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Abstract
Altered cognitive control is implicated in the shaping of cocaine dependence. One of the key
component processes of cognitive control is error monitoring. Our previous imaging work
highlighted greater activity in distinct cortical and subcortical regions including the dorsal anterior
cingulate cortex (dACC), thalamus and insula when participants committed an error during the stop
signal task (Li et al., 2008b). Importantly, dACC, thalamic and insular activity has been associated
with drug craving. One hypothesis is that the intense interoceptive activity during craving prevents
these cerebral structures from adequately registering error and/or monitoring performance.
Alternatively, the dACC, thalamus and insula show abnormally heightened responses to performance
errors, suggesting that excessive responses to salient stimuli such as drug cues could precipitate
craving. The two hypotheses would each predict decreased and increased activity during stop error
(SE) as compared to stop success (SS) trials in the SST. Here we showed that cocaine dependent
patients (PCD) experienced greater subjective feeling of loss of control and cocaine craving during
early (average of day 6) compared to late (average of day 18) abstinence. Furthermore, compared to
PCD during late abstinence, PCD scanned during early abstinence showed increased thalamic as well
as insular but not dACC responses to errors (SE>SS). These findings support the hypothesis that
heightened thalamic reactivity to salient stimuli co-occur with cocaine craving and loss of self control.
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1. Introduction
Error processing is an important component process of cognitive control (Taylor et al., 2007).
By detecting errors we modify ongoing behavior and establish new contingencies. Failure to
register errors has been implicated in a number of psychiatric conditions including substance
misuse (Garavan and Stout, 2005). For instance, we observed that, compared to healthy control
participants, patients with cocaine dependence (PCD) demonstrated decreased post-error
behavioral adjustment during the stop signal task (SST), suggesting impaired performance
monitoring (Li et al., 2006b). Other investigators have employed different behavioral tasks and
highlighted various aspects of altered error-related measures in substance abusing individuals
(Franken et al., 2007; Garavan and Hester, 2007; Hester et al., 2007; Paulus et al., 2008;
Verdejo-García et al., 2007; Yeung et al., 2007). It has also been theorized in computational
modeling that altered error processing contributes to compulsory drug use in addiction
(Reddish, 2004; Reddish and Johnson, 2007).

In our functional magnetic resonance imaging (fMRI) studies of the SST, we described a
distinct pattern of activation in the dorsal anterior cingulate cortex (dACC), thalamus, and
insula during error processing (Li et al., 2008b). Importantly, these cerebral structures are also
implicated in mediating drug craving (see Koob and Volkow, 2010; Li and Sinha, 2008 for a
review). For instance, structures including the ventral tegmental area, thalamus, ACC, insula,
and amygdala demonstrated greater activation during fMRI in response to marijuana as
compared to neutral cue in abstinent marijuana users (Filbey et al., 2009). Following up on
their earlier studies of mesolimbic responses to cigarette cues, Franklin and colleagues
investigated the effects of a dopamine transporter polymorphism on cue elicited activation in
brain regions including the ventral striatum/pallidum, anterior cingulate and insula (Franklin
et al., 2009). With perfusion MRI, Wang and colleagues demonstrated an association between
abstinence induced craving and increased cerebral blood flow in the orbitofrontal cortex (OFC),
ACC, ventral striatum, thalamus, amygdala, and insula, in cigarette smokers (Wang et al.,
2007). A positive association between the severity of nicotine dependence and cue reactivity
in the OFC and ACC was also observed by McClernon et al., 2008. In a pharmacological fMRI
study, Hermann and colleagues showed decreased cue – as compared to control – induced
activation in the thalamus after administration of an atypical dopamine receptor blocker in
abstinent alcohol dependent patients. Overall, these along with many other studies support the
role of a network of cerebral structures in mediating drug and alcohol craving (Duncan et al.,
2007; Feldstein et al., in press; Grüsser et al., 2004; Hermann et al., 2006; King et al., in press;
McClernon et al., 2009; Risinger et al., 2005; Rose et al., 2007; Weinstein et al., in press).

We are particularly interested in the overlapping pattern of regional brain activations during
cognitive control and drug craving. In the SST, medial cortical regions including the dACC
and subcortical structures including the thalamus and insula showed greater activation during
stop errors as compared to stop successes. The same brain regions are also extensively
implicated in drug craving. This association is of potential importance to understanding the
etiology of drug addiction as deficits in cognitive control and drug craving co-occur in patients
with drug addiction (Volkow et al., in press; see also Baicy and London, 2007; Koob and
Volkow, 2010 for a review). Two hypotheses are in place to explain how altered dACC,
thalamic and insular activity may be associated with craving and changes in cognitive control.
One hypothesis is that the intense interoceptive activity during withdrawal and craving is ill
adaptive for these cerebral structures to register error and/or monitor performance. An
alternative hypothesis is that the dACC, thalamus and insula shows abnormally heightened
responses to performance errors, suggesting that excessive responses to salient stimuli such as
drug cues could precipitate craving. The two hypotheses would each predict decreased and
increased activity during stop error (SE) as compared to stop success (SS) trials in the SST.
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We tested these two hypotheses by comparing error-related regional brain activation in cocaine
dependent patients early and late during abstinence, with patients experiencing significantly
greater craving and subjective loss of control early during their abstinence.

2. Materials and Methods
Subjects, informed consent and assessment of impulse control

Twenty-six abstinent patients with cocaine dependence (PCD) participated in the study (Table
1). PCD met criteria for current cocaine dependence, as diagnosed by the Structured Clinical
Interview for DSM-IV (First et al., 1995). Recent cocaine use was confirmed by urine
toxicology screens upon admission. They were drug-free while staying in an inpatient treatment
unit prior to the current fMRI study. All subjects were physically healthy with no major medical
illnesses or current use of prescription medications. None of them reported having a history of
head injury or neurological illness. Other exclusion criteria included dependence on another
psychoactive substance (except nicotine) and current or past history of psychotic disorders.
Individuals with current depressive or anxiety symptoms requiring treatment or currently being
treated for these symptoms were excluded as well. The Human Investigation committee at Yale
University School of Medicine approved all study procedures, and all subjects signed an
informed consent prior to study participation.

Cocaine craving was assessed with the cocaine craving questionnaire, brief version (CCQ-
Brief), for all participants on the same day or within days of the scan (Sussner et al., 2006).
The CCQ-Brief is a 10 item questionnaire, abbreviated from the CCQ-Now (Tiffany et al.,
1993). It is highly correlated with the CCQ-Now and other cocaine craving measures (Sussner
et al., 2006).

In all except 3 PCD's, we also assessed subjective feeling of difficulties in emotion regulation
and impulse control using the Difficulties in Emotion Regulation Scale in the same week or,
in some cases, on the same day of the fMRI (DERS, Gratz and Roemer, 2004). The DERS is
a 36-item self-report measure, with each item rated on a 5-point analog scale: 1=almost never;
2=sometimes; 3=about half of the time; 4=most of the time; 5=almost always. It has been
shown to have high internal consistency, test-retest reliability and construct validity in the
general population and in cocaine dependent patients (Fox et al., 2007; Gratz and Roemer,
2004). The total score of DERS ranges from 36 to 180, with higher score indicating greater
emotion dysregulation and difficulties in impulse control. Abstinent cocaine patients were
found to have persistent problems in impulse control compared to healthy individuals (Fox et
al., 2007).

Behavioral task
We employed a simple reaction time (RT) task in this stop-signal paradigm (Fig. 1). There
were two trial types: “go” and “stop,” randomly intermixed. A small dot appeared on the screen
to engage attention and eye fixation at the beginning of a go trial. After a randomized time
interval (fore-period) anywhere between 1 and 5 s, the dot turned into a circle, prompting
subjects to quickly press a button. The circle vanished at button press or after 1 s had elapsed,
whichever came first, and the trial terminated. A premature button press prior to the appearance
of the circle also terminated the trial. Three quarters of all trials were go trials. In the stop trials,
an additional “X,” the “stop” signal, appeared after the go signal. The subjects were told to
withhold button press upon seeing the stop signal. Likewise, a trial terminated at button press
or when 1 s had elapsed since the appearance of the stop signal. The stop trials constituted the
remaining one quarter of the trials. There was an inter-trial-interval of 2 s.
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The time interval between the go and stop signals, or the stop signal delay (SSD), started at
200 ms and varied from one stop trial to the next according to a staircase procedure: if the
subject succeeded in withholding the response, the SSD increased by 64 ms, making it more
difficult for them to succeed again in the next stop trial; conversely, if they failed, SSD
decreased by 64 ms, making it easier for the next stop trial. With the staircase procedure, a
“critical” SSD could be computed that represents the time delay required for the subject to
succeed in withholding a response half of the time in the stop trials (Levitt, 1970). One way to
understand the stop signal task is in terms of a horse race model with a go process and a stop
process racing toward a finishing line (Logan, 1994). The go process prepares and generates
the movement while the stop process inhibits movement initiation: whichever process finishes
first determines whether a response will be initiated or not. According to the race model, the
time required for the stop signal to be processed so a response is withheld (i.e., stop signal
reaction time or SSRT) can be computed by estimating the critical SSD at which a response
can be correctly stopped in approximately 50% of the stop trials. The SSRT is computed in the
current tracking stop signal task for each individual subject by subtracting the critical SSD
from the median go trial RT. Generally speaking, the SSRT is the time required for a subject
to cancel the movement after seeing the stop signal. A longer SSRT indicates poor response
inhibition.

Subjects were instructed to respond to the go signal quickly while keeping in mind that a stop
signal could come up in a small number of trials. Prior to the fMRI study each subject had a
practice session outside the scanner. Each subject completed four 10-minute runs of the task
with the SSD updated manually across runs. Depending on the actual stimulus timing (e.g.,
trials varied in fore-period duration) and speed of response, the total number of trials varied
slightly across subjects in an experiment. With the staircase procedure we anticipated that the
subjects would succeed in withholding their response in approximately 50% of the stop trials.
This is thus an event-related fMRI study, with the go and stop trials randomly jittered to improve
the efficiency of the study design. Additional details of the stop signal task were described
previously (Duann et al., 2009; Li et al., 2006a; 2008b; 2008c; 2009a).

Imaging protocol
Conventional T1-weighted spin echo sagittal anatomical images were acquired for slice
localization using a 3T scanner (Siemens Trio). Anatomical images of the functional slice
locations were next obtained with spin echo imaging in the axial plane parallel to the AC-PC
line with TR = 300 ms, TE = 2.5 ms, bandwidth = 300 Hz/pixel, flip angle = 60°, field of view
= 220 × 220 mm, matrix = 256 × 256, 32 slices with slice thickness = 4mm and no gap.
Functional, blood oxygenation level dependent (BOLD) signals were then acquired with a
single-shot gradient echo echo-planar imaging (EPI) sequence. Thirty-two axial slices parallel
to the AC-PC line covering the whole brain were acquired with TR = 2,000 ms, TE = 25 ms,
bandwidth = 2004 Hz/pixel, flip angle = 85°, field of view = 220 × 220 mm, matrix = 64 × 64,
32 slices with slice thickness = 4mm and no gap. Three hundred images were acquired in each
run for a total of 4 runs.

Data analysis and statistics
Data were analyzed with Statistical Parametric Mapping (SPM2, Wellcome Department of
Imaging Neuroscience, University College London, U.K.). Images from the first five TRs at
the beginning of each trial were discarded to enable the signal to achieve steady-state
equilibrium between RF pulsing and relaxation. Images of each individual subject were first
corrected for slice timing and realigned (motion-corrected). A mean functional image volume
was constructed for each subject for each run from the realigned image volumes. These mean
images were normalized to an MNI (Montreal Neurological Institute) EPI template with affine
registration followed by nonlinear transformation (Ashburner and Friston, 1999; Friston et al.,
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1995a). The normalization parameters determined for the mean functional volume were then
applied to the corresponding functional image volumes for each subject. Finally, images were
smoothed with a Gaussian kernel of 10 mm at Full Width at Half Maximum.

Four main types of trial outcome were distinguished: go success (G), go error (F), stop success
(SS), and stop error (SE) trial (Fig. 1). A statistical analytical design was constructed for each
individual subject, using the general linear model (GLM) with the onsets of go signal in each
of these trial types convolved with a canonical hemodynamic response function (HRF) and
with the temporal derivative of the canonical HRF and entered as regressors in the model
(Friston et al., 1995b). Additional regressors with the go trial RT and stop trial SSD were also
included for parametric modulation. Realignment parameters in all 6 dimensions were also
entered in the model. The data were high-pass filtered (1/128 Hz cutoff) to remove low-
frequency signal drifts. Serial autocorrelation was corrected by a first-degree autoregressive
or AR(1) model. The GLM estimated the component of variance that could be explained by
each of the regressors.

We constructed for each individual subject a single statistical contrast: SE vs. SS. In group
whole-brain analysis, we compared PCD who were scanned within 2 weeks of abstinence (n=9,
5.8 ± 4.7 days) and PCD who were scanned after 2 weeks of abstinence (n=17, 18.0 ± 2.2 days;
p<0.0001, two tailed 2-sample t test) controlling for and without controlling for differences in
general task performance. In region of interest analyses, to ascertain that the group differences
specifically reflected error-related processing, we focused on a mask that included all brain
regions that showed greater activation during SE as compared to SS across all PCD.

3. Results
Behavioral performance

All patients of cocaine dependence (PCD) succeeded in over 95% of go trials and
approximately half of the stop trials, suggesting the success of the staircase tracking procedure
(Table 2). Compared to the “late” abstinence group, the “early” abstinence group was
significantly faster in go trial responses. This difference in go reaction time (RT) would be
accounted for in group comparison of error-related activity. The two groups did not differ in
other aspects of the stop signal performance.

Cocaine craving and subjective loss of control
Compared to the late abstinence group, the early abstinence group showed significant greater
craving for cocaine, as assessed by the Cocaine Craving Questionnaire, Brief Version (32.9 ±
17.1vs. 15.8 ± 6.2, p<0.002). The early group also rated greater subjective feeling of loss of
control on the DERS, compare to the late group (97.4 ± 22.8 vs. 74.3 ± 20.2, p<0.02).

Regional brain activation during early versus late abstinence: ROI and whole brain analyses
Across all 26 PCD, a number of brain regions showed greater activation during SE compared
to SS (Fig. 2), at p<0.05, corrected for family-wise error (FWE) of multiple comparisons and
10 voxels in the extent of activation: left superior temporal gyrus and possibly insula (x=-48,
y=4, z=0, voxel Z=5.63); left thalamus (x=-16, y=-16, z=8, voxel Z=5.28); a region in the left
pretectal area of the midbrain (x=-8, y=-28, z=-8, voxel Z=5.18); and right cerebellar lobule
(x=24, y=-48, z=-28; voxel Z=5.02). Thus, in region of interest (ROI) analysis focusing on this
inclusive mask, the early abstinence group showed greater error-related thalamic activation
(SE > SS), compared to late abstinence group (x=-8, y=-24, z=8, voxel Z=4.01, 1,984 mm3,
p=0.001, FWE-corrected). No other regions within this mask showed significant differences
between the two groups (all Z's<1.96, p's>0.05, FWE-corrected).
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We also examined the group difference with whole brain analysis. Compared to PCD scanned
during late abstinence, PCD scanned during early abstinence showed greater error-related
activation in the area of the dorsomedial nucleus of the thalamus (x=-4, y=-24, z=8, voxel
Z=3.80, 704mm3; x=16, y=-16, z=8, voxel Z=3.19, 64mm3) at a threshold of p<0.001,
uncorrected (Fig. 3). At a more liberal threshold of p<0.005, uncorrected, bilateral posterior
insula also showed greater activation (x=-36, y=-12, z=-4, voxel Z=2.62, 192mm3; x=40,
y=-20, z=-4, voxel Z=2.90, 1,088mm3) in PCD during early compared to late abstinence. No
voxels in the medial cortical regions including the cingulate cortex showed significantly greater
activation during early as compared to late abstinence (p<0.01, uncorrected). Figure 4 shows
the BOLD contrast overlaid on a structural image. Conversely, PCD scanned during late
abstinence did not show any regional activation greater than PCD scanned during early
abstinence for the same contrast, even when examined at a threshold of uncorrected p<0.01.

Functional MRI results: alternative grouping of days of abstinence
To rule out the possibility that the grouping based on an arbitrary criterion of two weeks may
influence the results, we performed alternative analyses on subjects grouped on the basis of a
median split of their days of abstinence of fMRI. Compared to the late abstinence group (n=13,
8.5 ± 5.8 days), the early abstinence group (n=13, 19.0 ± 1.3 days; p<0.0001, two-sample t
tests) showed greater cocaine craving as assessed by CCQ (28.0 ± 16.2 vs. 15.4 ± 6.5; p<0.02)
but not subjective loss of control as assessed by DERS (90.9 ± 24.0 vs. 75.1 ± 21.4; p=0.101).
In ROI analysis, the early abstinence group showed greater error-related activation at a similar
locus of the thalamus (x=-12, y=-24, z=12; voxel Z=3.59, 1,856 mm3) but not any other regions
within the mask. Likewise, in whole-brain comparison, the early abstinence group showed
greater error-related activation in the left thalamus (x=-12, y=-24, z=12; voxel Z=3.59, 1,280
mm3), at a p<0.001, uncorrected. At a more liberal threshold of p<0.005, uncorrected, the right
thalamus also greater activation in the early abstinence group (x=16, y=-20, z=12; voxel
Z=3.18, 1,088 mm3). No brain regions showed greater error-related activation in the late as
compared to early abstinence group.

Correlation of error-related thalamic activation with loss of control and drug craving
We correlated the error-related thalamic activation with cocaine craving report on the CCQ
(n=26) and subjective report of loss of self control on the DERS (n=23; 3 subjects missing
data) across subjects (Fig. 5). The results showed that there was a significant correlation
between thalamic activation and loss of control (R=0.554, p=0.006). There was not a significant
correlation between thalamic activation and cocaine craving (R=0.204, p=0.318), which
appeared to be due to the presence of an outlier (> mean + 2 S.D.). With the outlier removed,
there was a significant correlation between thalamic activation and cocaine craving (R=0.444,
p=0.026).

4. Discussion
Many preclinical and clinical studies suggested a role of the thalamus in performance
monitoring, such as during matching sensory feedback with expected outcome of a motor
response (Diamond and Ahissar, 2007; Urbain and Deschênes, 2007), re-evaluation of a
reinforcer (Mitchell et al., 2007), task planning on the basis of external information (Wagner
et al., 2006), processing corollary discharge of an eye movement (Bellebaum et al., 2005;
Sommer and Wurtz, 2004), reception of negative feedback during the Wisconsin Card Sorting
Task (Monchi et al., 2001), and self-generating actions in response to predictability of stimuli
(Blakemore et al., 1998). The thalamus has also been suggested in earlier studies to mediate
drug craving (Volkow et al., 1997). For instance, among cortical and other subcortical
structures, the thalamus showed greater responses when individuals experience drug craving
for nicotine/cigarettes (Franklin et al., 2007; Rose et al., 2007; Wang et al., 2007), cocaine and
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amphetamine (Caldecott-Hazard et al., 1988; Duncan et al., 2007), alcohol (George et al.,
2001; Hermann et al., 2006), opiate (Krystal et al., 1995; Wooten et al., 1982; see also Hommer,
1999; Modell et al., 1990 for an overview of earlier literature). One plausible explanation is
that the thalamic responses are driven by the intense somatosensory activities associated with
craving. Thus, the intense somatosensory responses interfere with thalamic activity required
for performance monitoring, when individuals experience drug craving and, as a result, are not
able to exercise behavioral control (Hughes and Hatsukami, 1986). That is, drug craving
obliterates the dynamic range required of thalamic activity to respond to errors.

We showed greater error-related thalamic activation in PCD during early abstinence when they
experienced greater craving and loss of control, compared to PCD during late abstinence.
Across subjects the extent of error-related thalamic activation was also positively correlated
with subjective rating of loss of control and, though less significantly, with cocaine craving.
The current results thus did not support the hypothesis that the intense somatosensory activity
in the thalamus interferes its function in error processing. Instead, these findings are consistent
with the alternative hypothesis that salient stimuli such as errors or drug cues would elicit
greater thalamic activations in PCD when they experience cocaine craving. Thus, with the
thalamus interconnected with the brain stem and prefrontal cortices that are pivotal in arousal,
cognitive and affective regulation (see also Schiff, 2008; Sherman, 2007; Vertes, 2006 for a
review), this thalamic activation may be associated with the precipitation of craving. In
particular, our earlier study showed that, compared to stop success trials, stop errors evoked
greater activation in a number of cortical and subcortical brain regions, including the dorsal
anterior cingulate cortex extending to the supplementary motor area, thalamus and the
epithalamus (Li et al., 2008b). These other brain regions did not differ between the two groups
of subjects in error-related activation. Thus, increased thalamic activity to errors during early
cocaine abstinence may suggest an important role of this structure in mediating self control
and other aspects of the mental state specific to this early stage of cocaine abstinence.

Importantly, this stimulus-related activity differentiated between early and late stages of
abstinence, suggesting that the excessive thalamic reactivity is malleable. For instance, in an
fMRI study where participants attended to novel and habituated stimuli, improved performance
speed was noted to co-occur with attenuation of thalamic responses in cocaine users (Goldstein
et al., 2007). It was suggested that, reduced thalamic reactivity to salient stimuli, such as drug
or drug-related cues, may underlie individuals’ ability to maintain abstinent. In another study,
McClernon and colleagues examined smokers under an extinction-based smoking cessation
paradigm in fMRI (McClernon et al., 2007). Dependent smokers were scanned at baseline,
following 2-4 weeks of smoking cigarettes with reduced nicotine content while wearing a 21-
mg nicotine patch, and 2-4 weeks following quitting smoking. The results showed that the
extinction-based treatment attenuated responses to smoking as compared to control cues in
amygdala, a subcortical structure directly interconnected with the thalamus. Furthermore, this
“extinction” pattern of responses was also observed in the thalamus of future abstinent but not
relapsing smokers (McClernon et al., 2007). Taken together, these studies suggest that thalamic
activity is closely associated with craving and relapse to drug use, and is potentially amenable
to psychological and pharmacological interventions.

At a relaxed threshold, our current findings also showed increased error-evoked activation of
the posterior insula in PCD during early compared to late abstinence. The posterior insula is a
higher order somatosensory structure receiving extensive somatosensory and autonomic inputs
from the thalamus (Brooks et al., 2005; Craig, 2005). The posterior insula is situated at a
beginning stage of information processing that serves to integrate many sensory inputs for
interoception and emotional awareness (Craig, 2003; Wiens, 2005). Importantly, evidence is
accumulating that implicates insula as an important structure in mediating drug craving
(Franklin et al., 2007; Franklin et al., In Press; Wang et al., 2007; see also Naqvi and Bechara,
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in press, for an overview). In particular, both human and animals studies demonstrated that
lesions to the insula abolished or significantly decreased drug craving (Contreras et al., 2007;
Naqvi et al., 2007). The finding of greater insular activation in PCD at a time when they
experience craving and loss of control thus is in keeping with our hypothesis of heightened
arousal and reactivity to salient stimuli during an early stage of abstinence.

It is not entirely clear why the dACC did not exhibit greater error-related responses during
early as compared to late abstinence, as with the thalamus and insula. One possible explanation
is that the dACC is involved in a multitude of cognitive and affective processes in addition to
its role in error processing. In particular, cocaine dependent patients showed hypoactivation in
the ACC in a number of different behavioral tasks involving response inhibition, working
memory and emotional including stress processing (Goldstein et al., 2009; Li et al., 2005;
2008a; Sinha et al., 2005; Tomasi et al., 2007). The hypoactivation of the ACC may reflect
more of the effects of chronic use of cocaine, which does not evolve through the first few weeks
of abstinence in PCD.

We also noted that the two groups of subjects did not differ in the stop signal reaction time
(SSRT), an index of motor response inhibition in the stop signal task. Our previous studies
showed that, compared to healthy controls subjects, cocaine dependent patients were prolonged
in SSRT and impaired in inhibition-related regional brain activation (Li et al., 2006; 2008a).
Thus, the current results appear to suggest that reported loss of control and cocaine craving
and the associated changes in thalamic activation can occur independent of these altered
processes in inhibitory control. More studies are required to understand how error-related
thalamic responses interact with prefrontal mechanisms of inhibitory control to determine drug
use behaviors in PCD, patients with other substance use disorders (SUD; Li et al., 2009b), and
individuals vulnerable to developing SUD (Yan and Li, 2009). .

The current results are based on a contrast between stop error (SE) and stop success (SS) trials.
One caveat thus is whether the results reflect greater error-related activation during SE > SS
or less attention-related activation during SS > SE in the thalamus among PCD during early
compared to late abstinence. Two lines of evidence could be considered. First, across subjects
thalamus showed greater activation during SE > SS, not SS > SE (Li et al., 2008b; current
results), suggesting that this alternative explanation is unlikely. However, one could still argue
that the thalamus is “deactivated” during SS > SE and the extent of “deactivation” is greater
in the early as compared to late abstinence group. That is, thalamus showed greater contrast
between SE > SS not because of more activity during SE but because of less activity during
SS. Thus, the greater thalamic “deactivation” during SS > SE may reflect more severe deficits
in attention and/or response inhibition in the early abstinence group. We think that this scenario
is inconsistent with the extant literature, which supports thalamic activation during attentional
processing and deficits in attention in humans/animals with thalamic lesions (Christensen et
al., 2008; Gur et al., 2007; Nikulin et al., 2008; Sadaghiani et al., 2009; Salmi et al., 2007;
Snow et al., 2009).

In conclusion, this study presents preliminary findings further implicating thalamus and insula
in mediating drug craving and loss of control in patients with cocaine dependence. Further
studies with a greater sample size and tracking the evolution of withdrawal symptoms in
conjunction with regional brain activation would further elucidate the thalamic processes of
saliency processing and suggest how one may overcome this powerful psychological state to
prevent relapse.
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Figure 1.
(a) Stop signal paradigm. In “go” trials (75%) observers responded to the go signal (a circle)
and in “stop” trials (25%) they had to withhold the response when they saw the stop signal (an
X). In both trials the go signal appeared after a randomized time interval between 1 to 5 s (the
fore-period or FP) following the appearance of the fixation point. The stop signal followed the
go signal by a time delay – the stop signal delay (SSD). The SSD was updated according to a
staircase procedure, whereby it increased and decreased by 64 ms following a stop success
(SS) and stop error (SE) trial, respectively.
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Figure 2.
Error-related regional brain activations of all 26 patients with cocaine dependence. BOLD
contrasts were overlaid on a T1 structural image in axial sections. Images are in neurological
orientation: R=R; Color bar represents voxel T value.
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Figure 3.
Patients with cocaine dependence (PCD) who were scanned during early abstinence showed
greater error-related activation in the thalamus (SE>SS), compared to PCD who were scanned
during late abstinence. Color bar represents voxel T value; p<0.001, uncorrected.
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Figure 4.
At a lowered threshold, p<0.005, uncorrected, bilateral posterior insula also showed greater
activation in PCD scanned during early abstinence compared to PCD scanned during late
abstinence. BOLD contrasts were superimposed on a T1 structural image in axial sections.
Images are in neurological orientation: R=R; Color bar represents voxel T value.
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Figure 5.
Linear correlation of error-related thalamic activation with (a) cocaine craving as assessed by
the Cocaine Craving Questionnaire (CCQ) and with (b) loss of self control as assessed by the
Difficulty in Emotion Regulation Scale (DERS). Note that DERS data were missing in three
patients and that the correlation with CCQ was significant only after the outlier was removed
(dashed line).
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Table 1

Demographics of the subjects

subject characteristic Early (n=9) Late (n=17) p value

days of abstinence before fMRI 5.8 ± 4.7 18.0 ± 2.2 <0.0001b

men/women 5/4 8/9 0.43a

age (years) 36.6 ± 6.2 36.8 ± 6.0 0.93b

ethnicity
African American 4 (44.4%) 7 (41.2%)

0.54a
Caucasian 5 (55.6%) 10 (58.8%)

education (years) 11.4 ± 2.2 12.4 ± 1.0 0.16b

average number of days of cocaine use / month prior to admission 19.1 ± 9.5 17.8 ± 8.4 0.72b

average number of years of cocaine use 9.0 ± 5.1 11.7 ± 6.7 0.30b

Life time diagnosis of depression 1 (11.1%) 2 (11.8%) 0.71a

Life time diagnosis of PTSD 3 (33.3%) 5 (29.4%) 0.51a

Note: values are mean s.d.

a
binomial test

b
two-tailed 2-sample test
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