.  The last patient had been in recovery
for 6 years, had a history of severe cocaine dependence similar to the
inpatients’, and was selected as the first of a new cohort of patients in
recovery to evaluate the long-term extrapyramidal sequelae of cocaine
dependence.

Nine of the 15 cocaine-dependent patients evaluated were found to
have "probable TD" according to Schooler and Kane (1982) criteria,
while only 3 of 10 controls met the rating criteria for "probable TD."
The amount of movement observed was subtle and none of the
patients had severe choreo-athetoid movements of the kind that
sometimes is seen in emergency rooms and has been referred to as
"crack dancing" (Daras et al. 1994).  Interest-ingly, the quantitative
differences approached significance between patients and controls
only in the body (limbs plus body) AIMS subscore (table 1).

TABLE 1. AIMS in cocaine-dependent patients and normal controls.

Cocaine
patients (N =

15)
Mean (SD)

Normal controls
(N = 10)

Mean (SD) T P

Face 3.07 (1.90) 2.80 (1.32) 0.37 0.71
Body 1.67 (1.72) 0.50 (0.71) 2.02 0.055
Total 4.73 (2.58) 3.30 (1.70) 1.54 0.14

Improvement of the choreoathetoid movements during continuous
abstinence from cocaine was evaluated.  Ten of the inpatients were
available to be reexamined an average of 19 days from the first
evalua-tion, the entire interim occurring in an inpatient setting,
including random urine toxicologic monitoring.  As a group, the
patients had a decrease in their AIMS scores, which almost reached
statistical significance for the total AIMS score (table 2).

Although the data suggest that there are some withdrawal-associated
changes in AIMS scores, the choreoathetoid movements are probably
not simply an acute withdrawal phenomenon since half of the 10
subjects still had enough movement to be rated as "probable TD" an
average of 4weeks from last use.  A study of subjects who have been
in recovery for long periods and have a history of severe dependence
could address the question of whether the extrapyramidal
neurotoxicity has permanent sequelae in some patients.
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TABLE 2. Choreoathetoid movements in 10 patients withdrawing
from cocaine.*

AIMS score change
Mean (SD) T P

Face -0.3 (1.2) -0.82 0.434

Body -0.4 (1.5) -0.84 0.423

Total -0.7 (1.1) -2.09 0.066

KEY: * = Cocaine-dependent patients examined an average of 1-
week, and reexamined 4 weeks, from the day of last use.

Evidence of Neurotoxicity From Human Brain Imaging Studies

In human studies of cocaine addicts, gross anatomic evidence of
neuro-toxicity in the form of increased ventricular brain ratio and
cortical atrophy has been observed with magnetic resonance imaging
(MRI) and x-ray computed tomography (CT) (Pascual-Leone et al.
1991; Morgan et al. 1993).  Some anatomic abnormalities are
associated with brain func-tional changes such as decreased sensitivity
of individuals with enlarged ventricles to the effects of cocaine itself
(Morgan et al. 1993), a phenom-enon also observed in animal models
(Schenk et al. 1991).  In addition, using positron emission
tomography (PET), independent research groups have observed
persistent functional abnormalities in striatal dopamine metabolism
and cortical glucose metabolism in cocaine addicts (Baxter et al.
1992; Volkow et al. 1992), and these abnormalities have been shown
to be interrelated (Volkow et al. 1993).

MRI is an imaging modality that provides excellent resolution and
contrast and is essentially a risk-free noninvasive procedure that can
assess CNS neurotoxicity.  Recently, magnetic resonance spectroscopy
and functional magnetic resonance imaging have shown great
potential for providing additional biochemical and functional data in
a research setting.  The discussion is limited to neurotoxicity
information obtainable with MRI instruments that are widely available
and could be used in the context of medication trials.

Clinical MRI instruments can evaluate both biochemical and structural
brain changes.  Structural changes such as increased ventricular
volumes and lesions such as strokes and CNS bleeds have been
reported.  More subtle evidence of neurotoxic tissue changes can be
evaluated by quantifying tissue relaxation times.  Transverse
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relaxation times (T2) reflect differences in the immediate molecular
environments of water protons and can thus provide biochemical
information.  T2 lengthening is often associated with increased water
content, and T2 shortening in the basal ganglia is often associated with
increased iron levels.  As noted in this chapters introduction, iron is a
possibly important risk factor because it catalyzes free radical-
mediated neurotoxic processes (Halliwell and Gutteridge 1985, 1988).

Small differences in water content can have a large impact on T2
values as water T2 is > 1,000 milliseconds (ms) compared with normal
brain T2 of < 100 ms.  Thus, the inclusion of even a few voxels with
increased water content in a region of interest could greatly increase
the average T2 measure for the region.  An increase in tissue iron
would have to be very large to be detected in the context of increased
water content since it would have to more than offset the T2 increase
caused by increased water concentration.  The converse is also true.
Increased tissue water will be underestimated if the tissues also contain
an increase in iron levels.  Since most pathologic tissue changes such
as those that may be caused by neuro-toxicity increase the water
content of brain tissue, it is likely that neuro-toxicity will result in
increased T2 even in the presence of increased iron levels.

Cocaine-dependent patients were examined to investigate whether
gross anatomic and T2 evidence of neurotoxicity could be observed
using a clinical 1.5 Tesla MRI instrument.  Thirteen of the patients
who were evaluated with the AIMS agreed to undergo an MRI
examination.  Despite the fact that the subjects had no history of
major illness or severe head trauma and no evidence of disease or
neurologic impairment on routine admission clinical exam, two were
noted to have severe structural pathology.  The first of these, a 53-
year-old male, had a very large number of multiple, diffuse, confluent
lesions in a classic watershed distribution (figure 2).  The second, a
32-year-old male, had a silent occipital stroke (figure 3).  The patient
group also seemed to have an apparent increase in the prevalence of
small hyperintense lesions in the ventral putamen, globus pallidus
regions on qualitative evaluation of the scans (figure 4).  These lesions
were most apparent on coronal scans and corresponded to an area
supplied by the anterolateral branches of the mid and anterior
cerebral arteries, often a site of intracerebral hemorrhages in this
population.
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In addition to examining for gross pathology, the average T2 relaxation
time of the pixels in the structures of interest (caudate, putamen, and
globus pallidus) was measured as described previously (Bartzokis et al.
1994a).  Three structures were evaluated for evidence of relationships
between clinical evidence of basal ganglia neurotoxicity (choreoathetoid
movements as quantified by AIMS) and basal ganglia T2.  Preliminary
analyses show that cocaine-dependent patients demonstrated an almost
statistically significant correlation between AIMS and putamen T2
relaxation times (figure 5).  The correlation reached statistical signifi-
cance on the right (r = 0.599, p = 0.03), and almost were statistically
signaficant overall (r=0.56, p = 0.06) and on the left (r = 0.506, p=0.08).
Interestingly, this association was largely due to body (trunk and
extremities) AIMS subscores, which approached statistical signifi-cance by
themselves at the p = 0.1 level on the left, right, and overall (r=0.52, p =
0.07; r = 0.50, p=0.08; r = 0.48 , p = 0.09).  These corre-lations were not
present in the control group or when both controls and cocaine-
dependent patients were evaluated together.

Future Directions

As noted above, T2 changes are not specific.  The basal ganglia contain
high levels of iron that may play a role in neurotoxic processes and could
also affect T2 relaxation times.  The difficulties of evaluating tissue iron
and water in vivo with specificity are not insurmountable.  The T2 short-
ening effect of ferritin (the iron storage protein that contains up to 90per-
cent of non-heme iron in brain (Hallgren and Sourander 1958; Morris et
al. 1992) is field-dependent (Bartzokis et al. 1993).  This means that MRI
is better at detecting T2 shortening caused by ferritin at higher magnetic
field strengths (1.5 Tesla (T) and above).  At 0.5 T the effect of ferritin is
low enough to make it useful as a way of estimating background field-
indepen-dent influences on T2 (Bartzokis et al. 1993) and evaluating
subtle changes in water content (Bartzokis et al. 1994a, 1994b).

Tissue iron can be evaluated in vivo with specificity by using the unique
property of ferritin to shorten T2 in a field-dependent manner (Bartzokis
et al. 1993, 1994a, 1994b).  This can be done by measuring T2 on two
instruments of differing field strengths.  The T2 value obtained from the
low field-strength instrument reflects the field-independent properties of
the tissue.  Subtracting the field-independent effects measured by the low
field-strength instrument from the effects detected by the high field-
strength instrument (composed of both the field-independent tissue
effects plus the field-dependent effects of ferritin) produces a measure
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that is directly proportional to ferritin levels and is specific for ferritin
(Bartzokis et al. 1993, 1994a, 1994b).  This approach provides the
opportunity to obtain specific measures of both brain water levels and
brain iron stores in vivo.  Such data may significantly aid efforts to
eval-uate both a possible risk factor (high iron levels) and extent of
damage (increased water content) in clinical populations and improve
the under-standing of amphetamine- and cocaine-mediated
neurotoxicity in sub-stance abusers.

CONCLUSIONS

Psychostimulant-induced neurotoxicity has been observed in a variety
of human and animal models.  Assessing the issue of neurotoxicity
and its impact on treatment outcome of cocaine and amphetamine
abusers is therefore indicated.  Future work should include the
continued develop-ment of methodology to evaluate neurotoxic
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damage in psychostimulant dependent patients.  Such methodology
would be incorporated in medi-cation trials for the treatment of
substance (particularly psychostimulant) dependence disorders.  Some
measures such as the AIMS and other stan-dardized clinical
assessments can be presently incorporated on a large multicenter
scale.  More rigorous methods for measuring extrapyramidal
movements (Bartzokis et al. 1989; Wirshing et al. 1991), gross brain
pathology, and changes in water and iron levels could be evaluated
selectively in specialized centers.  Identifying and measuring
neurotoxic damage mediated by cocaine and amphetamines would
help clarify the toxic mechanisms, suggest novel medication strategies,
and elucidate the relationship of patient CNS characteristics and
associated treatment re-sponse.  Such understanding could yield
neurobehaviorally based patient-treatment matching and consequently
enhance treatment outcome for substance dependence disorders.
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