
Functional connectivity during language processing in acute
cocaine withdrawal-a pilot study

Ananth Narayanan1, Catherine A. White2, Sanjida S. Saklayen1, Amir Abduljalil3, Petra
Schmalbrock3, Tom H. Pepper2, Brad N. Lander2, and David Q. Beversdorf4
1Interdisciplinary Graduate Studies Program, The Ohio State University
2Department of Psychiatry, The Ohio State University
3Department of Radiology, The Ohio State University
4Departments of Radiology, Neurology, and Psychology, and the Thompson Center for
Neurodevelopmental Disorders, University of Missouri

Abstract
Recent research revealed decreased access to semantic and associative networks in acute cocaine
withdrawal. In autism, such behavioral outcomes are associated with decreased functional
connectivity using functional magnetic resonance imaging. Therefore, we wished to determine
whether connectivity is also decreased in acute cocaine withdrawal. Eight subjects in acute
cocaine withdrawal were compared to controls for connectivity in language areas while
performing a task involving categorization of words according to semantic and phonological
relatedness. Acute withdrawal subjects had significantly less overall connectivity during semantic
relatedness, and a trend towards less connectivity during phonological relatedness. Of potential
future interest is whether this might serve as an imaging marker for treatment in patients.

Introduction
Acute cocaine withdrawal (CW) is characterized by high levels of anxiety and stress
(Aronson & Craig, 1986), a range of cognitive impairments including cognitive flexibility
(Kelley, Yeager, Pepper, & Beversdorf, 2005), and high rates of relapse. Individuals in acute
cocaine withdrawal show cognitive impairments, particularly involving flexibility of access
to semantic and associative networks (Kelley et al., 2005). As an initial pilot investigation to
determine whether an imaging correlate of these cognitive impairments may be present, we
examined functional connectivity in patients in acute withdrawal from cocaine during
language tasks.

Functional connectivity, as defined by Friston, is the ‘temporal correlation between spatially
remote neurophysiological events’ (Friston, 1994). Functional connectivity has been found
to be decreased in autism spectrum disorders during a range of cognitive tasks including
language tasks and cognitive flexibility tasks (Just, Cherkassky, Keller, & Minshew, 2004;
Koshino et al., 2005; Kana, Keller, Cherkassky, Minshew, & Just, 2006; Just, Cherkassky,
Keller, Kana, & Minshew, 2007). This is believed to be an imaging correlate of restricted
network access in autism spectrum disorder (Belmonte et al., 2004), proposed in network
models of autism (Cohen, 1994; McClelland, 2000; Beversdorf, Narayanan, Hillier, &
Hughes, 2007), and based on neuropsychological findings in autism (Frith & Happé, 1994;
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Beversdorf et al., 2000; Hillier, Campbell, Keillor, Phillips, & Beversdorf, 2007), from
which our understanding of autism has evolved as a syndrome characterized by
underconnectivity between remote cortical regions (Belmonte et al., 2004).
Neuropsychological effects in autism have been observed on a range of tasks involving
cognitive flexibility and language, related to this underconnectivity (Frith & Happé, 1994;
Beversdorf et al., 2000).

A range of cognitive impairments have been reported in cocaine withdrawal, with varying
reports of impairment on aspects of cognitive flexibility and language performance (Gillen
et al., 1998; Ardila, Rosselli, & Strumwasser, 1991; Beatty et al., 1995; O’Malley et al.,
1992; Hoff et al., 1996). However, early in withdrawal, characterized by the highest degrees
of anxiety (Aronson & Craig, 1986), there is a significant degree of impairment on language
tasks and cognitive flexibility (Kelley et al., 2005), believed to be due to the apparent
increased noradrenergic activation in chronic cocaine use and acute cocaine withdrawal
(Macey et al., 2003; McDougle et al., 1994). Therefore, with neuropsychological findings
potentially consistent with restricted network access in acute cocaine withdrawal
(Beversdorf, 2010), as has been observed in autism (Frith & Happé, 1994; Beversdorf et al.,
2000), we would predict decreased functional connectivity in acute cocaine withdrawal due
to the cognitive impairments observed in this setting.

Furthermore, these cognitive impairments in acute cocaine withdrawal are improved with
administration of the β-adrenergic antagonist, propranolol (Kelley, Yeager, Pepper,
Bornstein, & Beversdorf, 2007). Due to our finding that propranolol appears to increase
functional connectivity in autism spectrum disorder (Narayanan et al., 2010), we are
interested in the future exploration of the effects of propranolol on connectivity in other
populations. Therefore we selected language tasks previously used by us in examining the
effects of pharmacological agents on connectivity (Tivarus, Hillier, Schmalbrock, &
Beversdorf, 2008; Narayanan et al., 2010; Kim, Goel, Tivarus, Hillier, & Beversdorf, 2010),
in order to determine whether acute cocaine withdrawal is characterized by decreased
functional connectivity.

Materials and Methods
Research Participants

Eight individuals in the acute stage of cocaine withdrawal (6 male), aged 20–45 (mean 31 ±
8.8), and 10 normal age matched control subjects (8 male) aged 21–37 (mean 25.1 ± 4.6)
(p=n.s.) were recruited for this study. The cocaine withdrawal subjects were between 1 and 7
days from last drug use with an average of 3.8 ± 1.8 days. All subjects were right handed
native-English speakers. Subjects were without a history of learning disabilities such as
dyslexia. None of the subjects were pregnant. Subjects with a history of schizophrenia,
major depression, bipolar disorder, major head trauma, or neuroleptic use were excluded, in
order to avoid a confound on effects on imaging from these commonly co-occurring
conditions in withdrawal. All addicts met the criteria for cocaine withdrawal according to
DSM-IV (Association, 1995), using the Structured Clinical Interview for DSM-IV (First,
Gibbon, Spitzer, & Williams, 1996), and had a history of daily use of cocaine. The cocaine
withdrawal subjects were given a drug screen upon entering the program and were
interviewed, assessed, and diagnosed by a board certified Psychiatrist and Addictionologist
(THP) and placed in a treatment program in accordance with the criteria of the American
Society of Addiction Medicine. Severity of addiction was assessed with the Addiction
Severity Index (Carise, McLellan, Cacciola, Love, Cook et al., 2001). All participants either
reported normal vision or were provided corrective lenses for viewing the fMRI stimuli.
Participants were also screened to comply with the MRI safety requirements (no metallic
implants or prostheses, no metal objects in their bodies, no claustrophobia).
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Of the eight subjects, four reported concurrent heroin abuse, three each reported concurrent
alcohol abuse and sedative use, two reported use of cannabis, and one reported using
hallucinogens concurrently as well. While in treatment, two patients were being given
buprenorphine, and one each were being given escitalopram, valproic acid, and a
benzodiazepine. Cocaine withdrawal subjects reported an average anxiety of 5.5 ± 2.4 on a
10 point scale on the day of the MRI scan, and reported an overall anxiety of 6.4 ± 3.2 since
cessation of drug abuse. Scores among controls were at floor, as no anxiety was reported by
any of the control subject. Written consent was obtained from all participants after
explaining the nature of the study and the nature of the procedure to each participant in
accordance with the regulations of the Institutional Review Board of The Ohio State
University, subsequent to approval.

Materials
Separate sets of word-lists were created for phonological and semantic processing by
modifying previously used stimuli utilized in an fMRI experiment to demonstrate the
overlapping and distinct areas involved in semantic and phonological processing
(McDermott, Petersen, Watson, & Ojemann, 2003). For the phonological word lists, all
phonologically-related words rhymed with the cue word, and for the semantic word lists, all
semantically-related words were related in meaning to the cue word (McDermott et al.,
2003). Median word length was 5 letters for both the semantic and phonological lists, and
the Kucera-Francis written word fluency was 30–32 per million for both lists (Kucera &
Francis, 1967; Tivarus et al., 2008). These particular stimuli were chosen because they have
demonstrated robust activation for both the phonological and semantic tasks, and revealed a
high degree of functional connectivity between language areas in normal individuals
(Tivarus et al., 2008), and reactivity to pharmacological agents (Tivarus et al, 2008;
Narayanan et al., 2010; Kim et al., 2010). A total of eight lists, four each for phonological
and semantic processing, were presented to each participant during the study (Tivarus et al.,
2008).

Every participant was instructed in performing the task prior to imaging during the fMRI
visit. Tasks were presented in a block design (Figure 1) with 4 task blocks (24s) interspersed
between 5 rest blocks (30s) for a total of 4 minutes and 6 seconds. During each task block,
the cue word was presented in capitalized letters (3s), followed by a stream of corresponding
target words from the word-list (1.1s for each word followed by 300ms inter-stimulus
interval, consisting of a blank screen). A ‘*’ sign was shown during the rest blocks.
Presentation and recording was done using E-Prime version 1.1 and a radiofrequency
interference-free LCD monitor placed inside the scanner room. Each subject was instructed
to attend to each word in the word list. For the phonological task, the subject was asked to
respond regarding whether each target word from the word-list rhymed with the cue word
presented at the beginning of the block. For the semantic task, the subject was instructed to
attend to the meaning of the word and respond regarding whether each target word related
semantically with the cue word. The response was made using an fMRI-compatible response
system (Lumina LP 400, Cedrus Corp., San Pedro, CA). Of the 15 words in each list, 10
rhymed with or were related to the cue word, while 5 did not.

Imaging Data Acquisition and Analysis
Images were acquired with a 3 Tesla (T) Philips scanner with an 8-channel SENSE head
coil. Structural T1-weighted images were acquired using the T1 weighted 3D FFE pulse
sequence (TR=25ms; TE=3.6ms; 512×512 matrix; 240mm FOV; 64 axial slices; 2.2mm
slice thickness). BOLD contrast functional scans were acquired using a gradient echo EPI
pulse sequence (TR=3s; TE=35ms; 80×80 matrix; 230mm FOV; 35 axial slices; 4mm slice
thickness; α=90°). During functional scans, the first two imaging volumes were acquired to
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allow stabilization of longitudinal magnetization, and were discarded prior to analysis. The
imaging data were analyzed using SPM8. Each bold series was corrected for slice
acquisition timing, motion corrected for respiratory and other motion artifacts, normalized to
the Montreal Neurological Institute (MNI) template after segmentation of the structural
image, and resampled and smoothed using a 5mm Gaussian kernel to decrease spatial noise.

Statistical analysis was performed on individual data using the general linear model (GLM)
as implemented in SPM8 using the six motion parameters as regressors. Functional
connectivity was measured as the correlation between the average time series of different
ROI-pairs. Four language-related ROI’s known to be activated by the phonological and
semantic tasks (McDermott et al., 2003), including the left inferior frontal cortex (BA
44/45/46)-LIFG, left fusiform gyrus (BA37)-LFUS, left parietal cortex (BA7)-LPAR and
left middle temporal gyrus (BA 21/22)-LMTG, were selected a priori. Spherical (10mm
diameter) ROIs centered within the abovementioned regions were drawn and confirmed by a
fellowship trained Behavioral and Cognitive Neurologist (D. Q. B.), on the MNI standard
template.

Average time series for all voxels included in the ROI were extracted for each participant for
each drug condition using MarsBar (Brett, Anton, Valabregue, & Poline, 2002), a SPM
toolbox in MATLAB. To assess functional connectivity, correlations between the time series
for these a priori pairs of ROIs were computed by calculating the correlation coefficient
between the time series for each ROI pair for each subject. Fisher’s Z-transformation was
applied to the computed correlations for each a priori ROI-pair to enable statistical
comparison between groups and ROI-pairs.

Results
Average group activations maps generated through SPM8 revealed a pattern of activity
similar to previous studies (McDermott et al., 2003; Tivarus et al., 2008) for all groups
(Figure 2), including a set of brain regions comprised of the LIFG extending to the premotor
and motor areas, bilateral middle frontal gyrus, left posterior middle temporal gyrus, left
fusiform gyrus, bilateral occipital cortex and bilateral premotor cortex. There were no
significant differences detected between the cocaine withdrawal and control groups in any of
the a priori language-related ROIs for either the semantic or phonological task. Errors were
rare on the task, with no subject responding with less than 90% correct under any condition
for either task and either group.

A 2 * 6 ANOVA (group*ROI-pair) revealed a main effect of greater connectivity for the
control group (mean r=0.499; SDev=0.23, range 0.28–0.79, with one outlier below 0.15) as
compared to the cocaine withdrawal group (mean r=0.381; SDev=0.17, range 0.22–0.64,
with one outlier below 0.15) for the semantic task [F(1,11)=7.026; P=0.009] (Figure 3a), and
a trend was observed in the same direction for greater connectivity for the control group
(mean r=0.461; SDev=0.20, range 0.39–0.71, with one outlier below 0.15) as compared to
the cocaine withdrawal group (mean r=0.375; SDev=0.20, range 0.23–0.59, with one outlier
below 0.15) for the phonological task [F(1,11)=3.195; P=0.077] (Figure 3b). There was no
significant drug*ROI-pair interaction revealed for either the phonological or semantic task.
There was no main effect of ROI for the semantic task, but an isolated main effect for ROI-
pair was observed for the phonological task [F(1,11)=2.504; P=0.035]. However, there was
no significant difference between groups detected in connectivity between any of the
individual ROI pairs for the phonological task. With the one outlier removed from each
group, the main effect of connectivity became significant for both the semantic (P=0.0012)
and phonological (P=0.036) tasks.
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Since half of the cocaine withdrawal group was also using heroin, we compared functional
connectivity between those with heroin exposure and those without heroin exposure. No
difference was found with this comparison for either the semantic or phonological task
(p>0.6 for both comparisons). Similarly, no differences were detected between those with
and without recent alcohol, sedative, or cannabis abuse for either the semantic or
phonological task (p>0.75 for all comparisons)

To determine whether anxiety might relate to functional connectivity among the cocaine
withdrawal group, a Pearson correlation coefficient was performed between functional
connectivity and anxiety scores. The correlation in the expected direction (decreasing
connectivity with greater anxiety) did not reach significance for either the phonological (r=
−0.21, p=n.s.) or semantic (r=−0.47, p=n.s.) task with this small sample size.

Discussion
These results did, as predicted, reveal decreased functional connectivity during language
categorization among the cocaine withdrawal subjects as compared to controls. This effect
was greatest for the semantic task, perhaps due to a greater effect on the more distributed
semantic network in contrast to the phonological network, as is suggested by our previous
work comparing functional connectivity between semantic phonological and semantic tasks
(Tivarus et al., 2008). Thus, functional connectivity may have potential as an imaging
marker for the cognitive impairments in acute cocaine withdrawal.

Cocaine withdrawal has been associated with a range of impairments on aspects of cognitive
flexibility and language, with prominent effects observed in acute cocaine withdrawal
(Kelley et al., 2005). Related findings are also observed in autism (Frith & Happé, 1994;
Beversdorf et al., 2000), and are associated with decreased functional connectivity (Just et
al., 2004; Koshino et al., 2005; Kana et al., 2006; Just et al., 2007). This also appears to be
the case in acute cocaine withdrawal. In autism this is believed to be, to a significant degree,
due to a structural decrease in connectivity between remote brain regions (Belmonte et al.,
2004). It is uncertain as to whether this is the case in cocaine withdrawal, as well as whether
it contributes to or results from cocaine use. Studies examining repeat imaging over the
course of cocaine withdrawal would help to address this latter question.

Stress and anxiety are well known contributors to relapse in cocaine withdrawal, in both
human and animal models (Erb, Shaham, & Stewart, 1996; Erb, Shaham, & Stewart, 1998;
Sinha, Catapano, & O'Malley, 1999; Shaham, Erb, & Stewart, 2000; Stewart, 2003). While a
large amount of literature in cocaine withdrawal is focused on the dopaminergic system
(Volkow, Folwer, Wang, & Swanson, 2004), the noradrenergic system is also significantly
impacted by cocaine use (Zhu, Shamburger, Li, & Ordway, 2000). Alterations in the
noradrenergic system during chronic cocaine use in primates may be equivalent to or greater
than the changes in the dopaminergic system (Macey, Smith, Nader, & Porrino, 2003;
Stewart, 2003). Furthermore, the noradrenergic system is associated with aspects of the
symptomatology of cocaine withdrawal, including anxiety (Charney, Woods, Krystal, Nagy,
& Heninger, 1992). Further work will be necessary to determine whether administration of
propranolol in acute cocaine withdrawal, known to improve the cognitive impairments in
cocaine withdrawal (Kelley et al., 2007), increases connectivity as is observed in autism
spectrum disorder (Narayanan et al., 2010). This is also of potential interest since
propranolol is known to reverse the cognitive impairments resulting from stress in healthy
controls (Alexander, Hillier, Smith, Tivarus, & Beversdorf, 2007).

Altered networks have previously been observed for sensorimotor control in chronic cocaine
use (Hanlon, Wesley, Roth, Miller, and Porrino, 2010), and decreased functional
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connectivity has also been reported in the human visual motor cortices in association with
cocaine administration (Li et al., 2000). During withdrawal, there is significant alteration in
activation in response to working memory as well as to visuospatial attention during fMRI
in cocaine withdrawal (Tomasi et al., 2007a; Tomasi et al., 2007b). Recently, mesencephalic
activation has been reported with fMRI in cocaine addicts exposed to drug-related words,
suggesting activation of the dopaminergic system in this setting (Goldstein et al., 2009).
Furthermore, relative thamamic deactivation during working memory, believed to be related
to mesocortical and mesolimbic dopaminergic projections, was found to predict poorer
treatment response in cocaine withdrawal (Moeller et al., 2010). It will be of interest to
determine whether our finding is related to outcomes as well, either as a predictor of
outcomes or as a marker of response. The degree of variability in individual connectivity
results will be important for this question, as well as what factors contribute to this
variability. Aside from one low connectivity outlier in each of our groups, our variability
was modest. Heroin and other drug use did not appear to contribute to variability, but future
studies will need to further explore the role of anxiety, as well as the roles of any other
potential factors, treatments, or other drugs of abuse.

Our finding of decreased connectivity during cocaine withdrawal, particularly during
semantic tasks, may be at least in part a reflection of altered white matter integrity in cocaine
withdrawal. This is supported by diffusion tensor imaging studies revealing greater radial
diffusivity in the genu of the corpus callosum in cocaine withdrawal (Moeller et al., 2007),
and decreased fractional anisotropy in the inferior frontal white matter in cocaine
dependence (Lim et al., 2008). Subsequent studies have revealed that findings of increased
diffusivity in the isthmus and rostral body of the corpus callosum in cocaine dependence
persisted after correction for alcohol use, whereas the findings in fractional anisotropy
became no longer significant after correction for history of alcohol use (Ma et al., 2009).
However, reduced fractional anisotropy in the anterior corpus callosum was shown to relate
to impulsivity and ability to discriminate target from catch stimuli in cocaine withdrawal
patients (Moeller et al., 2005). White matter integrity as assessed by diffusion tensor
imaging has been shown to predict treatment outcomes in cocaine withdrawal, with longer
abstinence associated with greater white matter integrity (Xu et al., 2010). However, white
matter integrity would not be expected to be affected by pharmacological agents. Functional
connectivity, though, has in our previous work been shown to be affected by
pharmacological agents (Narayanan et al., 2010), which are associated with cognitive effects
as well (Beversdorf, Carpenter, Miller, Cios, & Hillier, 2008; Kelley et al., 2007). Future
research will be necessary to examine how findings in white matter integrity, as assessed by
diffusion tensor imaging, might interact with our findings.

Given the effects of cocaine on the dopaminergic system (Volkow et al., 2004), the effects
of dopamine on neurovascular coupling (Choi et al., 2006) lead to some caution in
interpretation of fMRI studies of cocaine withdrawal. These complex hemodynamic and
metabolic changes have been directly observed in fMRI studies of cocaine administration
(Schmidt et al., 2006; Lou et al., 2009). Furthermore, in addition to the dopaminergic
effects, the potential upregulation of noradrenergic activity in acute withdrawal may have
effects on fMRI that will need to be taken into account in future studies (Narayanan et al.,
2010).

Many patients seeking treatment for help with cocaine withdrawal are also using other
substances. This was an issue with our sample, resulting in a limitation to this study as the
other substances could be contributing to our findings. This appears not to have been the
case with heroin, alcohol, sedatives, or cannabis in our data, as above, but this will have to
be further explored in subsequent studies examining patients only using cocaine.
Furthermore, as suggested above, in future studies, reassessment after withdrawal is
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completed would be important to help confirm that the findings are due to acute withdrawal
rather than due to baseline issues with the patient population. One further limitation of this
study is the limited psychometric data available on these subjects during this work. Previous
studies have demonstrated relationships between development of intelligence and functional
connectivity during peri-adolescent development (Schmithorst & Holland, 2006). Therefore,
future studies will need to closely monitor neuropsychological outcomes and how these
relate to the imaging findings. Finally, the subjects performed at ceiling on our task, which
was selected for its potential use in future pharmacological studies. Future work should
examine tasks where performance can be simultaneously monitored, and performance can
be compared to connectivity. This future work would also need to explore the potential
contributions from attention and processing speed, which could also be affected by cocaine
withdrawal and could impact functional connectivity, and larger studies would be needed to
explore whether this effect is global or whether effects specific to certain ROI pairs can also
be detected. Also, as our task required a target word to be retained for comparison to
stimulus words, future studies would need to disentangle effects of working memory and its
interactions with cocaine withdrawal and anxiety.

However, with the tasks utilized in this experiment, decreased connectivity does appear to
be observed, particularly during semantic tasks, in acute cocaine withdrawal, as we had
predicted based on the neuropsychological impairments observed in acute cocaine
withdrawal. The greater effect on the semantic task may be due to semantic tasks utilizing
the neocortex in a more distributed manner than tasks involving phonological processing
(Tivarus et al., 2008), thus being more sensitive to conditions involving less flexible access
to networks. Future studies will be needed to explore the potential of functional connectivity
in this setting as a marker for treatment response or as a predictor of treatment response in
cocaine withdrawal.
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Figure 1.
Task design for one semantic task presented in this experiment. In the example, sugar, taste,
and candy are related to the cue word, SWEET, while the word beat is not related.
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Figure 2.
Average group activation maps during phonological and semantic processing for both
groups, a) semantic, cocaine withdrawal, b) phonological, cocaine withdrawal, c) semantic,
control, d) phonological, control. The left portion of each image demonstrates the Maximum
Intensity Projection (MIP) generated trough SPM8 (presented in neurological convention).
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Figure 3.
Comparison of functional connectivity between groups. a) Mean z-transformed correlation
coefficient (average over all ROI-pairs with standard deviation error bars) for the semantic
task for both groups. b) Mean z-transformed correlation coefficient (average over all ROI-
pairs with standard deviation error bars) for the ponological task for both groups. (* =
p<0.01)
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