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Abstract

Introduction: The left and right cerebral hemispheres are not equivalent in performance of
cognitive functions associated with risk factors of drug abuse, nor is their development
equivalently affected by drugs of abuse. The question addressed here is whether drugs of abuse
affect cognitive function as assessed by brain activation, in particular related to impulsivity, and/or
whether weaker brain activation associated with impulsivity increases the risk of drug abuse.

Methodology: Using PubMed and key words, articles were selected that addressed brain
activation in individuals who used or abused one of the psychoactive drugs. Findings are
summarized.

Results: For each of the drugs, hypoactivation was found. In some cases this reduced activation
was reported predominantly for the right or both hemispheres. There were fewer reports for the
left hemisphere.

Discussion and Conclusion: Rarely do authors focus on why only one or the other
hemisphere is affected or why specific structures are affected. Neurobiological differences
between the hemispheres and among various brain structures could provide clues to the specific
effect of drugs. Increased attention to this gap in research will give additional insights into the
etiology of drug abuse and provide direction for treatment.
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Introduction

The fact that the left and right cerebral hemispheres differ in cognitive perception and
performance is well-accepted. Historically, various dichotomies were described in the
literature as verbal/non-verbal, verbosequential/visuospatial, and approach/avoidance all of
which were derived empirically. While dichotomies help focus attention on those specialized
tasks that are associated with each hemisphere, it gives the false impression that each
hemisphere is the sole processor of the cognitive functions attributed to it. Nevertheless, it is
reasonable to conclude there is something neurobiologically different between the
hemispheres that result in these differences. Neuroanatomical measures have also shown
different sizes for paired structures and differences in intrahemispheric connectivity. While
structural size differences and strengths of neural connections may contribute to the
cognitive differences, there are also differences in the distribution of neurotransmitters and
their activity. Here it may be hypothesized that particular stimuli or cognitive activity may
stimulate and favor a particular set of neurochemical actions and that these actions may be
asymmetrically active between the left and right hemispheres. One way to assess this
possibility is to observe the influence of exogenously administered psychoactive drugs to see
their differential left/right hemisphere effect on brain activation and its subsequent effect on
cognitive task performance. Individuals who regularly use, abuse, or are dependent on licit
and illicit psychoactive drugs are appropriate cases to study in this regard.

Impulsivity is one of the risk factors underlying an individual’s propensity to initiate the use
of psychoactive drugs. Two of the most common experimental assessments of one’s
impulsive nature are the “go/no-go” and “stop signal” tests. These are easily adaptable to use
with functional magnetic resonance imaging (fMRI) to observe which structures of the brain
are active while performing them. The generic procedure for the go/no-go task requires a
subject to respond (e.g., by a button press) as quickly as possible (“go”) to serially-presented
stimuli (e.g., a particular letter of the alphabet) but withhold responding for another letter
(“no-go”) stimulus. The stop signal task requires the subject to respond rapidly to serially-
presented stimuli but withhold the response if a “stop” signal (e.g., an “X” presented
visually or a “beep” presented audibly) occurs immediately after one of the presented
stimuli. In healthy individuals, the tasks overwhelmingly activate structures in the right
hemisphere [1]. This observation, interpreted as impulse control, is related right hemisphere
function. Since there is presumably less impulse control in those who participate in drug-
taking, the activation in these subjects should either be less in the right hemisphere and/or
distributed across both hemispheres. Accordingly, the goal of this review was to determine if
hemispheric activation in performance of tests of impulsivity—maost often “go/no-go” or
“stop signal”—hby drug-using individuals differed from the activation found in healthy, non-
using individuals.

Methodology

PubMed was searched with appropriate key words. Search words included one of the drugs
in question—cocaine, nicotine, cannabis, opioids, and alcohol—paired with “impulsivity” or
“go/no-go” or “stop signal.” Articles were chosen in which drug-using individuals were
compared to non-drug-using or, in some studies, abstinent individuals, where brain

J Drug Abuse. Author manuscript; available in PMC 2018 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gordon

Cocaine

Nicotine

Page 3

activation was assessed by fMRI. There were too few studies for each drug to perform
statistical analyses. The results are presented as qualitative summaries of whether activations
were less (hypo-) or greater (hyper-) than a comparison group, or comparison condition,
with particular attention to hemispheric side.

There were nine studies with a total of 340 cocaine or stimulus-dependent individuals. Most
study designs compared these subjects with non-using, healthy controls and/or with former
users. Three of these studies compared subjects to themselves at follow-up. There were four
studies that together compared 80 abstinent cocaine dependent individuals to healthy
controls and two studies that compared 50 recreational users either to healthy controls or to
stimulant dependent individuals. One study with 13 active users determined the effect on
brain activation by comparing acute cocaine administration to saline.

There were 114 current smokers from eight studies and 43 adolescent smokers in one study.
The smokers were variously described as “heavy,” “daily,” or “current”. Comparison groups
included non- or never-smokers or former smokers. In two studies, smokers were compared
to themselves either to be tested at follow-up (to predict relapse) or in a satiated versus
deprived condition.

Marijuana/Cannabis:

Opioids

Alcohol

There were two studies together that included 33 adolescent subjects and two studies that
together included 25 adult subjects. Controls were non-users. There were two studies where
together there were 27 subjects with some experience with marijuana who were assessed
while exposed to THC.

There were a total of five studies which, together, assessed 78 opioid-dependent individuals
compared to healthy controls. Two studies together compared 41 abstinent opioid dependent
subjects with healthy controls.

There were four studies that together had a total of 109 alcohol-dependent individuals which
(together) were compared with 133 matched, healthy controls. There were two studies which
together had a total of 103 non-treatment seeking individuals with alcohol dependence
compared, in one study, with treatment-seekers, and in the other study, with social drinkers.
There were two studies that together had a total of 58 subjects with a positive family history
of alcoholism compared to subjects with a negative family history. There were two studies
that together compared 55 heavy social drinkers to light or social drinkers. One study
assessed early adolescents and determined at 4-year follow-up who had transitioned to heavy
use.
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Current users—In fMRI tasks of impulsivity—commonly go/no-go or stop signal—most
current users of cocaine have reduced activity (hypoactivity) in the anterior portions of the
right hemisphere compared to healthy subjects. One of the early studies [2] using a go/no-go
task—where activation is assessed during a successful stop for a no-go stimulus—showed
hypoactivation to be in the right insula; hypoactivation was also in the anterior cingulate
gyrus, more bilaterally distributed, but with the center of peak reduced activity was slightly
greater in the right hemisphere. Stop failures in this study also resulted in hypoactivation in
different structures, including the right medial frontal gyrus, bilaterally in the anterior
cingulate although the peak was slightly to the right of midline, and in the left inferior
frontal gyrus and left insula. Other studies replicated the early observations for successful
stops in go/no-go tasks. In a study where the “no-go” stimulus was a repeated word, reduced
activation was observed in the right superior frontal lobe, right pre-somatic motor area (pre-
supplementary motor area), but bilaterally in the anterior cingulate cortex with the peak
slightly to the left of midline [3].

The stop signal test is another measure of impulsivity producing right hemisphere activity,
but not all in the same brain regions as for the go/no-go test [1]. In a study of cocaine- or
amphetamine-dependent individuals, there was less activation for visual stop signal in the
right ventrolateral prefrontal cortex and in the right anterior cingulate cortex for an
unsuccessful stop; unaffected sibs had no hypoactivations but had increased activation in the
pre-supplementary motor area [4].

Another measure of impulsivity is delay discounting where a subject makes a choice to
accept a smaller reward immediately or a larger reward at a later time. The choices can be
“easy” or “hard” depending on the relative sizes of the two rewards and time delays.
Individuals with cocaine dependence tend to make the impulsive choice for the earlier,
smaller, reward rather than wait for the later, larger, reward. In a study comparing hard vs.
easy choices [5], individuals with cocaine dependence had smaller increases in the right
frontal pole and bilaterally in both the motor areas and the anterior cingulate cortex
compared to non-dependent adults. For hard choices compared to no choice, cocaine patients
had less activation in the right frontal pole, thalamus, and intra-parietal sulcus; for hard vs.
single (i.e. no choice) option there was less activation in the left superior parietal and
ventrolateral prefrontal cortex.

While the purpose of most studies of activation is to determine deficient brain regions in
performance of cognitive tasks, one study in cocaine users sought to determine which
regions were affected by acute (V) administration of cocaine for a “standard” go/no-go task
[6]. Compared to IV saline, cocaine administration increased activation in the right insula/
inferior frontal gyrus and the right middle frontal gyrus, areas normally associated with
hypoactivation in cocaine patients. Nevertheless, of interest, the increased activation in the
right middle frontal gyrus was still less when compared to activation of non-using control
subjects in a previous study [2].
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Abstinent users—Some studies addressed the question of whether abstinence would
eventually result in a return of brain activation to more healthy levels. In a study comparing
individuals, abstinent for an average of 45 weeks to non-using subjects, there was no
difference between the groups in a go/no-go task for activation to a successful stop, itself, (in
this case, a repeated neutral image); however, in the abstinent individuals, there was a
correlation between increased activation in the right inferior frontal gyrus and lower scores
of a measure of attentional impulsiveness [7]. In addition, the left pre- supplementary motor
area correlated with a decreased score for the same measure. In other words, those whose
activation increased were less impulsive, supporting the negative observation among cocaine
dependents of activation and impulsivity. Also, in another study in the same laboratory for
the same go/no-go task [8], there were again no significant differences between individuals,
abstinent for an average of 32 weeks and non-using subjects, for the planned analyses of any
of the brain regions. Only when comparing the groups in a whole brain analyses uncorrected
for multiple comparisons was there a significant increase in activation of the right superior
temporal gyrus. Further, activation in the right insula in the abstinent patients was
significantly correlated with duration of abstinence and with level of performance of the
inhibition task, as might be expected if brain activation returned to levels of non-using
subjects.

In a stop signal study of cocaine dependent men after only a two-week abstinence [9], there
was less activation in the anterior cingulate cortex (with the peak slightly to the left of
center). In a similar study (same abstinent period) by the same research group [10] relapse
was predicted by reduced activation for unsuccessful stops in the left insula and dorsal
anterior cingulate cortex for men and women but also in the left thalamus for women. It
appears that activation may still be reduced even in subjects following a shorter abstinence
period in these two stop signal studies though, in these studies, the correlations were with
the left hemisphere loci.

Indeed, the situation involving recovering (abstinent) patients is quite variable. In another
study [11] of patients with short-term abstinence (average: 2.4 weeks), activation following
successful “no-go,” inhibition was greater than in non-using controls in the right middle
frontal, precentral, superior frontal and middle temporal gyri, while patients with longer
term abstinence (average: 69 weeks), had a greater activation for the right inferior frontal,
middle frontal, and precentral gyri and the bilateral cerebellar tonsil but less activation in the
left superior temporal gyrus. However, in contrast to the studies noted above, increases in the
right precentral and middle temporal gyri were greater for the short term compared to the
long-term abstinent patients.

False alarms, instead of successful stops, also produced activation. In one study comparing
current users, former (abstinent) users, and non-using subjects [12], there was greater
activation in the current users compared to non-users in the bilateral cingulate and left
angular/submarginal gyrus but greater activation in the right inferior parietal and middle
frontal/precentral gyri in abstinent individuals. And finally, instead of activation for stops,
themselves, activation was positively correlated with years of cocaine use in the left insula
and left inferior frontal gyrus [13]. As these studies with abstinent patients demonstrate,
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brain activation does tend to increase, perhaps toward pre-use levels, but increases are
variable as to which hemisphere is affected: right or left.

FMRI assessments of activation to cocaine cues is a measure of craving and are often used to
determine risk behavior and relapse. In a study of abstinent cocaine users, increased
activation of the right ventral striatum when viewing cocaine stimuli was significantly
associated with higher scores on a measure of compulsivity [7]. Relapse prediction—number
of days of use in the three-month follow-up period—was correlated with greater activation

in the right dorsal anterior cingulate cortex for an attentional bias test where cocaine words
were contrasted with neutral words in a Stroop Test [14]. Similarly, cocaine dependent
subjects with and without positive urine drug screens at 1 week were compared for
activation following cocaine cue presentation [15]. Those with positive screens had greater
activation for cocaine cues in the right putamen and insula and in bilateral occipital regions.
These studies appear to be contradictory to a compilation of cue-activated craving that
favored the left hemisphere [1]. The discrepancy could be due to the nature of these studies
in which their aim was to predict relapse.

Recreational users—A few studies focused on recreational cocaine users. Unlike regular
users of cocaine, recreational users had increased activation in the right pre-supplementary
motor area and bilateral anterior cingulate cortex compared to non-using controls for the
stop signal task [16]. In a study using a cocaine-word “Stroop” test, which assessed the
distraction by the cocaine-related words, there was decreased activation for recreational
users in the right inferior frontal cortex and orbitofrontal cortex [17]. It was suggested that
less activation in the recreational users meant they were less distracted by the cocaine words
than were dependent users.

In a previous report of risk factors of addiction [1], right or left asymmetry of brain
activation for craving of nicotine was found to depend on whether the smokers were satiated
or 24-hour deprived, whereas response inhibition (a measure of impulsivity) in non-smokers
consistently activates the right hemisphere more than the left. The question in this review is
how lateral asymmetry of activation for response inhibition is affected by smoking status.
Only one study compared smokers in satiated to deprived condition in a go (respond to
alternating letters)/no-go (withhold to repeated letters) study [18]. Results showed greater
activation for the abstinent condition in the right inferior frontal cortex, which was
interpreted as subjects needing greater effort to accomplish the task.

Most other fMRI studies of impulsivity tasks were done in subjects who had recently
smoked within minutes of imaging; in other words: satiated. Nevertheless, the results for
response inhibition in these subjects tend to support the observation of reduced activation
compared to non-smoking controls. In the same go/no-go paradigm used in the satiated/
deprived study above, satiated smokers had reduced activation compared to non-smokers in
several regions mostly in the right hemisphere—superior frontal gyrus, precentral gyrus,
anterior cingulate cortex and superior and middle temporal gyrus—but also in the left
hemisphere—middle, inferior frontal, parahippocampal and post-central gyri, and bilaterally
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in the inferior parietal lobule and insula [19]. Right hemisphere hypoactivation was seen in a
study of heavy smokers and gamblers compared to controls for the stop signal task in several
areas including the dorsolateral prefrontal cortex and the dorsal anterior cingulate gyrus
[20]. In 19-year-old adolescent smokers, reduced activation for a stop signal task was
correlated with smoking severity, bilaterally, in the medial frontal gyrus, cingulate cortex
and pre-supplementary motor area as well as the left orbitofrontal cortex and right superior
frontal gyrus [21]. For the most part, these studies show hypoactivation for response
inhibition tasks in the right hemisphere, supporting the suggestion that the right hemisphere
may be compromised in smokers leading to increased impulsivity. By contrast, a recent
study [22] failed to find hypoactivations in either current or former smokers for successful
“no-go’s.” If anything, increases in the left cerebellum and increases in other left hemisphere
structures in areas of the parietal lobe were seen for false alarms (inability to withhold a
response). Although not suggested in the discussion, perhaps these were due to motor
response of the right hand.

A study with a modified go/no-go paradigm that included money rewards and punishments
[23] contrasts with the usual response inhibition tasks. In this study, there was enhanced
activation in right hemisphere structures (interior and middle frontal gyrus, dorsolateral
prefrontal cortex, inferior parietal lobe and anterior insula). The authors pointed out that this
was counter to expectations and suggested the subjects may need to recruit additional brain
resources to do the task. Perhaps the additional effort was due to the monetary incentive
aspect of the test. In a go/no-go study, where the aim was to predict craving, there was
increased activation for “no-go” compared to “go” activations in target regions of interest
(bilateral inferior frontal gyrus, pre-supplementary motor area, basal ganglia) that correlated
with reduced craving and smoking after treatment [24]. This result seems to suggest that the
increased ability to inhibit responses influenced craving following treatment.

A study to determine whether dopamine depletion was responsible for hypoactivation, a
D2/D3 antagonist (haloperidol) was administered comparing smokers to non-smokers in a
go/no-go task [25]. Across all subjects (smokers and controls), haloperidol reduced
activation in the bilateral anterior cingulate cortex, right superior frontal gyrus, left inferior
frontal gyrus, posterior cingulate cortex, and left middle temporal gyrus. In the placebo
condition, smokers had less activation in the right medial frontal gyrus and left inferior
frontal gyrus, but increases in the right temporal-parietal junction. Within groups,
haloperidol reduced activation in the smokers in the right posterior cingulate cortex and, in
the non-smokers, in the right medial frontal gyrus and left inferior frontal gyrus. These
results suggest that dopamine depletion may influence activation, but apparently the
influence is different among affected brain structures and between smokers and non-
smokers.

Marijuana/Cannabis

For the few studies in marijuana users, reduced brain activity can be inferred just as has been
observed in cocaine and nicotine users but conclusions are indirect. For example, in a go/no-
go task, 28-day abstinent marijuana smokers had no difference in task performance
compared to controls, but brain activity was increased for the no-go stimuli in the right
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superior and middle frontal gyrus extending to the insula and in the right lingual and middle
occipital gyri and in several bilateral areas, including the middle and superior frontal gyri
and in the inferior and superior parietal lobules [26]. For the “go” stimuli, only right
hemisphere structures were increased relative to controls. Since there was no difference in
performance accuracy, the authors’ explanation was that more brain activation was needed
by marijuana users to achieve the same behavioral results as for non-users. Correlation
analyses in these subjects seemed to support this conclusion. Smokers who had longer
duration of involvement, earlier age of onset, and more lifetime use had less activation in
many of the same brain areas. In other words, marijuana smokers were decreasingly
activated relative to their increased use history, and therefore needed to use more activation
effort to perform the task. In another study where there was no activation differences in any
brain area, marijuana users had poorer performance [27]. Using the same logic, these
subjects presumably did not put forth additional effort—i.e., did not increase brain
activation.

In a more complicated go/no-go paradigm [28], activation in cannabis users was greater in
the right inferior parietal lobe, putamen, and middle cingulate gyrus. Again, there were no
performance differences between groups. The go/no-go task differed from most because it
was a based on a Stroop test were the subject was required to withhold a response (i.e., “no-
go”) in the conflict situation (color word printed in a different color font) which occurred
when either two words were presented in succession or when the color and word did not
match. The paradigm additionally required the subject to press twice if (s) he realized (s)he
made an error. In this case, when the subjects were aware of their errors, marijuana users had
greater activity in the left putamen and bilateral precuneus, but less activation in the left
caudate and hippocampal regions. Finally, in a “standard” Stroop test [29], activation for the
conflict situation was mixed for the marijuana users. There was decreased activation in the
right anterior cingulate gyrus and a middle portion of the right dorsolateral prefrontal gyrus
and greater activation in more distributed and bilateral regions of the frontal areas. Once
again there were no performance differences between the groups, suggesting each group
used different cortical circuitries to perform the task.

In order to answer the question of whether marijuana differentially affects specific areas of
the brain, THC or placebo was orally administered to non-marijuana-using subjects (but
with some, minimal experience) [30], Since THC can evoke psychosis in some individuals,
the subjects were divided into two groups—those who did, or did not, develop transient
psychotic symptoms after THC administration. Regardless of whether drug or placebo was
onboard, those developing psychotic symptoms had less activation in the right mid-temporal
gyrus and vermis of the cerebellum in the “no-go” situation. Also in these subjects with
psychotic symptoms, THC additionally reduced activation in left hemisphere structures
including the parahippocampal gyrus, mid-temporal gyrus, and superior temporal gyrus as
well as the right area of the cerebellum. In contrast, THC increased activation for all these
same areas in the non-psychotic symptom group. The opposite was true for the right mid-
temporal gyrus where THC increased activation in the psychotic symptom group and
decreased it in the group without symptoms. It is apparently the case that those individuals
who develop psychotic symptomatology are differentially affected by THC in terms brain
activation and, in opposite directions, from those who do not develop symptomatology.
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However, the same research group did essentially the same study with different results two
years later (without referencing the previous study) [31]. In the latter study, subjects were
not divided according to psychotic symptomatology. This time THC was associated with
attenuated activation in the left inferior frontal gyrus extending to the insula and precuneus,
but with increased activation relative to placebo in the right hippocampus and caudate. The
results for these two studies do not seem confirmatory, but may support the unsatisfying
conclusion that there is “simply” individual variation in the brain activation effects of THC.

Several studies in people with opioid dependency support the observation of reduced brain
activation, as well as reduced connectivity, in most comparisons, among key brain structures.
In one go/no-go study [32] in currently-using opioid dependent individuals, there was
reduced activation in the anterior cingulate cortex, bilaterally, compared to matched controls,
but only for false alarms (i.e., button presses when the no-go stimulus was presented).
However, there was no activation differences between groups for successful inhibition of
responses. In a more complicated go/no-go task in which the subjects had to respond to up-
arrows unless the word “reverse” preceded the arrow in which case they were to respond to
down-arrows, heroin addicts had reduced activation in the left anterior cingulate and inferior
frontal gyrus but increased activation in the right angular gyrus region [33]. In a go/no-go
study, former heroin addicts, abstinent for several weeks, showed reduced activation
compared to never-using controls in several bilateral structures (medial prefrontal cortex,
anterior cingulate cortex, inferior frontal gyrus), left hemisphere structures (mid frontal
cortex, insula, uncus/parahippocampal gyrus), and right hemisphere structures (precuneus,
superior parietal lobule, middle temporal gyrus) [34]. Another go/no-go-go study [35], to
determine the effect of acute heroin administration (in heroin-using patients) on brain
activation, focused only on the right inferior frontal gyrus. The result was an increase in
activation after both saline and heroin administration, but the activation was attenuated after
heroin administration relative to saline. In summary, it appears that activations in opioid-
dependent patients are reduced for the most part but contrary to cocaine, nicotine, and
marijuana, they do not appear to favor either the left or right hemisphere.

Studies of resting state connectivity among brain nodes report some left/right sidedness but
authors never discuss the implications of the asymmetry. One study did try to attribute the
effect on cognitive function, however [36]. Connectivity was compared between opioid-
dependent patients and non-users using five left/right pairs of seeds originating in structures
associated with cognitive functions related to drug abuse: nucleus accumbens (reward),
amygdala (memory and learning), anterior cingulate (cognitive control) and lateral and
medial orbital frontal cortices (drive and motivation). Weaker connections were observed
between the left and right lateral orbital frontal cortices (the seeds) and the left and right
dorsolateral prefrontal cortices. This was interpreted to be consistent with the notion that the
opioid-dependent subjects had weaker cognitive control. By contrast, there was stronger
connectivity between the left and right nucleus accumbens (the seeds) to the left, only,
anterior cingulate cortex and medial orbitofrontal cortex, and from the right amygdala to the
left, only, lateral orbitofrontal cortex. This was interpreted to be consistent with the notion
that opioid-dependent subjects have stronger craving and motivation connections. While not

J Drug Abuse. Author manuscript; available in PMC 2018 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gordon

Alcohol

Page 10

mentioned, this result also supports the observation that craving preferentially activates the
left hemisphere [1]. Another study [37] showed reduced connectivity between the posterior
cingulate cortex (the seed) and both the right cerebellum and the left dorsolateral prefrontal
cortex, and between the rostral anterior cingulate cortex and several structures including the
left orbitofrontal cortex, the left dorsolateral prefrontal cortex, and the right medial temporal
lobe. There were also significant, negative correlations among these structures and duration
of heroin use. Finally, in a study in patients dependent on opioids due, originally, to
prescriptions [38], decreased functional connectivity was found for in pathways specific to
the amygdala, insula, and nucleus accumbens accompanied by volumetric loss in the
amygdala as well.

Perhaps the best example of hypoactivity related to alcohol use is a go/no-go study [39]
where young adolescents were tested at baseline and retested after four years. Those who
transitioned to heavy alcohol use had several areas of hypoactivation when compared to
adolescents who had not transitioned to heavy use. These areas included the inferior frontal
gyri of the right hemisphere, and the dorsolateral prefrontal cortex, as well as the cingulate,
superior and middle frontal gyri and putamen of the left hemisphere. Bilaterally, there was
hypoactivation in the medial frontal, middle frontal, paracentral and inferior parietal gyri.
Therefore, heavy alcohol use could be predicted early in adolescence (before onset of
drinking) by hypoactivation throughout the brain but not predominantly in one hemisphere
of the other.

In a stop signal task with non-alcohol dependent heavy drinkers compared to light drinkers
[40] hypoactivation was seen in the right superior frontal gyrus and left caudate. And in a
go/no-go study with teenaged heavy versus light drinkers [41], hypoactivation was seen in
the right hippocampus, the left supplementary-motor area and superior temporal gyrus as
well as several bilateral structures including frontal and parietal lobes, the thalamus and
putamen.

In a stop signal task with adult alcohol-dependent patients [42] hypoactivation was seen in
the medial prefrontal cortex and superior temporal gyrus of the right hemisphere and
superior frontal gyrus, as well as the hippocampus, and paracentral gyrus of the left
hemisphere. Additionally, there was hyperactivation in the inferior parietal lobule and pre-
supplementary-motor area of the right hemisphere. In another stop signal task [43], alcohol-
dependent subjects had hypoactivation in the left supplementary-motor area but
hyperactivation in the right ventral nucleus, right thalamus and the left putamen. The pattern
of increased activation was also seen in non-alcoholic subjects who had a positive family
history of alcoholism where there was hyperactivation in a go/no-go task in the bilateral
insula and inferior frontal gyrus when compared with subjects without family history of
alcoholism [44].

Another measure of impulsivity can be obtained with a delay discounting task in which
subjects choose whether they want a small sum of money immediately or a larger sum at
some later time. In non-treatment-seeking subjects, activation was assessed in the “now’
(impulsive) vs. “later” situation [45]. For this type of study, several brain regions were
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activated including the right orbitofrontal gyrus, as well as the lingual, precentral, and
middle occipital gyri in the left hemisphere. Bilaterally, there were also activations in the
cuneus, precuneus, cerebellum, and middle temporal, inferior frontal, and superior temporal
gyri. By contrast, in another incentive delay task [46] alcohol-dependent subjects had
hypoactivation in the right ventral striatum. Finally, a delay discounting task using positron
emission tomography supported the hypoactivation by showing the measure of impulsive
choice was correlated with reduced dopamine receptor availability in the same right ventral
striatum [47].

Similar to impulsivity, increased expectation of receiving a potential reward is a risk factor
for addiction. A study that examined “win” vs. “loss” found hypoactivation in alcoholic
dependent subjects (vs. controls) in the dorsolateral prefrontal cortex where the peak was
slightly toward the right hemisphere, in the left striatum, and in the bilateral lateral
orbitofrontal cortex [48]. The authors concluded that subjects’ alcohol dependency was the
cause of “less engagement of prefrontal cortical regions” leading to “weak or disrupted
regulation of ventral striatal response.”

Thus, for individuals who had developed alcohol dependency, most studies of various
methodologies reported hypoactivation in multiple brain structures, but not favoring either
the left or right hemisphere. And in a few studies, increased activation for a few structures
was reported.

Discussion

The results of this survey demonstrate that individuals using psychoactive drugs have shown
reduced activation for response inhibition tasks bilaterally or unilaterally in one or the other
hemisphere relative to those who do not use drugs. For current cocaine users, hypoactivation
was most often in the right hemisphere. Since non-drug-using and non-impulsive individuals
have strong right hemisphere activation when performing tasks of response inhibition, this
observation supports the notion that those taking cocaine have weaker responses which may
contribute to their greater impulsivity. However, studies of individuals abstinent from
cocaine do not necessarily support the idea that impulsivity was causative of cocaine use.
Those who had been abstinent for several weeks had activation equivalent to controls. This
suggests that activation had returned to normal levels when the subjects stopped taking
cocaine. Furthermore, the longer they were abstinent or the better they performed on the task
of impulsivity, the larger activation. Nevertheless, it was also true that, on the average, the
abstinent, former users still showed greater impulsivity in questionnaires than controls. By
contrast, those with shorter abstinence had increased activation compared to non-using
controls. These observations seem to suggest there may be a compensation mechanism of
increased activation in order to perform the response inhibition tasks soon after abstinence.
By the time of long-term abstinence, the increased activation equalized to that of non-users.
It is unknown whether there was hypoactivation prior to taking cocaine as would be
expected from the impulsive measures on questionnaires. And unfortunately, there are no
studies that followed subjects with repeated testing throughout their abstinence.
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The results for smokers are more complicated to interpret due to the observation, reported
previously [1] that cue-activated responses (presumably an index of craving) favored the left
or right hemisphere depending on whether the subjects had just smoked (satiated) or were 24
hr deprived. Only one study compared smokers in both conditions. Increased right
hemisphere activation was found for the deprived subjects which was interpreted to be due
to increased effort needed to perform the task. But greater right hemisphere activation in that
area is the norm for non-smokers on that task. Is it possible that nicotine on board reduced
this activation in the satiated smokers? In most other studies where subjects had just smoked
before entering the magnet, there was hypoactivation most often, but not always, in the right
hemisphere, except for an increased activation in the right hemisphere when the go/no-go
task included a monetary reward. In the study where haloperidol was used to determine
whether dopamine depletion was responsible for reduced activation, the results were
inconsistent. Hypoactivity was differentially distributed among various brain structures in
the left and right hemispheres and between the smokers and non-smokers. However, it is
reasonable to suggest that dopaminergic mechanisms are not equivalent in the two
hemispheres nor functional in the same structures [49]. Accordingly, the presence or absence
of nicotine exposure may affect hemispheric structures differently in smokers compared to
non-smokers.

In marijuana smokers, reduced activation could only be deduced by indirect reasoning.
Increased activation in the right or both hemispheres was needed for task performance to be
equal to that of controls. Presumably, “brain power” was subnormal when the subjects were
not performing a task. This was borne out when there was no increased activation resulting
in poorer performance by users. In support of this reasoning, subjects whose activation was
lower were those with greater marijuana use involvement. Two studies in one laboratory
tried to determine if THC, administered acutely, would affect activation. The answer was,
“yes,” but the interpretation was obscured because the results were inconsistent: some brain
areas had decreases in activation; other areas had increases. Only a few studies suggest the
right hemisphere may be more affected in marijuana smokers, but differences among studies
prevent a definitive conclusion.

In the few response inhibition studies in patients with opioid dependence, activation was
generally lower, consistent with other studies. However, unlike studies in cocaine and
nicotine, the reduced activations did not occur in one hemisphere; most results were reported
for bilateral structures. Also, contrary to other substances, activation was still decreased in
long-time abstinent individuals, not increased. That is, there was no evidence of
compensatory increases in cortical activity as seen more clearly in abstinent cocaine
individuals, for example.

Some studies with opioid individuals focused on connectivity rather than activation. Results
included outcomes of both weaker and stronger connectivity among a variety of structures.
In some cases, authors attempted interpretation of these findings in terms of cognitive
function, but it is not clear that the state-of-the-art has been definitive enough for such
interpretations [50], For the purposes of this review, it is notable that some circuits of
connectivity—weaker or stronger—were reportedly lateralized to the left or right
hemisphere, and not bilaterally.
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Performance on response inhibition tasks in alcohol-dependent patients as well as in heavy
drinkers compared to light drinkers resulted in a general pattern of hypoactivation. But,
similar to individuals with opioid dependence, there was no clear lateralization to either the
left or right hemisphere. In addition, there were a couple of studies where there was
hyperactivation in some structures in the same subjects where there was hypoactivation in
other structures. One delay discounting task showed increases in activation in both
hemispheres. But two other studies with incentive delay tasks found hypoactivation only in
the right hemisphere. The most notable study was the one that showed that reduced
activation was predictive of adolescents who would transition to heavy alcohol use at follow-
up. Thus the most consistent reports are that individuals with alcohol involvement tend to
have reduced brain activation for tasks of impulsivity.

Conclusion and Recommendations

The studies reviewed here show there is a relationship between drugs of abuse and
hemispheric activation for cognitive tasks such as response inhibition—a measure of
impulsivity. In particular, users of these drugs are associated with lower activation. What is
not entirely clear is whether hypoactivation of specific brain structures predated drug use.
That is, did individuals have weaker activation that turned out to be a risk factor? A few
studies suggest that this does occur. Adolescents with hypoactivation on a task of impulsivity
were likely to transition to heavy drinking. Individuals with low scores on impulsivity had
lower brain activation. An epidemiological recommendation to clarify these relationships of
brain activation, cognitive function, and addiction vulnerability would be to leverage large-
scale projects such as the Adolescent Brain and Cognitive Development (ABCD) initiative
led by the National Institute on Drug Abuse which is now under way. Here, children and
adolescents can be assessed by functional magnetic resonance imaging (fMRI) prior to any
drug involvement to document brain activation and cortical connectivity. The important
focus of these assessments would be on cognitive control or on the reward system. In
particular, an example question could be: How do individual differences in activation and
connectivity during adolescence relate to factors such as stress reactivity or personality that
are predictors of drug use vulnerability?

Lateralization of hypoactivation was reported more for the right hemisphere, at least for
users of cocaine and nicotine and, to some extent, marijuana. This pattern also suggests a
causative factor since weak right hemisphere activation is related to increased impulsivity. A
neurocognitive recommendation is to pursue hypothesis-driven research that asks what the
unique mechanisms are in the right hemisphere that would differentially affect drug risk.

Reduced activation in bilateral structures as well as specific structures in the left and right
hemispheres were noted for all drugs, but more often for opioid and alcohol users. There
were virtually no studies where only the left hemisphere was affected by tasks of
impulsivity. Differences in brain activation whether they are only in the right hemisphere, or
in equivalent or non-equivalent structures in the left and right hemispheres, are telling us
something about the specific effect of drugs on the brain. We do not understand why this is
the case. Several neurophysiological recommendations to investigate this question are to
determine 1) how neurobiological mechanisms differ between the left and right sides of the
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brain during early, and during late, neurodevelopment, 2) which neurotransmitter
mechanisms are the same, and which are different between the two hemispheres, 3) how
exposure to psychoactive substances differentially interact with the unique, lateralized
neurotransmitter mechanisms.

In a previous review [1], it was pointed out that two different risk factors for drug abuse are
associated with opposite hemispheres. Response inhibition—a test of impulsivity—is
consistently related to right hemisphere function in non-drug-using individuals. There is
some evidence presented here—either with reduced activation in the right hemisphere or
bilaterally (including the right hemisphere)—that drug users are impulsive due to reduced
brain function. It was also observed that craving—»brain reaction to an appetitive cue—
activates areas more often in the left hemisphere. This was the case for most drugs and even
for food craving. These observations of cognitive asymmetry have not been explained at the
neurobiological level. For example, there are several models of impulsivity and risk-taking
in both the rodent and human literature. There are undoubtedly one or more neurobiological
mechanisms driving the cognitive and behavioral manifestations of them. It is also likely that
these mechanisms differ between the hemispheres. The obvious research recommendation is
to discover and define these neurobiological differences. Even animal models may well
display neurobiological differences of neurotransmitter systems that may underlie models of
impulsivity and other risk-taking behavior. Studies in rodents rarely, if ever, look for
potential left/right asymmetries of these mechanisms at the neurobiological level. It is
recommended that they do so now.

Exposure to drugs of abuse were shown in another review [51] to have direct influence on
neuroanatomic development. Development was affected differently depending on whether
the exposure was in utero or during adolescence or later. In the case of cocaine exposure, left
hemisphere structures tended to be more affected for in utero exposure while the reverse was
true for adolescent/adult exposure. For alcohol, more right hemisphere structures were
affected in utero while there was no hemisphere difference for adult/adolescent exposure.
Why should this be the case? A recommended study would be to determine the interaction
of cocaine—the cocaine molecule—with the neurobiological milieu in each hemisphere
during early development and, similarly, the interaction during late development or even
changes in the mature brain. Once these mechanisms are understood, interventions can more
easily be derived to correct or ameliorate their deleterious effects. Similar sets of
investigations would focus on alcohol and other abused psychoactive substances.

Many factors affect differential right/left development throughout the animal kingdom; the
advantages can be specified according to species [52]. Humans are the most complex and,
accordingly, the lateral development and function of neural structures are equally complex.
This leads to “infinite” variation of behavior and skills. For the most part, this is a good
thing. But dysfunction in one hemisphere or the other can accompany mental disorders [53].
For drug abuse, there are two factors. One is that some developmental variation—say,
increased impulsivity—not influenced by drug exposure may increase risk for drug use.
Secondly, exposure drugs themselves may adversely affect development. These observations
highlight the fact that neurobehavioral and neurocognitive effects are often lateralized to the
right or left hemisphere and affect specific structures. It is hoped that research such as that
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recommended here will take note of these observations in determining underlying risk
factors and potential treatments for drug abuse.
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