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Abstract
Movement disturbances are often overlooked consequences of chronic cocaine abuse. The purpose
of this study was to systematically investigate sensorimotor performance in chronic cocaine users
and characterize changes in brain activity among movement-related regions of interest (ROIs) in
these users. Functional magnetic resonance imaging data were collected from fourteen chronic
cocaine users and fifteen age and gender matched controls. All participants performed a sequential
finger-tapping task with their dominant, right hand interleaved with blocks of rest. For each
participant, percent signal change from rest was calculated for seven movement related ROIs in both
the left and right hemisphere. Cocaine users had significantly longer reaction times and higher error
rates than controls. Whereas the controls used a left-sided network of motor-related brain areas to
perform the task, cocaine users activated a less lateralized pattern of brain activity. Users had
significantly more activity in the ipsilateral (right) motor and premotor cortical areas, anterior
cingulate cortex and the putamen than controls. These data demonstrate that, in addition to the
cognitive and affective consequences of chronic cocaine abuse, there are also pronounced alterations
in sensorimotor control in these individuals, which are associated with functional alterations
throughout movement-related neural networks.
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1. Introduction
Disruptions of cognitive and affective processing associated with chronic cocaine exposure
have been widely characterized in both human addicts and animal models. Behavioral
consequences of cocaine use have been primarily attributed to alterations in the
mesocorticolimbic dopamine system innervating ventral striatum and medial and orbitalfrontal
cortex. Recent evidence, however, suggests that chronic cocaine use may lead to lasting effects
in the nigrostriatal dopamine system as well, particularly the dorsal striatum (Letchworth et
al., 2001; Nader et al., 2002; (Porrino et al., 2004; Volkow et al., 2006; Volkow et al., 2008;
Wong et al., 2006). Despite the known involvement of the nigrostriatal dopamine system in
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motor control (Cenci, 2007; Goldstein et al., 1976), the potential influence of cocaine use on
the motor system has rarely been considered.

There have been a number of clinical case studies that have reported extrapyramidal symptoms,
including tics, dystonia, and dyskinesias in patients with a history of chronic stimulant abuse
including amphetamine and cocaine (Bartzokis et al., 1999; Bauer, 1996b; Chouinard and Ford,
2000; Daniels et al., 1996; Pascual-Leone and Dhuna, 1990; Tanvetyanon et al., 2001). While
abnormal motor control is typically reported within a week of the last use of cocaine (Rylander
1972, Pascual-Leone & Dhuna 1990, Daras et al 1994), in some individuals movement
disorders were still present even after extended abstinence (Weiner et al., 2001). While many
of the cocaine users in these studies also abused other drugs such as alcohol, Bauer et al
(1996) found a greater incidence of tremor in cocaine-dependent patients than alcohol-
dependent or polydrug abusers. Furthermore, the severity or the tremor was positively
correlated with the number of self-reported uses of cocaine and negatively correlated with
duration of abstinence (Bauer, 1996a). This persistence of the movement deficits suggests that
prolonged cocaine exposure may have lasting effects on sensorimotor control systems. There
have been other brief reports documenting dyskinesias in stimulant users that persist for one
to 15 years after the patient’s last reported drug use (Lundh and Tunving, 1981; Pascual-Leone
and Dhuna, 1990; Rylander, 1972; Thiel and Dressler, 1994). Given, the limited sample and
retrospective nature of most of these studies, however, there is little consensus regarding the
nature and severity of motor sequelae that occur in chronic cocaine users.

While sensorimotor control is modulated by dopamine in the nigrostriatal pathway, successful
motor control relies on a distributed network of cortical and subcortical structures (Graybiel,
1991, 2004). Visuomotor integration tasks are highly lateralized and rely on activity in the
contralateral primary motor cortex, dorsolateral prefrontal cortex, the supplementary motor
area of the premotor cortex (Brodman Area 6), the anterior cingulate cortex, the caudate,
thalamus, and the ipsilateral cerebellum (Foulkes and Miall, 2000; Inoue et al., 1998;
Kawashima et al., 2000; Miall et al., 2000). These regions work together in temporally
coordinated patterns to orchestrate smooth, purposeful movements (Pollok et al., 2005).
Sequential finger-tapping tasks reveal sensorimotor deficits in several clinical populations with
cortical-striatal pathology including, but not limited to, Parkinson’s disease (Mallol et al.,
2007; Wu and Hallett, 2005), multiple sclerosis (Chipchase et al., 2003; Pelletier et al.,
1993), Huntington’s chorea (Gavazzi et al., 2007), and Tourette’s syndrome (Biswal et al.,
1998).

Functional activity in many of these same regions is also dysregulated in chronic cocaine users
(Volkow et al., 1991; Kaufman et al., 2003). Active cocaine users have higher glucose
metabolism in the basal ganglia and orbitofrontal cortex than matched controls (Volkow et al
1991). Furthermore, impaired response inhibition by cocaine users is associated with lower
activity in the right supplementary motor area, and anterior cingulate cortex (Hester and
Garavan, 2004). This study also noted elevated activity in the cerebellum, which may indicate
functional compensation- a pattern that has also been observed in alcoholics (Desmond et al.,
2003). Given that the primary motor cortex, supplementary motor area, anterior cingulate,
caudate nucleus, putamen and cerebellum all contribute to ongoing motor control (Pollok et
al., 2005; van Donkelaar et al., 2000), we hypothesized that disrupted activity in these regions
would result in movement deficits in cocaine users.

The intent of this investigation was to determine if chronic, actively-using cocaine users have
impaired motor control and/or altered brain function in movement-related regions of interest
(ROIs). We aimed to test the hypotheses that a simple finger-sequencing task would highlight
significant 1) behavioral and 2) neurofunctional impairments in movement related regions of
interest in chronic, actively-using cocaine users relative to non-drug using controls. We further
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hypothesized that cocaine users would have disrupted functional lateralization during
unimanual sequencing similar to that exhibited in other clinical populations. To achieve this,
we used functional magnetic resonance imaging (fMRI) to assess blood oxygen level dependent
(BOLD) activity throughout movement-related neural regions of interest as cocaine users and
controls performed a basic finger-sequencing task.

2. Methods
2.1 Participants

Fifteen cocaine users and 14 control participants were recruited via local advertisements and
word of mouth. Cocaine users were currently using cocaine on a weekly basis, not actively
enrolled in a treatment program, and did not participate with the intent to be treated for cocaine
dependence. All participants provided written informed consent to participate according to the
procedures approved by the Wake Forest University School of Medicine Institutional Review
Board. Participants were initially screened by telephone for eligibility. All participants had a
psychiatric examination (Structured Clinical Interview for DSM-IV Axis I Disorders (SCID)
(Ventura et al., 1998), completed a basic medical history inventory, completed a drug use
survey and were administered an IQ test (Wechsler Abbreviated Scale of Intelligence;
Wechsler 1999) at the time of screening. The data from the medical and psychiatric evaluations
were used to establish eligibility for participation.

All cocaine users met DSM-IV criteria for cocaine dependence and had used cocaine at least
three times per week for a minimum of five years. At the time of the study all participants had
positive urine drug screens for cocaine. Exclusionary criteria included a history of Axis-I
psychiatric disorders, dependence on substances other than nicotine (and cocaine in the user
group), head trauma, neurological disorders, systemic diseases that might affect the central
nervous system, an intelligence quotient of less than 70, pharmaceutical treatment for any
neuropsychiatric diagnosis for more than six months, and any psychotropic prescription
medication use six months prior to testing. Control participants did not have a history of
substance dependence other than nicotine and were chosen to match the cocaine user population
on the basis of gender, race, right handedness (as determined through the Edinburgh
Handedness Inventory) and education (Table 1).

2.2 Procedure
On the scanning day, all participants arrived at the imaging center in the morning,
approximately three hours prior to acquisition of their functional MRI scan. Urine samples
were collected from all participants to test for pregnancy and drug use. Cocaine or its
metabolites were found in all participants in the cocaine user group, indicating that they had
used cocaine within the previous 72 hours. No user displayed any overt behavioral signs of
cocaine intoxication or craving. During this prescan period the participants signed consent
forms and completed a series of questionnaires including the Beck’s Depression Inventory and
the Speilberger Test of Anxiety. Prior to task training, participants were given the opportunity
for a smoke break to prevent the confounds of nicotine withdrawal.

2.3 Finger-Sequencing Task
We used a modified activation paradigm based on one that has been used previously to study
patients with movement disorders (Sabatini et al., 2000) (Figure 1). For this basic visuo-motor
integration task participants were required to watch a movie of right hand finger tapping
movements on a monitor and mimic the ongoing actions with their own fingers. Their responses
to the ongoing visual cues were recorded with an MR compatible response box placed under
their right hand. Based on extensive pilot testing, designed to minimize errors of omission in
cocaine users while maintaining attention in healthy controls, a 1 Hz tapping frequency (one
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finger movement per second) was used for this task. All participants were initially familiarized
with the visuo-motor finger-sequencing task outside of the scanning environment. A maximum
of three, one minute practice blocks were presented. All participants had to achieve 90%
accuracy (as determined by number of button presses) during the practice session to continue
with the study. After this accuracy rate was achieved, all participants performed another one
minute practice block to minimize differences in time spent at maximal performance between
the groups. During the practice session, all fourteen control participants reached criterion
performance during the first minute block. Seven of the fifteen cocaine users reached criterion
in the first minute block, whereas five required two practice blocks, and three users required
three blocks.

In the MRI scanner the participants were able to see the movie of sequential finger-tapping
movements via MR compatible goggles. Corrective lenses were inserted into the goggles if
necessary. A brief test of visual acuity was performed via the response box to ensure that the
participants could see the screen and were able to hit the appropriate keys on the response box.
Each participant performed two runs of the task in the scanner. During the task participants
were required to mimic the ongoing finger-tapping sequences with their dominant, right hand
in 30s blocks interspersed with 30s rest periods. Following each rest block there was also a
nine second preparation block in which the participant received a preparation cue which
counted down the number of seconds remaining before the motor task began again. This
preparation block was modeled separately in the statistical analysis and was used to eliminate
the effects of attentional set-shifting to the visuo-motor performance data acquired in the task
block.

2.4 Functional MRI acquisition
Images were acquired on a 1.5T General Electric scanner with a birdcage-type standard
quadrature head coil and an advanced nuclear magnetic resonance echoplanar system. The
head was positioned along the canthomeatal line. Foam padding was used to limit head motion.
High-resolution T1-weighted anatomical images (3D SPGR, TR=14 ms, TE=7700 ms, voxel
dimensions 1.0×1.0×1.0 mm, 176×256 voxels, 160 slices) were acquired for co-registration
and normalization of functional images. A total of 144 coplanar functional images were
acquired using a gradient echoplanar sequence (TR=3000 ms, TE=40 ms, voxel dimensions
3.0×3.0×3.0 mm, imaging matrix 64×64 voxels). The first two radio frequency excitations
were performed prior to image acquisition to achieve steady-state transverse relaxation. The
scanning planes were oriented parallel to the anterior commissure–posterior commissure line
and extended from the superior extent of motor cortex to the base of the cerebellum. The first
six of the 144 volumes of data were aquired before the task began to allow time for the signal
to reach an equilibrium state before any stimulation onset.

2.5 Functional MRI preprocessing
All analyses were performed using custom scripts written in MATLAB 7.0 (Mathworks,
Natick, MA). Spatial preprocessing was performed with standard parametric mapping
techniques (SPM5, London, UK (Ashburner and Friston, 2005)) and region of interest
timecourse extraction was performed using MarsBaR 0.41 (Brett et al., 2002). The data were
corrected for acquisition time (slice timing), realigned to the first volume (motion correction),
normalized into a standardized neuroanatomical space (Montreal Neurological Institute (MNI)
brain template), and smoothed using a Gaussian kernel of 8 mm for the group analysis to reduce
the variance due to anatomical variability. Analyses of time data series were performed
individually using a boxcar model convolved with the canonical hemodynamic response
function. Statistical contrast maps were made for each individual comparing brain activity
associated with performing the task to that during periods of rest. These data were modeled

Hanlon et al. Page 4

Psychiatry Res. Author manuscript; available in PMC 2011 January 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



across all participants in order to obtain a voxel-based representation of brain areas being used
to perform the task for each group.

A region of interest analysis approach was used to probe alterations in the amplitude of activity
within a network of regions known to be modulated by finger-sequencing tasks. Fourteen
anatomically defined ROIs, representing both the left and right hemispheres of seven cortical
and subcortical regions within the motor network were extracted from an MNI based atlas
(WFU Pick Atlas, Wake Forest University) (Maldjian et al., 2003). Regions chosen for analysis
included primary motor cortex (Motor), supplementary motor area (SMA), anterior cingulate
cortex (ACC), caudate (Cau), putamen (Put), thalamus (Thal) and the cerebellum (Cereb).

2.6 Statistical Analysis
Motor performance measures (reaction time & error rate) were analyzed between groups by
means of t-tests for independent samples with post-hoc Bonferroni correction for multiple
comparisons. Errors were divided into two categories: commission errors (pressing the button
for the wrong finger) and omission errors (not pressing a button in the allotted period of time).

Two primary measures of functional activity were calculated for each region of interest in this
study: percent signal change from rest and a laterality index. For each of these dependent
measures a multivariate analysis of variance determined whether there was an overall group
difference (a main effect of group) and whether any group differences were independent of the
regions of interest within the motor network (a group × region interaction) (p<0.05).
Furthermore, multiple post-hoc independent sample t-tests were used to determine which
regions of interest were significantly different (p<0.05, corrected).

Percent signal change from rest—The magnitude of motor related activity was measured
by calculating the percent signal change from rest for each ROI. A vector of the average BOLD
signal within each ROI was extracted for the full timecourse of the task. Percent signal change
from rest was calculated for each individual by comparing the BOLD signal during movement
blocks to rest blocks.

Laterality—For each pair of left and right ROIs a Laterality Index (Cramer et al., 1999) was
calculated for each subject (100 * (L − R)/(L + R)), where L and R represent the mean percent
signal change from rest in the left and right hemisphere respectively. A positive LI indicates
lateralization to the left hemisphere, whereas a negative LI indicates right hemisphere
lateralization. Mean LIs were calculated for each structure and compared across groups using
multivariate analyses of variance (group × hemisphere × structure).

3. Results
Active cocaine users reported a mean (± SD) duration of 10.7 (±7.7) years of continuous use
at their current pattern (days per month and amount used per occasion). The mean total years
of cocaine use was 16.3 (±7.6) and ranged from 11–25 years. All participants reported smoking
as their primary route of administration. Mean (± SD) age of first use was 23.8 (± 7.9) years
of age (range 14–39). Fourteen of the participants were current tobacco smokers (1 pack/day
or less) and all reported alcohol use in the past month. None were dependent on alcohol as
assessed by psychiatric evaluation as well as the Alcohol Use Disorders Identification Test
(AUDIT). Although no participants met dependence criteria for any illegal drugs other than
cocaine, all participants reported some lifetime use of other illegal substances including
marijuana (15 of 15), methamphetamine (2 of 15), LSD (4 of 15), heroin (2 of 15) and ecstasy
(2 of 15).
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All control participants had no history of use of illegal substances (other than marijuana, four
of 14 participants with less than 50 total lifetime uses more than two years previously). Four
were current tobacco smokers and all reported alcohol use in the past month. There were
significant differences in IQ (t= 2.31, p < .05), rates of cigarette smoking (U′=173.00, p<0.01),
and depression scores (Beck’s Depression Inventory scores Controls = 2.0± 2.9, Users = 22.3
±12.2; t = 6.061, p<0.001). The extent to which these variables contributed to the effects of
interest were determined through post-hoc analyses of covariance as described below. There
was no significant difference in AUDIT score (Controls = 3.5±3.9, Users = 8.1±5.4) or
Speilberger’s Anxiety Score (Controls = 25.3±8.4, Users = 35.8±8.5).

3.1 Motor performance
Multiple analyses of variance with reaction time and error rates modeled as dependent
variables, revealed a significant overall difference in motor performance between the groups.
This difference in overall performance remained after co-varying for IQ, BDI score and
cigarette smoking (F(2,87)=3.59, p<0.05). Response latency (the time between seeing the finger
movement and performing an action) was significantly longer in active cocaine users (1141.12
± 30.96 ms) than controls (518 ± 7.51 ms) (t(27)= 73.24, p<0.0001) (Figure 2A). The within-
group variance was small and the range of values among cocaine users (974.1–1432.1) did not
overlap with the range of values for the controls (487.8–567.8). Relative to controls, active
cocaine users made significantly more errors of commission (9.64 ± 3.16 range 1–47, vs. 0.27
± 0.13, range 0–2; t = 3.23, p<0.01), and errors of omission (8.08 ± 2.84, range 0–28, vs. 1.27
± 0.89, range 0–12; t = 2.42, p<0.05) (Figure 2B). There no significant difference in response
latency or the number of errors made in the first task block compared to the last task block.

3.2 Task-related brain activity
Voxel-based analyses revealed that controls had significant clusters of activity in movement-
related brain regions throughout the left hemisphere during periods of finger-sequencing
relative to the rest (Figure 3). Within the left hemisphere, there were significant clusters of
BOLD signal increases for the control group in the left thalamus, precentral gyrus (Brodmann
Area (BA) 4), postcentral gyrus (BA 1,2,3,5), medial premotor cortex (BA 6), visual
association areas of the middle temporal lobe (BA 21, 37), superior frontal gyrus (BA 9),
caudate, putamen, and cerebellum (voxel threshold: p<0.005, uncorrected; cluster threshold
p<0.05, corrected). There was also a significant increase in BOLD signal in the right
cerebellum, middle temporal lobe (BA 21, 37), thalamus, middle frontal gyrus (BA 10,46),
superior parietal lobe (BA 7), and postcentral gyrus (BA 1,2,3). A region of interest analysis
was employed to further characterize these data.

Controls—A three-way analysis of variance with repeated measures (signal magnitude: rest
vs. task × ROI × hemisphere) revealed a significant interaction among all three factors
(F(13,210)= 2.87, p <0.01). Planned comparisons of signal magnitude revealed significant
activation in left primary motor cortex (t(13)=5.823, p<0.0001), left supplementary motor area
(t(13)=13.54, p< 0.0001), left putamen (t(13)= 8.48, p<0.0001) and left (t(13)= 12.05, p< 0.0001)
and right (t(13)=8.38, p< 0.0001) thalamus of controls during the motor task relative to rest.
Consistent with the voxel-based analysis, finger- tapping elicited activation in a largely
contralateral network of cortico-striatal-thalamic brain regions. Within controls there was
significantly more activity in the contalateral (left) primary motor cortex (t(13)= 6.05, p<
0.0001), supplementary motor area (t(13)= 5.55, p< 0.0001), anterior cingulate cortex (t(13)=
3.335, p< 0.01), and putamen (t(13)= 4.90, p< 0.0001) than the ipsilateral analogues of the same
regions (Figure 4A).

Cocaine users: a significant three-way interaction among factors (F(14,196)=4.93, p <0.01) was
also found in cocaine users. Planned comparisons of signal magnitude revealed significant
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activation in both left and right primary motor cortex (t(13)=13.73, p<0.0001; t(13)=8.27,
p<0.0001), left and right supplementary motor area (t(13)= 33.81, p< 0.0001; t(13)=17.02,
p<0.0001), right caudate (t(13)=10.10, p<0.0001), left and right putamen (t(13)=16.77,
p<0.0001; t(13)=10.99, p<0.0001), and left and right thalamus (t(13)= 34.19, p<0.0001; t(13)=
23.18, p<0.0001). Like controls, cocaine users activated cortico-striatal-thalamic regions for
this task. In contrast to controls, however, there was largely bilateral activation across this
network in cocaine users. Within users the contralateral supplementary motor area was the only
region significantly more active than its ipsilateral analogue (t(13)= 7.3, p< 0.0001) (Figure
4B).

Between-group comparisons revealed that cocaine users had significantly higher percent signal
changes than controls in the left and right primary motor cortex (M1) (t(27)= 3.93, p < 0.0001;
t(27) = 4.58, p<0.0001), left and right supplementary motor area (t(27)= 4.35, p<0.0001; t(27)=
3.58, p< 0.005), left and right anterior cingulate (t(27)= 3.12, p< 0.01 ; t(27)= 2.66, p < 0.05),
and left and right putamen (t(27)= 3.03, p <0.01; t(27)= 2.45, p<0.05). The group differences in
percent signal change from rest in the 14 ROIs remained significant after covarying for IQ,
BDI score, and smoking rates (F(13,376)=2.43, p<0.05).

3.4 Laterality of brain activation
To further address the issue of laterality, a laterality index (LI) of each ROI for cocaine users
and controls was calculated in accordance with previous methods (Cramer et al., 1999). As
anticipated based on the voxel-based data, controls had significantly higher BOLD signal in
the left primary motor cortex, supplementary motor area, anterior cingulate cortex, putamen,
and thalamus relative to the right hemisphere. In contrast, the caudate and the cerebellum are
lateralized toward the right hemisphere (Figure 5). In users however, LIs were generally lower
than those of controls. Analysis of variance across regions of interest revealed a significant
difference in laterality indices between the groups (F(6,22)=29.32, p <0.0001). This difference
remained significant after covarying for IQ, BDI score, and smoking rates (F(6,22)=22.78, p
<0.0001). Specifically, the control group was significantly more lateralized to the left (as
indicated by a positive LI) than users in the primary motor cortex (t(27) = 3.059, p= 0.005) and
the anterior cingulate cortex (t(27)= 2.865, p= 0.008).

4. Discussion
The current study demonstrates that cocaine users have significant sensorimotor impairments
accompanied by abnormal functional brain activity in cortical and subcortical areas that
subserve motor control. Specifically, cocaine users have a less lateralized pattern of brain
activity in motor-related brain regions than matched controls during a simple movement task.
These data extend findings from prior reports which have documented motor abnormalities in
stimulant users (Lundh and Tunving, 1981; Pascual-Leone and Dhuna, 1990; Rylander,
1972). Furthermore, similar loss of functional laterality in cortical motor areas has been
observed in several other neurologic diseases, thus suggesting that cocaine use is associated
with functional dysregulation throughout movement-related neural networks.

The slower reaction times and higher error rates among cocaine users observed in this study
are consistent with several previous clinical case studies of chronic users. Bauer et al
(1996a) documented a resting hand tremor in cocaine-dependent patients that remained intact
after three months of abstinence (Bauer, 1996b). Similar to the current study, Bauer found that
cocaine-dependent individuals exhibited slower reaction times than controls during several
sustained- and divided-attention tasks. Multiple studies of cognitive functioning in cocaine
users have assessed reaction time as a secondary outcome measure. While several of these
studies demonstrate slower reaction times in cocaine users (Bolla et al., 2004; Bolla et al.,
1999; Roberts and Bauer, 1993), other studies do not reveal differences (Di Sclafani et al.,
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2002; Gooding et al., 2008). This discrepancy may be due to an interaction between cognitive
demands of a task and sensorimotor performance (Schall and Thompson, 1999). In contrast to
prior studies, however, the current investigation was explicitly designed to investigate motor
performance as a primary outcome using a task with minimal cognitive load.

In addition to the slower reaction times, cocaine users made 10% more errors than controls
throughout the task. As a matter of perspective, a similar study in Parkinson’s disease patients
revealed that patients made 21% more errors on a novel finger sequencing task than matched
controls but that there was no difference in the error rate after practice (Wu and Hallett,
2005). This suggests that while the behavioral deficit in these users is not as large as Parkinson’s
disease, they are unable to enhance their performance with extended practice. The robust
differences between the populations on these basic motor metrics underscore the importance
of considering sensorimotor processing deficits when interpreting performance data from other
cognitive studies in cocaine users.

Sensorimotor impairments among chronic cocaine users were associated with loss of functional
laterality within the sensorimotor regions. Healthy controls recruit a largely left-sided network
of cortical and subcortical regions to perform a sequential finger tapping task with their right
hand (Boecker et al., 1994; Colebatch et al., 1991; Rijntjes et al., 1999). In the current study,
controls activate significantly greater contralateral (left) than the ipsilateral motor cortex
(Cramer et al., 1999; Rao et al., 1993; Verstynen et al., 2005), supplementary motor area
(Babiloni et al., 2003; Rogers et al., 2004), and putamen (Winstein et al., 1997). Activecocaine
users, however, exhibited a far less lateralized pattern of activity within motor cortical regions.
This observation is further supported by the laterality analysis which revealed that cocaine
users lack the typical left-sided laterality (positive laterality index) in cortical motor areas that
was present in controls.

The loss of functional laterality during performance of a motor task is observed in several other
neurologic conditions, including multiple sclerosis, ischemic stroke and advanced aging.
Multiple sclerosis is a chronic condition associated with diffuse, widespread neurologic
damage, and progressive motor impairment. During the active phase of the disease, the motor
disability is proportional to activity in the ipsilateral premotor and primary motor cortex (Lee
et al., 2000; Reddy et al., 2002) as well as the correlation of the left and right primary motor
cortices (Rocca et al., 2007). Motor disability in multiple sclerosis is associated with a
progressive loss of motor network laterality. The loss of laterality in these patients may reflect
loss of typical inhibitory tone in the ipsilateral motor cortex or degradation of callosal white
matter (Reddy et al., 2002). Though this functional and structural link has not been directly
tested in cocaine users, prior reports have documented decreased white matter density integrity
along the corpus callosum of cocaine users (Moeller et al., 2005) which is typically involved
in transcallosal inhibition of the ipsilateral motor cortex.

Although a loss of laterality can correlate with disease severity, as in multiple sclerosis, it may
also indicate compensatory neural adaptation to injury. Adaptive reorganization is observed,
for example, during recovery from an ischemic stroke (Cramer, 1999; Marshall et al., 2000;
Nelles et al., 1999; Pineiro et al., 2001; Weiller et al., 1992). Right middle cerebral artery stroke
is typically associated with damage to the right primary motor cortex and ensuing paralysis of
the left hand. In the months following the ischemic stroke, recovery of the affected hand
correlates with activity in both the ipsilateral and contralateral motor cortex (Cramer, 2004).
A longitudinal study by Kim et al (2006), however, demonstrated that 6 months after a stroke,
patients regained the typical cortical laterality during unilateral movement (Kim et al., 2006).
Loss of laterality, therefore, is adaptive in the initial stages of stroke recovery, but long-term
recovery is associated with a rebalancing of activity to the contralateral side. While a chronic
cocaine use has been associated with cerebrovasculitis (Kaye & Fainstat 1987, Fredericks et
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al 1991, Strickland et al 1993) and ischemic stroke (Levine & Welch 1988, Daras et al 1994)
there was no evidence of prior focal ischemic damage in the cocaine users presented here. As
the present group of cocaine users in the current study had been using cocaine for at least 10
years with no reported change in their drug taking behavior in the last 7 years, it is unlikely
that the loss of laterality seen here reflects short-term adaptive plasticity as is seen in stroke
patients.

It is possible, however, that the loss of laterality in cocaine users represents a long-term adaptive
process, as in advanced aging. Several studies have demonstrated that otherwise healthy older
adults rely on both their contralateral and ipsilateral primary motor cortex to perform a finger-
sequencing task (Hutchinson et al., 2002, Mattay et al., 2002, Ward & Frackowiak 2003).
Naccarato et al. (2006) recently demonstrated performance on a finger-thumb apposition task
was positively correlated with the BOLD signal change in the ipsilateral primary motor cortex
of older adults (Naccarato et al., 2006). They conclude that in aging, increased activity in both
the ipsilateral and contralateral motor cortex, is a compensatory strategy to maintain behavioral
performance. Although the cocaine users in the current study do not perform as well as healthy
aging populations, the elevated activity in the left and right corticies in the cocaine users may
represent adaptation to the decreased cortical tissue density observed in chronic cocaine users
(Franklin et al., 2002; Matochik et al., 2003). Though alcohol use was not significantly greater
in the cocaine users than controls, it is useful to note that compensatory increases in cortical
and cerebellar activity have also been observed in heavy alcohol users (Desmond et al., 2003).

The results of the current investigation largely support and extend prior studies, but there are
a few limitations which must be considered when interpreting the results. As with many human
drug abuse investigations, it is difficult to isolate a socially and demographically matched
control group that does not have a history of drug abuse. While the participants were matched
for age, handedness, and education, the cocaine users were more likely to be smokers and had
higher scores on a depression inventory, and lower IQ than controls. To address the impact of
these variables, as well as current drug use status on motor performance and BOLD signal
change, post-hoc analyses of covariance were performed. These analyses did not reveal any
significant relationships among the covariates, task performance, or brain activation.

To avoid any deleterious effects of nicotine withdrawal on motor performance, all participants
were given the opportunity to smoke upon request up to an hour prior to image acquisition
(Wang et al., 2007; Xu et al., 2007). Although there is some evidence that IQ affects motor
performance (Sen et al., 1983), IQ score was not correlated with performance measures or
percent signal change in any regions, further limiting the possibility that varying IQ scores are
a significant confound in the results. The elevated depressive symptoms in cocaine addicts,
relative to controls, cannot be ruled out as a contributing factor to their sensorimotor
performance impairments (Goodwin, 1997). Individuals with major depressive disorder often
display psychomotor slowing and an inability to perform sustained attention tasks (Pardo et
al., 2006; Weiland-Fiedler et al., 2004). These cognitive deficits in patient with depression are
accompanied by decreases in frontal cortical BOLD signal (Wang et al., 2008). Given that the
cocaine users have a significant increase in the spatial extent of activity in both the left and
right hemispheres during motor task performance, the depressive symptoms alone are unlikely
to be the source of the neurofunctional alterations seen in these users.

Finally, all cocaine users in the current study had positive urine screens for cocaine at the time
of scanning. However, there was no evidence of intoxication present in any of the participants.
Furthermore, recent work by Goldstein and colleagues (Woicik et. al., 2009) reported that users
with positive urines were less impaired on multiple cognitive performance measures than users
with negative urine drug screens. Signs of withdrawal were not observed at any time during
the study, although the potential interaction between craving and task performance cannot be
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completely ruled out (Garavan and Hester 2009). Testing of an additional group of participants
is necessary to fully evaluate the role of current cocaine use and craving on these tasks.

In summary, this investigation confirms prior reports of sensorimotor processing deficits in
cocaine users and demonstrates that these deficits are associated with dysfunctional activity
throughout motor-related neural networks. Specifically, cocaine users have less lateralized
activity in cortical motor areas relative to controls. This may either be compensatory, as in
stroke recovery, or indicate a loss of cortical inhibition, as in multiple sclerosis patients. The
incorporation of sensorimotor deficits to the complement of executive and affective
impairments in cocaine users further supports the idea that cocaine abuse and dependence may
be a whole brain disease, and is not limited to striatal dysfunction.
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Figure 1. Finger-tapping task
In the functional MRI scanner all participants were instructed to mimic movies of unpredictable
finger-tapping sequences with their dominant right hand (A). These 30s task blocks were
interleaved with 30s rest blocks and 9s motor preparation periods for each functional run (B).
All participants performed two functional runs of the task.
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Figure 2. Task Performance
Mean (with standard error) reaction time (a) and number of errors (b) on the finger-sequencing
task for cocaine users (solid) and matched control participants (lined). * p<0.05, ** p<0.01,
***p<0.00001
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Figure 3. Distribution of brain activity during right-hand finger tapping
Voxel-based maps of significant brain activity for controls (A) and chronic cocaine users (B).
To extend the data analysis beyond motor-related regions of interest, contrast maps were made
for each individual comparing brain activity associated with performing the task to periods of
rest. These data were modeled across all subjects in order to get a voxel-based representation
of brain areas being used to perform the task for each group. To determine the areas significantly
activated during the task relative to rest for each subject a minimum cluster size was set at 25
voxels with a threshold of statistical significance was set at p < 0.005 for uncorrected values.
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Figure 4. Activity in motor related regions during right-hand finger tapping
Percent signal change in the contralateral hemisphere (black) and the ipsilateral hemisphere
(gray) of controls (a) and cocaine users (b). Significance is indicated for brain regions that
differ significantly between hemispheres within each group (* p<0.01, ** p<0.001) and within
hemisphere between groups (# p<0.01, ## p<0.001).
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Figure 5. Degree of functional laterality for motor-related regions of interest
The laterality index (LI) for each region of interest is plotted for both controls (lined) and
cocaine users (solid). A positive LI means that activity is lateralized to the left hemisphere,
while a negative LI indicates right sided laterality. Brain regions with significant between group
differences are indicated with asterisks (* p<0.05).
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Table 1

Demographic and drug use history for participants

Controls Users

Age 31.1 ± 5.1 39.8 ± 3.7

Females (percent) 43 40

Alcohol (AUDIT score) 3.5 ± 3.9 8.1 ± 5.4

Smokers (percent) 29 93*

Smoking (pack years) 187.5 ± 83.8 214.0 ± 150.0

Depression (BDI) 2.0 ± 2.9 22.3 ± 12.2*

Anxiety (Speilberger) 25.3 ± 8.4 35.8 ± 8.5

IQ 100.7 ± 8.2 87.1 ± 10.5*

Age first cocaine use - 23.8 ± 7.9

Total years of cocaine use - 16.3 ± 7.6

Years at current level - 10.7 ± 7.7

Value are expressed as group means ± standard deviation

*
Significant differences between groups are indicated (p<0.05)

Psychiatry Res. Author manuscript; available in PMC 2011 January 30.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hanlon et al. Page 20

Ta
bl

e 
2

Sp
at

ia
l e

xt
en

t a
nd

 m
ag

ni
tu

de
 o

f B
O

LD
 si

gn
al

 c
ha

ng
e 

in
 se

ns
or

im
ot

or
 re

gi
on

s o
f i

nt
er

es
t

C
on

tr
ol

s
U

se
rs

vo
xe

ls
m

ax
im

um
vo

xe
ls

m
ax

im
um

Le
ft

M
ot

or
 C

or
te

x
76

3
9.

19
95

7
8.

20

Le
ft

Su
pp

le
m

en
ta

ry
 M

ot
or

 A
re

a
18

1
7.

63
22

8
5.

94

Le
ft

A
nt

er
io

r C
in

gu
la

te
 C

or
te

x
44

4.
40

21
4

5.
14

Le
ft

C
au

da
te

35
5.

40
69

5.
00

Le
ft

Pu
ta

m
en

14
5

7.
51

10
5

5.
95

Le
ft

Th
al

am
us

16
5

9.
21

30
7

5.
40

Le
ft

C
er

eb
el

lu
m

36
4

7.
39

37
9

5.
72

R
ig

ht
M

ot
or

 C
or

te
x

24
4.

69
46

4
2.

47

R
ig

ht
Su

pp
le

m
en

ta
ry

 M
ot

or
 A

re
a

46
4.

90
17

7
5.

10

R
ig

ht
A

nt
er

io
r C

in
gu

la
te

 C
or

te
x

10
4.

61
12

4.
55

R
ig

ht
C

au
da

te
37

4.
20

66
5.

05

R
ig

ht
Pu

ta
m

en
94

6.
27

14
5

5.
82

R
ig

ht
Th

al
am

us
12

2
6.

37
13

8
5.

72

R
ig

ht
C

er
eb

el
lu

m
75

3
8.

90
93

2
5.

75

Th
e 

nu
m

be
r o

f v
ox

el
s t

ha
t e

xc
ee

de
d 

th
e 

p<
0.

00
5 

th
re

sh
ol

d 
(v

ox
el

s)
 a

nd
 th

e 
m

ax
im

um
 t-

va
lu

e 
du

rin
g 

m
ot

or
 ta

sk
 p

er
fo

rm
an

ce
 re

la
tiv

e 
to

 re
st

 a
re

 sh
ow

n 
fo

r e
ac

h 
gr

ou
p.

Psychiatry Res. Author manuscript; available in PMC 2011 January 30.


