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ABSTRACT OF THE DISSERTATION 

fMRI Response During Spatial Working Memory in Adolescent Marijuana Users: 

What is the Relationship to Recency of Marijuana Use? 

 

by 

 

Alecia Denise Schweinsburg 

 

Doctor of Philosophy in Psychology 

University of California, San Diego, 2006 

 

Professor Sandra A. Brown, Chair 

 

 Marijuana is commonly used in adolescence, yet the impact on the developing 

brain is unclear. Working memory impairments have been observed in adult marijuana 

users after recent use, but may remit after a month of abstinence. The differential effects 

related to recent use and abstinence have not been delineated in adolescents. To address 

this question, three studies examined functional magnetic resonance imaging (fMRI) 

brain response during spatial working memory (SWM) among adolescents.  
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Adolescent brain development may be influenced by heavy marijuana use, yet the 

neural underpinnings of SWM have not been well described in adolescents. Study 1 

investigated fMRI response to SWM across normal adolescent development. Participants 

were 49 youths ages 12 – 17 without histories of neurological or psychiatric disorders. 

Results demonstrate the emergence of left prefrontal activity and superior-to-inferior shift 

in localization of parietal response with increasing age, suggesting that younger teens 

utilize more rote spatial rehearsal, while older teens rely more on spatial storage and 

verbally-mediated strategies.  

Study 2 evaluated fMRI response during SWM among 15 heavy marijuana using 

adolescents after 28 days of verified abstinence relative to 17 non-abusing controls, ages 

16 – 18 years old. Marijuana users demonstrated decreased right prefrontal and increased 

right superior parietal response relative to controls, which could suggest greater reliance 

on spatial strategies and less general executive control among marijuana users. These 

results were observed after 28 days of abstinence, suggesting persisting differences in 

brain functioning among heavy marijuana users. 

Study 3 characterized the differential residual and persisting changes in neural 

activation patterns associated with adolescent marijuana use by examining fMRI during 

SWM among adolescent marijuana users after recent use or after one month of 

abstinence. Participants were 15- to 18-year-olds: 13 marijuana users who used in the 

week before scanning, 13 marijuana users who were abstinent for 27 – 60 days before 

scanning, and 18 demographically similar controls. Recent users demonstrated increased 

medial/left superior frontal and right parietal response relative to abstinent users, which 

could suggest greater neural effort for inhibitory control and spatial rehearsal. Although 
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cross-sectional, results may indicate a shift in neural processing strategies through early 

abstinence.
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CHAPTER 1 

Introduction 

Marijuana is the most commonly used illicit drug among teenagers, and most 

users first try marijuana in adolescence (SAMHSA, 2003). While 17% of 8th graders 

have tried marijuana, almost half of 12th graders have used cannabinoids (Johnston, 

O'Malley, Bachman, & Schulenberg, 2006). Frequency of use escalates so that by 

12th grade, 20% report past-month use and 5% reveal daily use (Johnston et al., 

2006). During this period of increasing marijuana use, the brain remains in an active 

state of development, characterized by synaptic refinement (Huttenlocher, 1990; 

Huttenlocher & Dabholkar, 1997), myelination (Giedd et al., 1999; Paus et al., 2001), 

and improved cognitive and functional efficiency (Casey, Giedd, & Thomas, 2000; 

Durston & Casey, 2006). In particular, working memory abilities improve throughout 

childhood and adolescence as the brain regions subserving these functions mature. 

Yet working memory may be adversely impacted by marijuana use, as marijuana 

most likely affects frontal and parietal brain regions involved. Given continued 

development of these systems in adolescence, heavy marijuana use during youth 

could negatively impact working memory functioning. The possible influence of 

marijuana use in adolescence and the potential for recovery with abstinence have not 

been well delineated, but could have important implications for academic, 

occupational, and social achievement among both current and former users. 
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This dissertation aims to characterize the influence of chronic marijuana use 

on functional magnetic resonance imaging (fMRI) brain response during spatial 

working memory (SWM) in adolescents through the completion of three studies. In 

order to understand the effects of chronic marijuana use in youth, a better depiction of 

neural response patterns in normal adolescents is needed. To this end, Study 1 

investigated fMRI response to SWM across normal adolescent development. Study 2 

then evaluated fMRI response during SWM among heavy marijuana using 

adolescents after 28 days of verified abstinence relative to non-abusing controls. 

Finally, Study 3 characterized the differential neurocognitive impact of recent 

adolescent marijuana use relative to the potentially persisting effects by examining 

fMRI during SWM among adolescent marijuana users within one week of use or after 

one month of abstinence. The results of these three studies provide a better 

understanding of the neural impact of heavy marijuana use during adolescence.  
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CHAPTER 2 

fMRI Reveals Alteration of Spatial Working Memory Networks Across Adolescence 

Abstract 

Recent studies have described neuromaturation and cognitive development 

across the lifespan, yet few neuroimaging studies have investigated task-related 

alterations in brain activity during adolescence. We used functional magnetic 

resonance imaging (fMRI) to examine brain response to a spatial working memory 

(SWM) task in 49 typically developing adolescents (25 females and 24 males; ages 

12-17). No gender or age differences were found for task performance during SWM.  

However, age was positively associated with SWM brain response in left prefrontal 

and bilateral inferior posterior parietal regions. Age was negatively associated with 

SWM activation in bilateral superior parietal cortex. Gender was significantly 

associated with SWM response, with females demonstrating diminished anterior 

cingulate activation, and males demonstrating greater response in frontopolar cortex 

than females. Our findings indicate that the frontal and parietal neural networks 

involved in spatial working memory change over the adolescent age range and are 

further influenced by gender. These changes may represent evolving mnemonic 

strategies subserved by ongoing adolescent brain development. 

Introduction 

Modern neuroimaging techniques have a provided a wealth of information 

about human brain development. Whereas it was once believed that the human brain 

was largely developed by the onset of puberty, it has now been established that the 
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brain continues to develop throughout adolescence and well into adulthood (Durston 

et al., 2001; Giedd, 2004; Sowell et al., 2003). A recent longitudinal investigation 

demonstrated that higher order association cortices, such as superior temporal, 

posterior parietal, and prefrontal cortex, develop later than primary sensorimotor 

cortices, with the dorsolateral prefrontal cortex developing last (Gogtay et al., 2004). 

This late occurring development is predominantly a function of the progressive and 

regressive processes of myelination and synaptic pruning that result in increasing 

white matter volumes and cortical thinning (Huttenlocher, 1990; Paus et al., 1999) 

and a more efficient central nervous system. 

During adolescence and this time of active neural maturation, many cognitive 

processes are also developing. One such process is working memory. Working 

memory refers to the ability to actively store and manipulate information online over 

brief periods of time (Baddeley, 1986). This ability is fundamental to intact 

performance in a variety of other cognitive domains, including language 

comprehension, abstract reasoning, and learning and memory (Baddeley, 1992; 

Gathercole, 1999). Verbal and spatial working memory abilities improve throughout 

childhood and adolescence (Gathercole, Pickering, Ambridge, & Wearing, 2004; 

Luna, Garver, Urban, Lazar, & Sweeney, 2004), with accuracy and reaction times 

increasing and decreasing respectively during spatial n-back (Kwon, Reiss, & Menon, 

2002; Vuontela et al., 2003) and spatial delayed response tasks (Zald & Iacono, 

1998). It is likely that these behavioral improvements in working memory are the 
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result of the described neuromaturational processes that are occurring during the child 

and adolescent years.  

 With the advent of functional magnetic resonance imaging (fMRI), the neural 

substrates of working memory functioning have begun to be identified. Adult studies 

of working memory have consistently revealed prefrontal and posterior parietal 

cortical activation in response to intact performance during working memory tasks 

(for review, see Wager & Smith, 2003). In contrast to the large number of fMRI 

studies in adult populations, very few studies have examined fMRI response to 

working memory tasks in typically developing adolescents, and most have focused on 

the development of spatial (as opposed to verbal) working memory. The few studies 

examining fMRI response during verbal and spatial working memory in children and 

adolescents suggest that, overall, children and adolescents demonstrate similar frontal 

and parietal patterns of response as adults (Casey et al., 1995; Thomas et al., 1999), 

but show greater (Klingberg, Forssberg, & Westerberg, 2002; Kwon et al., 2002) and 

more widespread (Kwon et al., 2002) activation in these regions with increasing age. 

To our knowledge, only two of these studies have examined fMRI response to 

working memory across a sample of typically developing adolescents. One study of 

spatial working memory (SWM) among 34 7- to 22-year-olds suggested age-related 

increases in both the intensity and spatial extent of SWM activation in bilateral 

dorsolateral prefrontal cortex, left ventrolateral prefrontal cortex, left premotor cortex, 

and bilateral superior and inferior posterior parietal cortices (Kwon et al., 2002). 

However, while age was the best predictor of activation in these brain regions, there 
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were significant improvements in SWM performance across the study age range that 

may have contributed to age-related activation patterns. Another study examined 

SWM in thirteen 9- to 18-year-olds and demonstrated increased neural response in 

bilateral superior frontal and intraparietal cortex and left middle occipital gyrus, and 

decreased intensity of response with age in right inferior frontal cortex (Klingberg et 

al., 2002), but no significant relationship between age and the spatial extent of brain 

response was demonstrated. Thus, while we have some understanding of the 

developmental changes in the neural systems involved in adolescent working 

memory, these studies are preliminary and are based on small sample sizes across 

relatively broad age ranges. 

Likely due to limited statistical power, to date, no studies have examined 

gender differences in fMRI response to cognitive tasks across normal adolescent 

development. Despite this, previous neuroanatomical and cognitive research suggests 

that developmental gender differences may be present in SWM activation. 

Specifically, there are established gender differences in the rate of neural 

development, with females developing earlier than males in frontal and parietal brain 

regions (Giedd et al., 1999), which have been consistently implicated in working 

memory (Wager & Smith, 2003). In addition, gender differences in working memory 

ability have been identified, specifically for SWM skills. While adult studies have 

demonstrated a general spatial information processing advantage for males over 

females that emerges with increasing age (Voyer, Voyer, & Bryden, 1995), this is 

primarily due to differences in active spatial processing (e.g., spatial rotation or 
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manipulation) (Vecchi & Girelli, 1998), which is often not required in traditional n-

back or delayed matching working memory tasks. Studies of SWM abilities suggest 

gender differences for accuracy and reaction time in children (Vuontela et al., 2003) 

and adults (Barnfield, 1999; Duff & Hampson, 2001; Loring-Meier & Halpern, 

1999). Overall, these studies indicate that adult females demonstrate more accurate 

SWM performance than adult males (Barnfield, 1999; Duff & Hampson, 2001), but 

males tend to show faster reaction times (Loring-Meier & Halpern, 1999). One 

investigation suggested a similar profile of gender differences for SWM performance 

in children that diminishes towards adolescence (Vuontela et al., 2003), and another 

SWM study in adolescents found no performance differences between the genders 

(Barnfield, 1999). Although the pattern of findings is somewhat difficult to interpret 

based on the different tasks and samples used across studies, it does suggest that 

gender discrepancies in SWM performance may vary based on visuospatial 

processing demands and stage of development. 

Given that the majority of developmental working memory research using 

fMRI has focused on SWM, we chose to further contribute to this literature by 

utilizing a relatively large sample of normally developing teens to carefully 

investigate the neural substrates involved in SWM across adolescent development and 

between the genders using fMRI. Based on the findings from the limited previous 

research in the area, we predicted that working memory brain activation would 

increase in frontal and parietal regions as a function of age. In addition, based on 

known differences in rates of neuromaturation and a potential female advantage in 
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SWM accuracy, we hypothesized that females would demonstrate a more mature 

pattern of fMRI response than males. 

Methods 

Participants 

Adolescent participants were recruited from local junior high and high schools 

as part of an ongoing adolescent brain imaging project (Tapert et al., 2003; Tapert et 

al., 2004). This study was approved by the University of California San Diego 

Institutional Review Board, and written consent and assent were obtained from teens 

and their guardians. Adolescents were administered a 90-minute telephone screening 

interview to ascertain eligibility, and a guardian (usually a parent), separately 

provided corroborative reports. Exclusion criteria for the study were: use of 

psychotropic medications; head injury with loss of consciousness >2 minutes; 

neurological or medical illness; learning disabilities; DSM-IV (American Psychiatric 

Association, 1994) psychiatric disorder including attention deficit hyperactivity 

disorder and substance use disorders; significant maternal drinking during pregnancy 

(≥4 drinks/day or ≥7 drinks/week); parental history of bipolar I, psychotic disorders 

or substance use disorders; left handedness; and MRI contraindications. Eligible 

participants were 49 youth ages 12 to 17, including 24 males and 25 females. Males 

and females were similar on demographics such as age, ethnicity, and socioeconomic 

status (Table 1). 
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Measures 

SWM Task 

The SWM task (Kindermann, Brown, Zorrilla, Olsen, & Jeste, 2004; Tapert et 

al., 2001) consisted of 18 21-sec blocks that alternated between experimental and 

baseline conditions, and three blocks of rest (two 21-sec blocks and one 42-sec 

block). The task also included six seconds of blank screen at the beginning (not 

analyzed), allowing the scanner to reach steady state. Total task time was 7 minutes 

and 48 seconds (see Figure 1). Each block started with a one second word cue at the 

center of the screen to inform the participant of the upcoming block type. Stimuli 

were presented for 1000 ms, and each interstimulus interval was 1000 ms. During rest 

blocks, the word “LOOK” appeared at the center of the screen, then a centered 

fixation cross appeared for 20 seconds. The experimental (spatial working memory) 

condition was a memory for locations task in which abstract line drawings (Kimura 

figures) were projected one at a time in one of eight locations in a circular array. 

Locations were chosen to minimize verbal labeling (e.g., not in the four cardinal 

compass points). The word “WHERE” appeared for one second at the beginning of 

the block, and participants were asked to press a button when a figure appeared in a 

location in which a design had already appeared during that block. Unbeknownst to 

participants, target trials were always repeat locations of items displayed two trials 

prior (2-back). In each block, an average of 3 of the 10 stimuli presented were target 

items. During the vigilance baseline condition, the word “DOTS” appeared at the 

beginning of the block to alert participants to the block type. Then the same abstract 



10 

 

line drawings used in the SWM blocks were presented one at a time in the same eight 

locations, but a dot appeared above figures on 30% of trials. Participants were asked 

to press a button when they saw a design with a dot. The purpose of the baseline 

condition was to control for the motor, sensory, and attention processes involved in 

the experimental condition. 

Neurocognitive Ability 

 To examine potential gender differences in neurocognitive performance, all 

teens were administered the Vocabulary, Digit Span, and Block Design subtests from 

the Wechsler Intelligence Scale for Children-Third Edition (Wechsler, 1993) and the 

Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999) for teens under age 17, 

and from the Wechsler Adult Intelligence Scale-Third Edition (Wechsler, 1997) for 

17-year-olds.  

Pubertal Maturation  

Given the variability in the onset and timing of pubertal development, 

chronological age can be an inaccurate indicator of biological maturation. For this 

reason, all teens completed the Pubertal Development Scale (PDS) – a 5-item self-

report measure of pubertal status with demonstrated reliability and validity (Petersen, 

Crockett, Richards, & Boxer, 1988). The PDS correlates significantly (r = .61 to .80) 

with physician ratings and Sexual Maturation Scale self-ratings of pubertal 

maturation (Brooks-Gunn, Warren, Rosso, & Gargiulo, 1987). 



11 

 

Procedures 

To minimize head motion in the scanner, a soft cloth was placed on the 

participant’s forehead then taped to the head tray, and foam pads were inserted 

around the head. Task stimuli were projected onto a screen at the foot of the MRI bed, 

and participants viewed the images from a mirror attached to the head coil. An MRI-

safe button box collected responses during the task.  

Anatomical and functional imaging data were acquired on a 1.5 Tesla General 

Electric Signa LX system. Structural imaging consisted of a sagittally acquired 

inversion recovery prepared T1-weighted 3D spiral fast spin echo sequence 

(repetition time = 2000 ms, echo time = 16 ms, field of view = 240 mm, resolution = 

0.9375 × 0.9375 × 1.328 mm, 128 continuous slices, acquisition time = 8:36) (Wong, 

Luh, Buxton, & Frank, 2000). During task presentation, functional imaging was 

collected in the axial plane using T2*-weighted spiral gradient recall echo imaging 

(repetition time = 3000 ms, echo time = 40 ms, flip angle = 90°, field of view = 240 

mm, 20 slices covering the whole brain, slice thickness = 7 mm, in-plane resolution = 

1.875 × 1.875 mm, 156 repetitions, acquisition time = 7:48). 

Data Analyses 

SWM task accuracy and reaction time were examined in relationship to age 

using regression analyses. Gender differences in task performance were analyzed 

using within-subjects ANOVA with task condition (SWM vs. vigilance performance) 

as the within subjects factor and gender as the between subjects factor. Because age 

did not significantly relate to task performance, it was not used as a covariate in the 
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ANOVA. Significant interactions were followed up with t-tests to examine simple 

effects. Neuropsychological test performance was analyzed using regression analyses 

examining age, gender, and their interaction.  

Imaging data were processed and analyzed using Analysis of Functional 

NeuroImages (AFNI) (Cox, 1996). First, we applied a motion-correction algorithm to 

align each volume in the time series with a base volume, yielding three rotational and 

three displacement parameters across the time series for each participant. Two 

independent raters inspected time series data to remove any repetitions on which the 

algorithm did not adequately adjust for motion; all participants retained at least 80% 

of repetitions. Using a deconvolution process (Ward, 2002), the time series data were 

correlated with a vector representing the design of the task (see Figure 1) that 

modeled 1- and 2-TR delays in hemodynamic response (Bandettini, Jesmanowicz, 

Wong, & Hyde, 1993), and covaried for estimated degree of motion and linear trends. 

This process yielded fit coefficients representing the blood oxygen level dependent 

(BOLD) response contrast between SWM and vigilance, SWM and fixation, and 

vigilance and fixation in each voxel for every subject. Imaging datasets were 

transformed into standard Talairach coordinates for structure localization and 

comparisons among subjects (Lancaster et al., 2000; Talairach & Tournoux, 1988), 

and functional data were resampled  into 3.5mm3 isotropic voxels. We applied a 

spatial smoothing Gaussian filter (full-width half maximum = 3.5mm) to functional 

data to account for anatomic variability. 
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Group-level analyses conducted regressions in each voxel of the brain to 

predict the fit coefficient representing the contrast between SWM and vigilance from 

gender, age, and their interaction. To control for Type I error when determining 

clusters that showed significant effects, we used a combination of t-statistic 

magnitude and cluster volume thresholding (Forman et al., 1995; Ward, 1997) by 

only interpreting clusters exceeding 943 microliters, equal to 22 contiguous 

significant (α < .05) 3.5mm3 voxels, yielding a cluster-wise α < .05. In order to 

understand the nature of these group level clusters, we performed exploratory follow-

up analyses (uncorrected) examining contrasts between SWM and fixation and 

vigilance and fixation in each significant cluster. We utilized the Talairach Daemon 

(Lancaster et al., 2000; Ward, 1997) and AFNI (Cox, 1996) to confirm gyral labels 

for significant clusters. 

To examine the role of pubertal maturation on SWM BOLD response, mean 

fit coefficients for each participant were computed for each significant activation 

cluster, and hierarchical regression analyses determined whether PDS scores 

explained significant variance in brain response above and beyond that explained by 

chronological age. 

Planned follow-up analyses examined whether age, gender, and their 

interaction were related to spatial extent of neural response in brain regions showing 

significant age-related activation during SWM relative to vigilance. Because we were 

particularly interested in age-related changes in the spatial extent of activation during 

SWM (and not in regions showing less SWM response than vigilance response), we 
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only examined clusters in which there was greater activation to SWM relative to 

vigilance, and not regions which were deactivated by the task. Therefore, we created 

posterior parietal and left prefrontal regions of interest (ROI), and counted the 

number of voxels exhibiting significantly greater activation to SWM relative to 

vigilance for each participant. In order to best represent functionally important frontal 

and parietal regions within this sample of adolescents, our ROIs were determined by 

identifying significant clusters activated by the task, rather than anatomically defined 

based on specific gyri or Brodmann’s Areas (BA).  

Because regression analyses indicated a change in location of parietal 

activation across adolescence (see Results), an ROI based on the average activation 

map for the whole group would not accurately represent regions used for the task in 

both young and old teens (Passarotti et al., 2003). Therefore, we divided teens on age 

with median (14.93 years) split, and determined significant clusters activated by the 

task in young and old teens separately using single sample t-tests (cluster volume ≥ 

943 microliters, p<.05). This yielded separate posterior parietal clusters for young and 

old teens. We created a posterior parietal ROI for examining spatial extent of 

activation by including all voxels that occupied the posterior parietal clusters for 

young teens and old teens, and all voxels within clusters showing a significant 

positive or negative relationship to age. A similar procedure determined an 

appropriate left prefrontal ROI. Since young teens did not demonstrate significant 

clusters of left prefrontal activation, significant clusters activated by the task in older 

teens were added to the average left prefrontal cluster showing a significant 
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relationship with age. To assess volume of activation within posterior parietal and left 

prefrontal ROIs, we calculated the number voxels showing significantly greater 

(p<.025) activation during SWM relative to vigilance for each participant within each 

ROI. We then performed regression analyses to predict volume of activation from 

age, gender, and their interaction. 

Results 

Behavioral Performance 

SWM task performance data were available for 47 participants (button box 

failed during two examinations). Teens performed at 95.61 ± 2.54% accuracy on the 

vigilance condition and 88.87 ± 8.35% accuracy on SWM (F(1, 45) = 30.44, p<.001). 

There was no significant gender difference nor a gender × task condition interaction 

for task accuracy. Participants responded slower to vigilance (636.63 ± 73.12 ms) 

than to SWM (605.00 ± 70.01 ms; F(1, 45) = 10.54, p<.005). Males’ overall reaction 

time (601.11 ± 59.72 ms) was faster than females’ (641.38 ± 59.71 ms; F(1, 45) = 

5.34, p<.025). A gender × condition interaction was found for reaction time (p<.05); 

while both males and females performed faster on SWM than vigilance, the 

difference was greater for females (607.14 ± 67.21 ms on vigilance and 595.08 ± 

70.02 ms on SWM for males; 667.41 ± 67.21 ms on vigilance and 615.36 ± 70.02 ms 

on SWM for females), and males responded faster than females during vigilance 

(t(45) = 3.07, p <.005). Age was negatively associated with vigilance reaction time (r 

= -.292, p < .05). There were no significant gender differences on the Wechsler 

Vocabulary, Digit Span, or Block Design subtest scores (see Table 1). 
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Movement  

 To determine whether movement during fMRI scanning might affect results, 

we examined relationships between age and bulk motion in two ways. Both total 

number of removed repetitions and average movement in each direction throughout 

the task (i.e., roll, pitch, yaw, superior, left, posterior) were examined in relation to 

age and gender using correlational analyses. The number of repetitions removed for 

excessive motion during the task declined with age (r = -.44, p < .01). However, in 

brain regions demonstrating a relationship between SWM response and age, number 

of removed repetitions did not significantly relate to brain response (all p’s > .025), 

and the relationship between age and brain response in each cluster remained 

significant after controlling for number of removed repetitions. Mean rotational and 

translational motion were not significantly related to age. The average rotational 

movement throughout the task was 0.07, 0.22, and 0.09 degrees for roll, pitch, and 

yaw, respectively; the average translational movement was 0.16, 0.06, and 0.09 mm 

for superior, left, and posterior, respectively. There were no significant gender 

differences for number of repetitions removed for movement or on any directional 

movement parameter, with the exception of males demonstrating significantly greater 

rotational motion than females in the pitch direction (t (1,47) = -2.08, p < .05). 

fMRI Response 

Main Effect for Age  

Age positively predicted SWM brain response in bilateral medial portions of 

superior frontal gyrus (BA 10); left superior and middle frontal gyri (BA 9, 10); 
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inferior aspects of the left precuneus and angular gyrus (BA 31); and a cluster 

encompassing the right inferior parietal lobule, postcentral gyrus, and insula (BA 40, 

2, 13; p’s<.05; see Table 2 and Figure 2). A negative relationship between age and 

SWM response was observed in the left superior frontal gyrus (BA 11); left 

precuneus and superior parietal lobule (BA 7); superior portions of the right inferior 

parietal lobule (BA 40); and the right lingual gyrus (BA 18). Exploratory follow-up 

analyses revealed that in the medial superior frontal cluster, teens evidenced less 

response during SWM than during vigilance, with younger youths showing greater 

vigilance response than older teens. Further, in the right lingual gyrus, youths 

demonstrated less response during SWM than during rest (SWM deactivation), with 

older teens showing a greater decrease in SWM response relative to fixation (i.e., 

more deactivation) than younger teens (uncorrected p’s<.05). In the left superior 

frontal gyrus (BA 11), most participants showed no significant response to SWM 

relative to vigilance. 

Main Effect for Gender  

Males showed more SWM brain response than females in the right frontopolar 

superior frontal gyrus (BA 10, 11) and right anterior cingulate (BA 24, 32; p’s < .05; 

see Table 2 and Figure 3). Follow-up analyses revealed that females showed reduced 

response to SWM relative to vigilance in the anterior cingulate. 

Age × Gender Interaction  

A significant age × gender interaction was observed in the right frontopolar 

superior frontal gyrus (BA 10, 11), in the same location as the gender difference 
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described above (see Table 2). In this cluster, males showed a negative relationship 

between age and SWM response, but females showed a positive relationship. 

fMRI and Task Performance 

To understand whether age and gender related differences in BOLD response 

could be accounted for by task performance (SWM or vigilance accuracy or reaction 

time), we examined mediational models using a series of regressions (Baron & 

Kenny, 1986; Judd & Kenny, 1981). As vigilance reaction time was the only task 

performance index related to age or gender, regression analyses examined whether it 

mediated the relationship between age or gender and BOLD response in any of the 

clusters listed in Table 2. Vigilance reaction time was not significantly related to 

brain response in any region that was related to age or gender, and therefore did not 

mediate the relationship between age or gender and BOLD response. 

Pubertal Development  

Age and PDS scores were highly correlated (r = .77, p < .001). However, even 

after entering age into the model, PDS score significantly negatively related to BOLD 

response in the superior right parietal cluster (BA 40, 7) (F (2,46) = 11.57, p < .001; ß 

= -.40, p < .05; R2
� = .07). PDS scores did not explain variance above and beyond the 

age relationship in any other activation cluster listed in Table 2.  

Spatial Extent of Frontal and Parietal Brain Response  

The posterior parietal ROI encompassing areas demonstrating significant 

activation to SWM relative to vigilance in young and old youths was 96,876 

microliters, and spanned bilateral portions of the precuneus and superior and inferior 
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parietal lobules. Within that cluster, ROI analyses demonstrated that activation for 

young adolescents was mostly in superior regions of parietal cortex, while response 

for old teens was mostly in inferior parietal areas (see Figure 4). Although age and the 

age × gender interaction did not predict volume of parietal activation within the 

combined parietal ROI, males demonstrated larger volumes of activations than 

females (12,348 ± 7,643 microliters for females, 16,828 ± 7,217 microliters for males, 

F(1, 43)=5.62, p<.025).  Further, males showed a significant negative relationship 

between age and volume of activation (r = -.41, p < .05), while females showed no 

relationship between age and volume of response. Within the left prefrontal ROI 

(94,607 microliters in size), age significantly predicted the volume of activation, with 

larger volumes of activation demonstrated by older teens (F(1,43)=4.95, p=.03). 

There was no significant effect of gender or the age × gender interaction on the 

volume of left prefrontal activation.  

Discussion 

 This cross-sectional study examined the effects of age and gender on brain 

response during a SWM task among 12- to 17-year-olds. In general, we observed 

comparable task performance across the age range and between genders, and all teens 

showed typical response patterns for SWM, with activation in bilateral prefrontal and 

posterior parietal cortices. This pattern parallels adult activation during spatial 

working memory tasks (for review, see Wager & Smith, 2003) and supports 

occipitoparietal, or “dorsal stream,” processing of spatial locations (e.g., Ungerleider 

& Haxby, 1994), suggesting that, in general, teens use similar working memory and 
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spatial processing strategies as adults. However, specific localization and intensity of 

response varied across the adolescent age range, and males and females showed 

slightly different activations. These differential patterns emerged despite similar task 

performance across the age range and between genders, suggesting that 

developmental changes in SWM brain response are driven by factors other than task 

performance. 

Behavioral Performance 

In contrast to the literature suggesting that SWM abilities on n-back tasks 

improve across the adolescent age range (Kwon et al., 2002), we did not observe age-

related improvements in performance on our SWM task. While this was likely due to 

the low difficulty level of the task used (only 8 spatial locations and 2-back working 

memory load) which approached ceiling effects, it is a benefit to the neuroimaging 

component of this study as it prevented confounding performance effects on the 

neural activation patterns observed across this age range.  

Although task performance was not related to age, teens performed more 

accurately on vigilance than SWM, yet reaction times were faster on SWM. Our 

previous studies using this task demonstrated similar findings, with slightly faster 

performance on SWM than vigilance (Tapert et al., 2001; Tapert et al., 2004). While 

the reason for this difference is unclear, it could be that the small visual 

discrimination necessary for dot detection during vigilance blocks is more time 

consuming than the broader location detection required during SWM blocks. Future 

studies should attempt to eliminate this difference in reaction times between 
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experimental and control conditions, perhaps by designing a task with easier visual 

discrimination (e.g., Kwon et al., 2002). 

fMRI Response and Age 

As hypothesized, age positively predicted SWM activation within the 

prefrontal cortex. Specifically, age was positively associated with both the intensity 

and extent of brain response in the left middle and superior frontal gyri (BA 9, 10). 

This cluster spanned frontopolar cortex but also encompassed parts of dorsolateral 

prefrontal cortex. Frontopolar prefrontal cortex activation has been associated with 

subgoal processing (Braver & Bongiolatti, 2002) and evaluation of internally 

generated information (Christoff & Gabrieli, 2000; Christoff, Ream, Geddes, & 

Gabrieli, 2003). Thus, older teens may invoke more self-generated strategies, 

including rule induction or more efficient retrieval processes. This cluster also 

included portions of dorsolateral prefrontal cortex, which has been consistently 

implicated in working memory tasks. Adult studies have suggested that prefrontal 

activation is often left-lateralized during verbal working memory tasks (Wager & 

Smith, 2003); thus the greater left prefrontal response among older teens may suggest 

that older teens employ more verbal rehearsal strategies during the task than younger 

adolescents. While the task was designed to minimize verbal encoding, older teens 

may have imagined the eight possible stimulus locations as positions on a clock face, 

facilitating verbal labeling and resulting in greater left prefrontal activity.  

 Also consistent with our hypotheses, we observed a positive relationship 

between age and SWM response in posterior parietal regions. However, while we 
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detected a positive relationship between age and SWM activation in bilateral inferior 

parietal regions, including inferior aspects of the right precuneus and left inferior 

parietal lobule, our data also revealed a negative relationship between age and brain 

response in bilateral superior parietal cortex, comprising superior portions of the right 

inferior parietal lobule, left precuneus and left superior parietal lobule. Exploratory 

ROI analyses confirmed these findings, demonstrating that while both young and old 

teens evidenced overlapping posterior parietal activation, younger youths showed 

activation mostly in superior regions, but older teens showed activation mostly in 

inferior regions. Together, these results indicate a shift from superior to inferior 

parietal areas utilized during SWM across adolescence. Previous fMRI studies of 

SWM have suggested that parietal activation intensity increases across adolescence 

(Klingberg et al., 2002; Kwon et al., 2002), yet small sample sizes and different task 

designs may have prevented the observation of additional negative relationships 

identified in the current study. While functional parcellation of parietal involvement 

in subcomponents of spatial working memory is largely unknown, some researchers 

of adult populations have suggested that superior parietal regions may be important 

for spatial rehearsal during working memory (Wager, Jonides, & Reading, 2004), 

while inferior parietal regions may be implicated in short-term storage during 

working memory (Smith & Jonides, 1998). Therefore, the superior to inferior shift in 

parietal activation across adolescence could represent a change in spatial working 

memory strategies. Younger adolescents may rely more on spatial rehearsal, which 

could become more automated throughout adolescence, requiring less superior 
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parietal activation.  Along those lines, older adolescents may be better able to engage 

inferior parietal regions involved with spatial storage, and rely less on spatial 

rehearsal. Moreover, if older adolescents are employing greater verbal rehearsal 

strategies as discussed above, then spatial rehearsal may be less efficient, and 

therefore utilized to a lesser degree. 

In addition, stage of pubertal development was negatively associated with 

response in the superior right inferior parietal lobule cluster, above and beyond the 

effects of chronological age. Previous literature has demonstrated the impact of sex 

hormones on the development of cerebral lateralization (e.g., Diamond, 1991), and 

pubertal timing has been related to functional asymmetry (Nikolova, Stoyanov, & 

Negrev, 1994). Similarly, in this study, right parietal maturation appears linked to 

pubertal stage while left parietal development is not, suggesting asymmetrical cortical 

development that may be hormonally influenced. This finding points to the 

importance of individual variation in biological maturation that may not be accounted 

for by chronological age, and suggests that indices of pubertal development may 

further characterize neural maturation and help explain changes in SWM brain 

response patterns and cognitive strategies across adolescence. 

 As well as showing changing fMRI response patterns to SWM tasks across 

adolescence (Klingberg et al., 2002; Kwon et al., 2002), previous adolescent research 

has also demonstrated age-related increases in the spatial extent of frontal and parietal 

SWM activation (Kwon et al., 2002). We found a greater number of significantly 

activated voxels in left prefrontal cortex with increasing adolescent age, suggesting 
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that in some regions, both the magnitude of response and the volume of significant 

activation increase across adolescence. However, the results of our spatial extent 

analysis in posterior parietal cortex showed no significant relationship between age 

and volume of significant SWM response. Taken together with our results 

demonstrating age-related regional changes in the intensity of activation, these 

findings suggest that in late developing frontal brain regions, intense and more 

widespread activation emerges, while in slightly earlier developing posterior parietal 

networks, there is a focal shift in localization of activity. When examined in light of 

the adult working memory literature, adolescent age-related changes in frontal and 

parietal networks involved in SWM support the evolution of more efficient cognitive 

strategies. 

In the lingual gyrus, we observed deactivation (reduced activation during 

SWM compared to rest) that increased with age. Occipital deactivations are thought 

to relate to perceptual priming as information is reprocessed (e.g., Cabeza & Nyberg, 

2000). Increasing occipital deactivation across adolescence could represent enhanced 

priming, and therefore greater recognition and reprocessing of repeated spatial 

locations among older youths. 

Teens in this study also demonstrated less response during SWM than during 

the vigilance condition in medial superior frontal cortex, yet this discrepancy 

dissipated across adolescence, such that this area was no longer “under active” in 

older teens. Medial frontal cortex is highly active at rest, during which it is involved 

in attentional monitoring of various internal and external stimuli (McKiernan, 
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Kaufman, Kucera-Thompson, & Binder, 2003). Medial frontal cortex under-

activation during a cognitive task may represent reallocation of limited attentional 

resources to areas directly involved in task performance (Lawrence, Ross, Hoffmann, 

Garavan, & Stein, 2003; McKiernan et al., 2003). Thus, SWM task demands may be 

more difficult for younger youths, who require greater attentional allocation to 

maintain performance, and therefore greater under-activation of medial frontal cortex.  

fMRI Response and Gender 

 This is the first known fMRI study to attempt to examine the role of gender in 

relation to the neural substrates involved in SWM across adolescent development. 

While our findings do not entirely support the hypothesis that females would 

evidence more mature SWM response patterns than males, several interesting gender-

specific findings suggest that males and females utilize slightly different brain regions 

to perform well on a SWM task. Specifically, females demonstrated more right 

anterior cingulate response during the vigilance condition than did males. The 

anterior cingulate has been implicated for its role in attentional control and conflict 

monitoring (Luks, Simpson, Feiwell, & Miller, 2002; MacDonald, Cohen, Stenger, & 

Carter, 2000) and has been shown to be involved during adult SWM performance 

(Wager & Smith, 2003). Diminished anterior cingulate activity during a cognitive 

task may be related to reorganization of attentional resources as task demands arise 

(Lawrence et al., 2003; McKiernan et al., 2003). Such cingulate deactivation was 

observed only in females in this study, suggesting that adolescent females may 

require greater reallocation of attentional resources than males during SWM. Males 
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consistently perform better than females on visuospatial tasks (for review, see Voyer 

et al., 1995). Further, recent fMRI studies have demonstrated gender-specific 

activation patterns during mental rotation, theorizing that females use more detail-

oriented analytic strategies, while males use more “gestalt” perceptual strategies 

(Jordan, Wustenberg, Heinze, Peters, & Jancke, 2002; Thomsen et al., 2000; Weiss et 

al., 2003). Thus, anterior cingulate deactivation among females in this study could 

represent greater attentional demand to maintain performance. In addition to gender 

differences in cingulate activation, males in this study evidenced greater activation in 

right frontopolar cortex. Further, an interaction between age and gender was observed 

in the frontopolar cluster, with activation in this region decreasing with age in males 

and increasing with age in females. The right frontopolar cortex has been associated 

with SWM in adults (Manoach et al., 2004), and has also received attention for its 

more general role in subgoal processing and integration during working memory 

tasks, as well as more efficient retrieval during episodic memory (Braver & 

Bongiolatti, 2002; Christoff et al., 2003). Such activation among males may indicate a 

more economical strategy to achieve task demands. This could preclude the need for 

increased attentional control, and therefore anterior cingulate deactivation, as 

demonstrated in females. Further, the age-related decrease in frontopolar activity 

among males may reflect more efficient processing as development progresses, while 

the age-related increase among females could indicate increased ability to reallocate 

attention from extraneous regions to task-relevant areas, including the frontopolar 

cortex. Although it remains unclear when in the course of development the male 
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advantage on spatial tests emerges, meta-analysis has indicated that this gender 

difference appears some time in early adolescence and increases with age (Voyer et 

al., 1995). Similarly, the observed gender differences in brain response in this study 

could represent the emergence of sexually dimorphic activation patterns and cognitive 

strategies as neural maturation progresses. 

fMRI Response and Task Performance 

 It is critical to interpret fMRI results in the context of task performance. We 

therefore examined whether performance indices mediated the relationship between 

age or gender and SWM BOLD response. Although vigilance reaction time was 

negatively associated with age, it did not predict brain response in any region where 

age and BOLD response were related. This suggests that age-related differences in 

brain response represent changes in neural utilization and strategy, rather than 

behavioral alterations. Likewise, boys had faster vigilance reaction times than girls, 

yet vigilance reaction time was not related to brain response in either region 

demonstrating a gender difference in SWM BOLD response. This provides evidence 

that gender differences in brain response are related to gender differences in 

neurocognitive features other than those manifested behaviorally. 

Limitations and Future Directions 

 This study is the first of its kind to utilize a well-stratified adolescent age 

sample with enough power to detect gender differences; however, it remains limited 

by its cross-sectional design. Longitudinal investigations are the only accurate way to 

depict evolving neural networks involved in SWM during adolescent development. 
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The study was also limited by a sample size that may not have been sufficient to 

detect more subtle variations between the genders. In addition, participants in the 

current study came from relatively high income families, which may not accurately 

represent the general population. Motion during scanning is a concern for all 

functional neuroimaging studies, and constraints of existing motion management 

programs are a limitation. Further, while this SWM task was used because it has been 

previously reported on by our group in adolescents (Caldwell et al., 2005; 

Schweinsburg, Schweinsburg et al., 2005; Tapert et al., 2004) and young adults 

(Tapert et al., 2001), the high accuracy on both conditions in this study suggests a 

potential ceiling effect among healthy adolescents. A more difficult task, with greater 

working memory load and/or more spatial locations could elicit age-related 

performance differences and elucidate different patterns of functional development. 

Moreover, the fact that teens performed somewhat faster during the spatial working 

memory condition than during the vigilance baseline condition warrants 

consideration. Although this discrepancy has been observed in our previous studies 

with this task (Tapert et al., 2001; Tapert et al., 2004), it is not clear whether reaction 

time differences may have contributed to fMRI findings. Therefore, future tasks 

should be designed in attempt to equate reaction times on experimental and control 

conditions. Finally, future investigations might attempt to more objectively 

characterize pubertal development using biological assays as opposed to retrospective 

self-report measures that can be influenced both by participant recollection of 

pubertal events and willingness to disclose information.  
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Conclusions 

 In sum, the present findings suggest significant age-related changes that occur 

across adolescence in the neural networks involved in SWM, and highlight the 

importance of using developmentally appropriate models for understanding SWM in 

youths. Specifically, the emergence of left prefrontal activation and superior to 

inferior shift in parietal response across development suggest that older teens rely less 

on rote spatial rehearsal and employ more verbally-mediated procedures. In addition, 

this is the first known study to demonstrate gender differences in neural response to 

SWM across adolescent development, indicating gender-related strategic 

differentiation in adolescence. Greater frontopolar response in males may suggest 

more efficient subgoal processing and episodic encoding, while diminished anterior 

cingulate activation among females could indicate attentional reallocation to maintain 

performance. In addition to employing longitudinal methods of investigation, future 

developmental fMRI studies should be aimed at further parceling the component 

processes of working memory, as well as describing gender-specific developmental 

trajectories in neural strategy. Better characterization of the neuroanatomical 

substrates of working memory development may improve understanding of 

adolescent populations impacted by working memory dysfunction. 
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Chapter 2, Table 1. Participant Characteristics  
Mean (SD) or % 

Males (n = 24) Females (n = 25) 
Years of age (range: 12 to 17) 15.06 (1.72) 14.49 (1.73) 
Caucasian 75% 80% 
Annual household income 

(thousands) 
87.13 (37.31) 91.67 (51.72) 

Grade point average 3.46 (0.51) 3.66 (0.44) 
Number of grades completed 8.39 (1.64) 7.80 (1.53) 
Vocabulary (T-score) a 57.71 (7.33) 57.80 (9.12) 
Digit Span (T-score) a 49.80 (8.28) 51.08 (9.69) 
Block Design (T-score) a 56.92 (8.65) 55.25 (9.19) 

a Subtest from the Wechsler Intelligence Scale for Children-Third Edition (Wechsler, 
1993) and the Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999b) for 
those under age 17, or from the Wechsler Adult Intelligence Scale-Third Edition 
(Wechsler, 1997) for 17-year-olds. 
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Chapter 2, Table 2. Regions Showing Significant SWM Brain Response Changes in 
Adolescence 

Talairach 
Coordinates 

Effect 
Size 

Cohen’s 
d 

 
Anatomic Region 

Brodmann’s 
Area 

Volume 
(µl) 

x y z  

Main Effect for Age       
Positive Relationship       

Bilateral medial 
superior frontal 
gyrus 

10 2401 2R 52A 7S 1.40 

Left superior & 
middle frontal 
gyri 

9, 10 1972 30L 62A 3S 1.45 

Left inferior 
precuneus 31 1415 26L 61P 35S 0.83 

Right inferior 
parietal lobule, 
postcentral 
gyrus, insula 

40, 2, 13 1501 44R 29P 35S 0.85 

Negative Relationship       
Left superior 

frontal gyrus 11 1158 12L 62A 8I -0.77 

Left precuneus & 
superior 
parietal lobule 

7 1200 5L 57P 63S -1.33 

Right inferior 
parietal lobule 40 943 44R 43P 52S -1.17 

Right lingual gyrus 18 2358 5R 78P 3S -1.10 
Main Effect for Gender       

Males > Females       
Right anterior 
cingulate 24, 32 1072 2R 31A 4I 15.50 

Right superior 
frontal gyrus 10, 11 986 9R 66A 11I -11.01 

Age × Gender Interaction       
Right superior 

frontal gyrus 10, 11 1029 9R 66A 11I 0.69 

Talairach coordinates and Cohen’s d refer to maximum signal intensity group 
difference within the cluster; R, right; L, left; A, anterior; P, posterior; S superior; I, 
inferior. 
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Chapter 2, Figure 1. Spatial working memory task design. 
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Chapter 2, Figure 2. Brain regions showing significant relationships between age and 
fMRI response to spatial working memory relative to vigilance across adolescence. 
Black clusters indicate areas showing a positive relationship between age and fMRI 
response, and white regions represent clusters showing a negative relationship 
between age and fMRI response (p < .05, cluster volume > 943 microliters). Numbers 
below images refer to axial slice positions.  
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Chapter 2, Figure 3. Brain regions showing significant relationships between gender 
and fMRI response to spatial working memory relative to vigilance in adolescents. 
Black cluster indicates area where girls showed greater vigilance fMRI response than 
boys; white region represents cluster where boys showed more SWM fMRI response 
than girls (p < .05, cluster volume > 943 microliters). Numbers below images refer to 
axial slice positions. 
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Chapter 2, Figure 4. Brain regions showing significant fMRI response to spatial 
working memory relative to vigilance among older adolescents (>14.93 years) and 
younger adolescents (<14.93 years). Black clusters indicate areas where teens showed 
greater fMRI response to spatial working memory than vigilance, and white regions 
represent clusters where teens showed less fMRI response to spatial working memory 
than vigilance (p < .05, cluster volume > 943 microliters). Numbers below images 
refer to axial slice positions. Note that while both groups of adolescents demonstrate 
posterior parietal activation, localization of response is more superior among younger 
youths. 
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CHAPTER 3 

Abstinent Adolescent Marijuana Users Show Altered fMRI Response During Spatial 

Working Memory 

Study 1 described normal adolescent brain functioning during SWM, 

providing a basis for understanding the potential differences in brain response 

patterns associated with marijuana use. Study 2 examined fMRI during SWM among 

older adolescents, ages 16 – 18. The reason for selecting this age range was two-fold. 

First, individuals in this age group are at greatest risk for marijuana abuse or 

dependence (Stinson, Ruan, Pickering, & Grant, 2006; Wagner & Anthony, 2002), 

pointing to the clinical relevance of studying older adolescents. Second, the results of 

Study 1 suggest that older teens utilize different neural strategies than younger youths 

during SWM; the effects of age are minimized by studying only older adolescents in 

Study 2. In addition, some of the fMRI data processing parameters were altered for 

Study 2, as advancements and refinements were made in our imaging data processing 

scheme.  

Abstract 

Marijuana is consistently the most widely used illicit substance among 

teenagers, yet little is known about the possible neural influence of heavy marijuana 

use during adolescence. We previously demonstrated altered functional magnetic 

resonance imaging (fMRI) response to spatial working memory (SWM) in heavy 

marijuana using (MJ) adolescents after an average of 8 days of abstinence, but the 

persisting neural effects remain unclear.  
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To characterize the potentially persisting neurocognitive effects of heavy 

marijuana use in adolescence, we examined fMRI response during SWM among 

abstinent MJ teens. Participants were 15 MJ teens and 17 demographically similar 

non-using controls, ages 16 – 18. Teens underwent biweekly urine toxicology screens 

to ensure abstinence for 28 days before fMRI acquisition. 

 Groups performed similarly on the SWM task, but MJ teens demonstrated less 

SWM brain response in right dorsolateral prefrontal and occipital cortices, yet more 

activation in right posterior parietal cortex (P < 0.05). 

MJ teens showed abnormalities in brain response during a SWM task 

compared to controls, even after one month of abstinence. The activation pattern 

among MJ teens may reflect different utilization of spatial rehearsal and attention 

strategies, and could indicate altered neurodevelopment or persisting abnormalities 

associated with heavy marijuana use in adolescence. 

Introduction 

Marijuana is the most commonly used illicit drug among teenagers: almost 

half of 12th graders have used cannabinoids, 20% report past-month use, and 5% 

disclose daily use (Johnston et al., 2006). During this period of increasing marijuana 

use, continued neuromaturation includes synaptic refinement, myelination, and 

improved cognitive and functional efficiency (Casey et al., 2000; Giedd et al., 1999; 

Gogtay et al., 2004; Huttenlocher & Dabholkar, 1997; Paus et al., 2001). The 

potential long-term consequences of marijuana use on the developing adolescent 
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brain have not been well delineated, but could have major implications for academic, 

occupational and social achievement. 

 Neuropsychological studies in adults have indicated that within a few days of 

abstinence, heavy users demonstrate impairments in learning and memory, attention, 

visuospatial skills, processing speed, and executive functioning (Bolla, Brown, 

Eldreth, Tate, & Cadet, 2002; Croft, Mackay, Mills, & Gruzelier, 2001; Lyons et al., 

2004; Pope, Jacobs, Mialet, Yurgelun-Todd, & Gruber, 1997; Pope & Yurgelun-

Todd, 1996; Solowij et al., 2002; Varma, Malhotra, Dang, Das, & Nehra, 1988). 

Event-related potential studies suggest slowed information processing and difficulty 

focusing attention (Solowij, Michie, & Fox, 1991, 1995). Heavy marijuana users have 

demonstrated reduced cerebellar and frontal blood flow both at rest and during verbal 

learning and memory, while also showing poorer verbal learning abilities (Block et 

al., 2002; Block et al., 2000; Loeber & Yurgelun-Todd, 1999; Lundqvist, Jonsson, & 

Warkentin, 2001). Functional magnetic resonance imaging (fMRI) evidence suggests 

that marijuana users show increased and widespread spatial working memory (SWM) 

activation after 6 – 36 hours of abstinence, both in anterior cingulate and prefrontal 

regions normally associated with SWM, as well in additionally recruited brain areas 

not activated among controls (Kanayama, Rogowska, Pope, Gruber, & Yurgelun-

Todd, 2004). During verbal working memory, marijuana users had similar fMRI 

response patterns as controls, yet failed to show practice-related decreases in parietal 

activation (Jager, Kahn, Van Den Brink, Van Ree, & Ramsey, 2006). However, it is 
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unclear whether these neurocognitive abnormalities only represent effects of recent 

use.  

Pope and colleagues demonstrated deficits on verbal learning up to 7 days 

after use among current heavy marijuana users compared to former users and 

nonusing controls. However, after 28 days of abstinence, current users performed 

similarly as former users and controls on all tests, suggesting that neurocognitive 

decrements may resolve within a month of abstinence (Pope, Gruber, Hudson, 

Huestis, & Yurgelun-Todd, 2001). Importantly, fMRI evidence indicates that both 

abstinent users and active users show brain response abnormalities relative to controls 

during visual attention (Chang, Yakupov, Cloak, & Ernst, 2006), suggesting lasting 

changes in patterns of neural activity. Together, these studies indicate that 

neuropsychological decrements observed after one week of use may not persist, and 

highlight the importance of examining neural responding after several weeks of 

abstinence. 

Few studies have examined neurocognitive functioning among adolescent 

marijuana users. Among polysubstance using youths, marijuana use has been linked 

to learning and memory (Millsaps, Azrin, & Mittenberg, 1994) and attention (Tapert, 

Granholm, Leedy, & Brown, 2002). In a longitudinal study, Fried and colleagues 

(Fried, Watkinson, & Gray, 2005) assessed cognitive functioning in 9- to 12-year-

olds before the initiation of marijuana use, and again when youths were ages 17 – 21. 

After controlling for baseline performance and demographics, current heavy 

marijuana users showed poorer immediate and delayed memory, processing speed, 
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and overall IQ. Further, a longitudinal study of ten cannabis-dependent adolescents 

demonstrated incomplete recovery of learning and memory impairments after six 

weeks of monitored abstinence (Schwartz, Gruenewald, Klitzner, & Fedio, 1989), 

indicating that adolescents may be more susceptible to long-term changes than adults 

(Pope et al., 2001). Together, these studies point to dysfunctional working memory 

and attention abilities among heavy marijuana using youths that may persist after 

several weeks of abstinence.  

We previously investigated fMRI response to a SWM task among adolescents 

with comorbid marijuana and alcohol use disorders compared to teens with alcohol 

use disorder alone and non-abusing teens. After an average of eight days of 

abstinence, adolescents with comorbid marijuana and alcohol use disorders showed 

brain response abnormalities not evidenced by those with alcohol use disorders alone, 

including increased dorsolateral prefrontal activation and reduced inferior frontal 

response, suggesting compensatory working memory and attention activity associated 

with heavy marijuana use during youth (Schweinsburg, Schweinsburg et al., 2005). 

Yet it is unclear whether these abnormalities are solely a function of recent use or 

would present after more abstinence, suggesting persistent effects. A preliminary 

fMRI study explored verbal working memory among 7 adolescent marijuana, 7 

demographically similar tobacco smokers and 7 non-users after a month of abstinence 

(Jacobsen, Mencl, Westerveld, & Pugh, 2004). Compared to other groups, marijuana 

users demonstrated increased right hippocampal activity and poorer attention and 

verbal working memory performance. Recently, these researchers evaluated verbal 
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working memory among abstinent adolescent marijuana users and non-users during 

nicotine withdrawal (Jacobsen, Pugh, Constable, Westerveld, & Mencl, 2006). After 

at least two weeks of abstinence, marijuana users showed increased parietal activation 

during nicotine withdrawal and poorer verbal delayed recall, while non-marijuana 

users did not (Jacobsen et al., 2006). Together, these studies suggest persisting brain 

response abnormalities during working memory among adolescent marijuana users. 

 To investigate the potentially enduring neurocognitive effects of chronic 

marijuana use during adolescence, we examined fMRI response during a SWM task 

among marijuana using teens and non-abusing controls after 28 days of monitored 

abstinence. Blood oxygen level-dependent (BOLD) fMRI was collected during a 

SWM task that typically activates bilateral prefrontal and posterior parietal networks 

in adolescents (Schweinsburg, Nagel, & Tapert, 2005), and has been associated with 

neural dysfunction among youths with alcohol use disorders (Tapert et al., 2004) as 

well as comorbid alcohol and marijuana use disorders (Schweinsburg, Schweinsburg 

et al., 2005). We predicted that after 28 days of monitored abstinence, marijuana 

using teens would demonstrate intact performance on the SWM task yet increased 

brain response in frontal and parietal regions, based on prior findings in recently 

using and abstinent adolescent marijuana users.  

Method 

Participants 

Flyers were distributed at high schools in San Diego County to recruit 

adolescent participants ages 16 – 18. Interested teens and a parent provided informed 
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assent and consent (for 18-year-olds, the youth provided consent and parent 

consented to a collateral informant interview), approved by the University of 

California San Diego Human Research Protection Program. Each adolescent and a 

parent were separately administered detailed screening interviews (Schweinsburg, 

Schweinsburg et al., 2005; Tapert et al., 2003). The computerized NIMH Diagnostic 

Interview Schedule for Children Predictive Scales (DISC-PS-4.32b) (Lucas et al., 

2001; Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000) excluded adolescents 

with a psychiatric disorder (including conduct disorder, attention deficit-hyperactivity 

disorder, and other drug use disorders) based on youth or parent report. Teens in the 

marijuana group who met DSM-IV criteria for alcohol use disorder (two cases of 

abuse and two cases of dependence) were not excluded due to high comorbidity with 

marijuana use disorder (Agosti, Nunes, & Levin, 2002). Additional exclusionary 

criteria included prenatal substance exposure, psychotropic medication use, 

neurological dysfunction, head injury, family history of bipolar I or psychotic 

disorder as ascertained by the Family History Assessment Module screener (Rice et 

al., 1995), left-handedness, learning disorder, MRI contraindications, or substance use 

in the 28 days before scanning.  

Eligible teens were 15 heavy marijuana users (MJ) and 17 demographically 

similar non-using controls (see Table 1 for participant characteristics). While most 

MJ teens were current users, five reported no use in the month before the monitored 

abstinence period. Groups were similar in gender and ethnic composition. 

Importantly, both MJ and control teens demonstrated similar levels of estimated 
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premorbid IQ, as assessed by the Wechsler Abbreviated Scale of Intelligence 

Vocabulary subtest (Wechsler, 1999a) and socioeconomic status (Hollingshead, 

1965). MJ teens showed higher levels of depressive symptoms on the Hamilton 

Depression Rating Scale (Hamilton, 1960)(P < 0.05) and Beck Depression Inventory 

(Beck, 1978)(P = 0.07), and higher levels of anxiety on the Hamilton Anxiety Rating 

Scale (Hamilton, 1959)(P < 0.05). MJ teens had more lifetime and recent experience 

with alcohol than controls (P < 0.05), yet five MJ teens reported no alcohol use in the 

month before the abstinence period. Among current alcohol users, most were 

weekend binge drinkers. Both groups had low rates of nicotine use, but, MJ teens had 

used cigarettes more recently than controls, and four MJ teens smoked cigarettes on 

the day of the scan. Although MJ teens divulged more use of other drugs than 

controls (P < 0.05), such use was limited to 25 lifetime experiences, most commonly 

oral opiates or hallucinogens. 

Measures 

Substance involvement 

Substance use was characterized with the Customary Drinking and Drug Use 

Record (CDDR) (Brown et al., 1998), which collected lifetime and past 3-month 

information on marijuana, alcohol, nicotine, and other drug use, withdrawal 

symptoms, and DSM-IV abuse and dependence criteria. Based on CDDR reports, 

typical blood alcohol concentration achieved during drinking episodes was calculated 

using the Widmark method, based on amount and duration of drinking, height, 

weight, and gender (Fitzgerald, 1995). The Fagerstrom Test for Nicotine Dependence 
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(Heatherton, Kozlowski, Frecker, & Fagerstrom, 1991) assessed degree of nicotine 

dependence on a scale of 0 – 10. The Timeline Followback (Sobell & Sobell, 1992) 

assessed substance use for 28 days before starting monitored abstinence, and for the 

28 days of the abstinence period. Teens were asked to indicate for each day whether 

they used or drank, and if so, how many hits of marijuana, standard drinks of alcohol, 

or amount of other substances were used. 

State and behavioral measures 

The Hamilton Depression Rating Scale (Hamilton, 1960), Beck Depression 

Inventory (Beck, 1978), Hamilton Anxiety Rating Scale (Hamilton, 1959), and state 

scale of the Spielberger State Trait Anxiety Inventory (Spielberger, Gorsuch, & 

Lushene, 1970) assessed mood at the time of scanning. The NEO Five-Factor 

Inventory (NEO-FFI) (Costa & McCrae, 1992) ascertained characteristics according 

to the five factor model of personality: degree of neuroticism, extraversion, openness, 

agreeableness, and conscientiousness. Parents were given the Child Behavior 

Checklist (Achenbach & Rescorla, 2001) to assess level of psychopathological 

syndromes. 

 SWM task 

The SWM task (Kindermann et al., 2004; Tapert et al., 2001) consisted of 18 

21-second blocks that alternated between resting fixation, baseline vigilance, and 

working memory conditions. Each block began with a one-second word cue that 

indicated the type of upcoming block. In the SWM condition, the word “WHERE” 

cued subjects to remember the locations of abstract line drawings that were 
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individually presented in one of eight spatial locations on a screen. Subjects were 

instructed to press a button every time a figure appeared in the same location as a 

previous design within that block, regardless of the shape. Unbeknownst to subjects, 

repeat location stimuli were 2-back, and 3 of 10 trials in each block were targets. The 

baseline vigilance condition began with the word “DOTS”, followed by presentation 

of the same abstract stimuli shown in the same possible spatial locations as in the 

SWM condition; subjects were to press a button every time a figure appeared with a 

dot above it (approximately 30% of trials). Resting blocks displayed the word 

“LOOK” followed by presentation of a fixation cross in the center of the screen. For 

both the vigilance and working memory conditions, stimuli were presented for 1000 

ms with an interstimulus interval of 1000 ms (21 seconds/block; total task time=7 

minutes, 48 seconds). All teens were trained with a 4-minute version of the task and 

monitored to ensure comprehension of task instructions prior to scanning. Responses 

were collected with a fiber optic button box.   

Procedures 

Toxicology screening 

 The toxicology procedure was designed to minimize the possibility that 

participants used substances in the 28 days prior to fMRI assessment. Cannabinoid 

metabolites remain detectable in urine for at least four days (Fraser, Coffin, & Worth, 

2002) and 27 days on average in heavy users (Ellis, Mann, Judson, Schramm, & 

Tashchian, 1985). Urine samples were collected 2 – 3 times per week during the 28 

days prior to the fMRI session to detect metabolites indicating recent use of cannabis, 
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amphetamines, methamphetamines, benzodiazepines, cocaine, barbiturates, codeine, 

morphine, phencyclidine, and ethanol. Samples were analyzed in the VA Medical 

Center laboratory using cloned enzyme donor immunoassay (CEDIA) assay kits 

(Fremont, CA). Observed sample collection reduced the possibility of participant 

tampering. Quantitative indices from samples were tracked to determine if 

cannabinoid metabolite levels decreased over the 28 days. Youths with initial samples 

positive for cannabis remained eligible if the values continued to decrease. If levels 

increased, the participant was given one chance to restart the 28-day toxicology 

screening process. Three quarters of marijuana users successfully completed this 

toxicology screening indicating abstinence for 28 days before scanning, and only 

these 15 subjects were included in analyses. Participants who were unable to 

complete 28 days of abstinence were not scanned, and were more likely to be male 

and slightly heavier users than those who remained abstinent. 

Imaging protocol 

Anatomical and functional imaging data were acquired using a 1.5 Tesla 

General Electric Signa LX scanner. The high-resolution structural scan was sagittally 

collected using an inversion recovery prepared T1-weighted 3D spiral fast spin echo 

sequence (Wong et al., 2000) (TR=2000 ms, TE=16 ms, FOV=240 mm, 

resolution=0.9375 x 0.9375 x 1.328 mm, 128 continuous slices, acquisition 

time=8:36). The functional scan was axially acquired using T2*-weighted spiral 

gradient recall echo imaging (TR=3000 ms, TE=40 ms, flip angle=90°, FOV=240 
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mm, 19-21 slices covering the whole brain, slice thickness=7 mm, reconstructed in-

plane resolution=1.875 × 1.875 mm, 156 repetitions).  

Data analyses 

Imaging data from each teen were processed and analyzed using Analysis of 

Functional NeuroImages (AFNI) (Cox, 1996). Prior to statistical analyses, the time 

series data were corrected for motion by registering each acquisition to a selected 

repetition with an iterated least squares algorithm (Cox & Jesmanowicz, 1999), 

creating an output file specifying adjustments made for three rotational and three 

displacement parameters for each participant. Using deconvolution processing (Ward, 

2002), the time series data were correlated with a reference function coding the 

hypothesized BOLD signal across the task and modeling anticipated delays in 

hemodynamic response (Cohen, 1997). This multiple linear regression approach 

yielded a fit coefficient for each subject in each voxel, representing the relationship 

between the observed and hypothesized signal change while controlling for linear 

trends and degree of motion correction applied. Fit coefficients were obtained for 

contrasts between SWM and vigilance conditions, SWM and fixation, and vigilance 

and fixation. Anatomical and functional datasets were warped into standard space 

(Talairach & Tournoux, 1988), and functional data were resampled into 3.0 mm3 

voxels and smoothed with a 5.0 mm full-width half-maximum Gaussian filter.  

Group differences in BOLD response contrast to SWM relative to vigilance 

were evaluated using independent samples t-tests in each brain voxel. Single sample 

t-tests identified regions of task-related brain response in each group separately. To 
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control for Type I error, significant group difference clusters consisted of contiguous 

significant voxels (P < 0.05) that exceeded 1328 µl in volume, yielding an overall 

clusterwise α = 0.05. To understand the nature of group differences between SWM 

and vigilance brain response, we performed follow-up analyses (uncorrected) 

examining SWM relative to fixation, and vigilance relative to fixation, in each 

significant cluster. Exploratory follow-up regressions among MJ teens determined the 

influence of substance use and behavioral characteristics on BOLD response in brain 

regions demonstrating significant group differences.  

Results 

Task performance 

 Task accuracy was similar between groups, with MJ teens performing 

correctly on 96.43 ± 1.74% trials of vigilance and 93.43 ± 5.64% trials of SWM, and 

controls performing correctly on 95.73 ± 2.53% trials of vigilance and 93.20 ± 5.49% 

trials of SWM. A repeated measures ANOVA revealed a main effect for better 

accuracy on vigilance than on SWM [F(1,27) = 6.30, P = 0.018], but no main effect 

for group or group × task condition interaction. Groups had similar reaction times, 

with 625.36 ± 41.01 ms for vigilance and 537.55 ± 92.79 ms for SWM on average 

among MJ teens, and 638.09 ± 68.71 ms for vigilance and 554.98 ±88.65 ms for 

SWM among controls. A main effect of condition indicated that subjects responded 

faster on SWM than on vigilance [F(1,27) = 29.38, P < 0.001]; no main effect of 

group or group × task condition interaction was found for reaction time. 
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Motion 

Groups did not significantly differ on bulk motion for any of the six motion 

parameters (x, y, z, roll, pitch, yaw), but there was a trend in the anterior-to-posterior 

direction, although such movements were quite small, with MJ teens moving 0.15 ± 

0.10 mm and controls moving 0.10 ± 0.08 mm (P = 0.08). No motion parameter was 

related to brain response in any cluster exhibiting a group difference in fMRI 

response. 

fMRI response 

Overall, teens demonstrated greater activation to SWM than vigilance in 

bilateral superior parietal regions and dorsolateral and superior medial prefrontal 

cortices, and greater response to vigilance than SWM in medial anterior prefrontal 

and anterior cingulate regions, as well as inferior parietal, posterior cingulate, and 

occipital cortices (clusters > 1328µl, P < 0.05). MJ teens demonstrated significantly 

more SWM response than controls in the right superior parietal lobule (Brodmann’s 

Area 7), but less SWM response than controls in right dorsolateral prefrontal cortex 

(middle frontal gyrus, BA 9). In the medial right superior cuneus (BA 19), both 

groups showed diminished BOLD response during SWM relative to fixation blocks, 

yet MJ teens demonstrated a larger decrease in activation than controls. In the left 

lingual gyrus/inferior cuneus (BA 17/18), both groups showed greater response 

during vigilance than SWM, but MJ teens evidenced more vigilance response than 

controls (all clusters > 1328µl, P < 0.05, see Table 2 and Figure 1). 
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 Exploratory regression analyses within the MJ group examined the 

relationship between fMRI response and marijuana use characteristics in each brain 

region demonstrating a group difference on BOLD response. An earlier age of onset 

of regular marijuana use was associated with less SWM response in the superior 

occipital cluster (F(1,13) = 7.57, P < 0.025, R2 =0.37, β = 0.61) and inferior occipital 

cluster (F(1,13) = 8.55, P < 0.025, R2 = 0.40, β = 0.63), and more years of regular 

marijuana use was associated with less SWM response in the superior occipital 

cluster (F(1,13) = 12.95, P < 0.005;  R2 = 0.50, β = -0.71). Number of lifetime uses 

and recency of use were not associated with brain response in any region showing a 

group difference. 

 MJ teens in this study exhibited moderately heavy alcohol use, and our 

previous work has suggested alcohol-related neural dysfunction during this SWM 

task among heavy drinking youths (Tapert et al., 2001; Tapert et al., 2004). Thus, we 

performed regressions to examine whether BOLD response abnormalities among MJ 

teens might be related to frequency, quantity, duration, or recency of alcohol use. 

Brain response in the superior parietal lobe was negatively associated with estimated 

typical blood alcohol concentration among MJ teens (F(1,13) = 6.55, P < 0.025, R2 = 

0.34, β = -0.58). No other measure of alcohol use was significantly related to neural 

activation among MJ teens, and group differences remained significant after 

excluding the 4 MJ teens with alcohol use disorders. Cigarette and other drug use 

were not related to BOLD response in any region showing a group difference, and 

results remained significant after excluding teens who smoked on the day of the scan. 
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Within each brain region demonstrating a group difference, we also performed 

exploratory analyses to examine fMRI response in relation to depressive symptoms, 

anxiety symptoms, externalizing and internalizing scores, and personality 

characteristics. NEO-FFI agreeableness scores were positively associated with SWM 

response in the right middle frontal gyrus (F(1,30) = 7.98, P < 0.01, R2 = 0.21, β = 

0.46), superior occipital (F(1,30) = 15.97, P < 0.005, R2 = 0.35, β = 0.59), and 

inferior occipital cortex (F(1,30) = 10.19, P < 0.005, R2 = 0.25, β = 0.50), though 

groups did not significantly differ on overall agreeableness scores. When included in 

multiple regression analyses with group, agreeableness remained a significant 

predictor of brain response in each of these regions. No measure of mood, behavior, 

or personality accounted for group differences in brain response.  

Discussion 

This study examined fMRI brain activation during a spatial working memory 

task among marijuana using teens and controls after 28 days of monitored abstinence, 

verified by biweekly urine toxicology screens. Despite similar overall patterns of 

brain response to SWM, group differences were observed in right dorsolateral 

prefrontal cortex, right posterior parietal cortex, medial superior occipital cortex, and 

medial inferior occipital cortex. 

MJ teens displayed reduced SWM BOLD response relative to control teens in 

right dorsolateral prefrontal cortex, which is consistently implicated in spatial 

working memory (Wager & Smith, 2003). In contrast, our previous work revealed 

increased SWM response in this region among heavy alcohol and marijuana using 
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teens who had been abstinent an average of just 8 days (Schweinsburg, Schweinsburg 

et al., 2005). Kanayama and colleagues (Kanayama et al., 2004) also observed greater 

dorsolateral prefrontal response among adult heavy marijuana users on a similar 

SWM task 6 – 36 hours after marijuana use. However, after 25 days of abstinence, 

adult marijuana users showed decreased left dorsolateral prefrontal blood flow during 

a modified Stroop task (Eldreth, Matochik, Cadet, & Bolla, 2004). Moreover, during 

visual attention, active marijuana users with positive urine toxicology screens 

evidenced greater reductions in right prefrontal fMRI response than abstinent users 

(Chang et al., 2006). Considered together with the results of the current study, these 

findings suggest a change in neural recruitment throughout the course of abstinence. 

This could relate to residual drug effects or withdrawal symptoms during early 

abstinence, less need for neural compensation, or a change in neurocognitive strategy 

as the brain adapts to different stages of sobriety. We did not observe a correlation 

between brain response and recency of marijuana use in this sample, but most 

neuropsychological recovery appears to occur during the first week of abstinence 

(Pope et al., 2001). Thus, there may be little change in neurocognitive functioning 

after 28 days of abstinence, or such an effect may be too subtle to detect with a 

relatively small sample. Careful examination of neural response within the first month 

of abstinence may better clarify this relationship.  

Compared to controls, MJ teens demonstrated increased SWM activation in 

right posterior parietal cortex, a region involved in SWM and attentional processes 

(Wager et al., 2004; Wager & Smith, 2003). Research on parietal functioning during 
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working memory among individuals with substance use disorders has been somewhat 

inconsistent. Using the same SWM task, our previous work failed to observe parietal 

abnormalities among adolescent users of alcohol and marijuana (Schweinsburg, 

Schweinsburg et al., 2005), though teens with alcohol use disorders alone showed 

increased posterior parietal brain response compared to controls (Tapert et al., 2004) 

despite similar task performance between groups. Greater fMRI activation in 

posterior parietal cortex has also been observed during SWM among adult marijuana 

users (Kanayama et al., 2004) as well as during verbal working memory among 

adolescent marijuana users experiencing nicotine withdrawal (Jacobsen et al., 2006). 

Heightened activation among individuals with substance use disorders may be 

associated with compensatory neural responding to perform well on a task (e.g., 

Chang et al., 2006; Jacobsen et al., 2006; Kanayama et al., 2004; Schweinsburg, 

Schweinsburg et al., 2005; Tapert et al., 2004). MJ teens in the current study 

displayed increased response in parietal cortex, yet diminished activation in prefrontal 

cortex, both of which play important roles in SWM (Wager & Smith, 2003). Frontal 

cortex may be primarily involved in general executive functioning components of 

working memory tasks, while superior parietal cortex may more specifically subserve 

attentional allocation and visuospatial rehearsal demands of SWM (Diwadkar, 

Carpenter, & Just, 2000; Wager et al., 2004; Wager & Smith, 2003). Thus, abstinent 

MJ teens may rely more on spatial rehearsal and attention rather than general 

executive abilities to perform the task, resulting in increased recruitment of posterior 

parietal cortex, but decreased right dorsolateral prefrontal activity. This altered 
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pattern is consistent with previous evidence of reorganized attention networks in MJ 

users (Chang et al., 2006). Further, estimated typical blood alcohol concentration 

achieved was negatively associated with parietal response among MJ teens, which 

could indicate that heavier drinking MJ teens may demonstrate less neural 

compensation or be less likely to utilize spatial strategies as those with lighter alcohol 

use histories. This is consistent with previous findings of diminished parietal 

activation during SWM among alcohol use disordered young adults (Tapert et al., 

2001), and suggests a potential interaction between heavy alcohol and marijuana use 

in youth (Schweinsburg, Schweinsburg et al., 2005).  

We previously characterized the relationship between age and fMRI response 

among 49 typically developing teens ages 12 – 17 using the same SWM task 

(Schweinsburg, Nagel et al., 2005). Younger teens evidenced increased response in 

superior portions of posterior parietal cortex, while older teens utilized more inferior 

aspects of posterior parietal cortex. This shift in localization of parietal response 

across adolescence indicates a change in strategy, with younger teens relying on rote 

spatial rehearsal and older teens implementing more spatial storage. MJ teens in the 

current study demonstrated increased SWM activity relative to controls in superior 

portions of right parietal cortex, paralleling response patterns of younger adolescents. 

Thus, MJ teens may employ spatial rehearsal strategies more consistent with those 

used by younger youths. This may suggest the possibility of altered neuromaturation 

among adolescent marijuana users, which could implicate an adverse influence of 
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marijuana on the developing brain or preexisting neural differences that may have 

contributed to the initiation of substance use. 

MJ teens demonstrated increased vigilance response compared to controls in 

two regions of medial occipital cortex: superior portions of the cuneus, and lingual 

gyrus/inferior cuneus. Occipital cortex has been associated with visual attention, and 

may become more active as attentional capacity is reached (Marois & Ivanoff, 2005) 

yet less active during practiced tasks (Weissman, Woldorff, Hazlett, & Mangun, 

2002). Greater occipital response among MJ teens may indicate less efficient 

processing and greater attentional demand during vigilance blocks. Such occipital 

hyperactivation among MJ teens was not observed during SWM blocks, during which 

attentional resources were not focused solely on visual selective attention, but 

allocated to accommodate working memory processing. Previous studies have 

implicated diminished attention capacity in heavy marijuana using adults (Chang et 

al., 2006; Solowij et al., 1991, 1995) and adolescents (Schweinsburg, Schweinsburg 

et al., 2005; Tapert et al., 2002). During SWM, MJ teens may allocate limited 

attentional resources to spatial processing, depriving attentional input to executive 

systems, resulting in increased parietal and decreased frontal activation. A SWM task 

with greater executive demand may require more attention input to frontal systems, 

diminishing response capability in parietal cortices. 

Among adolescent marijuana users, those who began regular use earlier in 

adolescence demonstrated greater abnormalities in occipital brain response. This 

could indicate greater decrements in spatial attention associated with early marijuana 
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use. Similarly, adults who began using during early adolescence showed greater 

neural dysfunction during spatial attention (Chang et al., 2006) and poorer 

functioning on tests of attention (Ehrenreich et al., 1999), and verbal abilities and 

short term memory (Pope et al., 2003). Animal models also indicate that cannabinoid 

exposure during adolescence is associated with greater impairments in working 

memory and spatial learning than adult exposure (O'Shea, Singh, McGregor, & 

Mallet, 2004; Stiglick & Kalant, 1982, 1985). Thus, evidence suggests that marijuana 

use during adolescence may influence the course of brain development, and those 

who begin using at a younger age may be more susceptible to dysfunction with 

continued use.  

Brain response differences between groups may also relate to aberrant 

cerebral blood flow among MJ teens. Adult marijuana users have demonstrated 

reduced resting frontal and cerebellar blood flow during short-term abstinence (Block 

et al., 2000; Loeber & Yurgelun-Todd, 1999; Lundqvist et al., 2001). Further, 

elevated cerebrovascular resistance and systolic blood flow remained high after a 

month of abstinence, suggesting lasting blood flow abnormalities (Herning, Better, 

Tate, & Cadet, 2005). These blood flow abnormalities could affect the magnitude of 

the observed BOLD response (Cohen, Ugurbil, & Kim, 2002). Specifically, 

reductions in frontal blood flow may contribute to diminished frontal SWM activation 

among MJ teens. Future investigations could more closely account for resting 

perfusion when examining BOLD response among marijuana users. 
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This study raises several questions. First, most MJ users in this study were 

moderate to heavy drinkers. Though this is representative of adolescent marijuana 

users, the functional impact of marijuana use alone is difficult to determine. Studies 

with larger samples and variability in drinking patterns will help elucidate the 

substance-specific neurocognitive effects. MJ and control teens were comparable on 

demographics, behavior, personality and intellectual functioning, and differed slightly 

on mood, but none of these measures accounted for group differences in brain 

response. However, abnormal activation patterns among MJ teens may relate to 

preexisting traits that were not measured. Future studies might attempt to identify 

potential premorbid characteristics that contribute to brain function abnormalities 

among marijuana users, such as additional facets of personality and psychological 

functioning, genetic markers, and hormonal influences. In addition, emerging 

evidence suggests shifts in neural processing during the initial stages of abstinence, 

and longitudinal examinations are needed to elucidate the time course and pattern of 

response through different stages of sobriety, which may inform treatment program 

design. Further, longitudinal follow-ups are needed to determine whether observed 

group differences will resolve with extended abstinence. Finally, diffusion tensor 

imaging and functional connectivity analyses could better delineate the neural 

networks and neurocognitive strategies influenced by marijuana use, while magnetic 

resonance spectroscopy could describe the cellular and metabolic changes associated 

with marijuana use. 



59 

 

In summary, adolescent marijuana users demonstrated different patterns of 

fMRI brain response during spatial working memory after 28 days of monitored 

abstinence, despite similar task performance as non-using controls. MJ teens showed 

decreased right dorsolateral prefrontal response and increased right posterior parietal 

activation during SWM, as well as increased vigilance response in medial occipital 

regions. Together, these results point to increased spatial rehearsal and attention, but 

decreased executive strategies among MJ teens. These findings suggest the possibility 

that heavy marijuana use in adolescence may be associated with persisting 

neurocognitive abnormalities, which could have important implications for future 

functioning among these youths. 
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Chapter 3, Table 1. Participant characteristics 
 MJ 

(n=15) 
M (SD) or % 

[range] 

Controls 
(n=17) 

M (SD) or % 
[range] 

Age 18.1 (0.7) 17.9 (1.0) 

% Female 26.7 29.4 

% Caucasian 73.3 58.8 

% Family history negative a 66.7 76.5 

CBCL Externalizing T-score 48.0 (6.2) 
[40 – 62.7] 

44.9 (7.3) 
[40 – 65.3] 

CBCL Internalizing T-score 49.0 (6.7) 
[39.4 – 58.3] 

46.1 (9.2) 
[38.6 – 68.4] 

Beck Depression Inventory total 4.9 (7.2) 
[0 – 20] 

1.2 (2.0) 
[0 – 6] 

Hamilton Depression Score* 4.5 (6.0) 
[0 – 21] 

0.9 (2.0) 
[0 – 8] 

Spielberger State Anxiety T-score 58.1 (2.8) 
[51.1 – 62.9] 

57.4 (2.8) 
[51.9 – 60.8] 

Hamilton Anxiety Score* 2.7 (3.7) 
[0 – 13] 

0.1 (0.5) 
[0 – 2] 

Parent annual salary (thousands) 138.9 (86.7) 
[13 – 275] 

131.7 (65.3) 
[30 – 275] 

WASI Vocabulary scaled score 54.8 (9.4) 
[37 – 70] 

55.8 (7.6) 
[39 – 72] 

Years since first marijuana use b 4.0 (1.6) 
[1.8 – 6.6] 

3.6 (0.8) 
[2.7 – 4.1] 

Years since first weekly marijuana use** 2.7 (1.8) 
[0.8 – 6.6] 

0.0 (0.0) 

Lifetime marijuana use episodes** 480.7 (277.2) 
[60 – 1000] 

0.5 (1.3) 
[0 – 5] 

Marijuana use/month, past 3 months** 13.5 (11.6) 
[0 – 30] 

0.0 (0.0) 

Days since last marijuana use b* 60.4 (54.1) 
[28 – 240] 

608.3 (210.7) 
[365 – 730] 

Lifetime drinks** 184.1 (135.0) 
[20 – 450] 

15.1 (38.8) 
[0 – 160] 

Drinks/month, past 3 months** 34.2 (22.1) 
[0 – 79] 

2.7 (9.4) 
[0 – 39] 

Days since last alcohol usec* 44.0 (63.4) 
[9 – 270] 

167.8 (146.4) 
[30 – 365] 
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Chapter 3, Table 1. Participant characteristics, Continued 

 MJ 
(n=15) 

M (SD) or % 
[range] 

Controls 
(n=17) 

M (SD) or % 
[range] 

Tobacco cigarettes per day 1.3 (2.7) 
[0 – 10] 

0.8 (2.6) 
[0 – 10] 

Days since last cigarette used* 36.1 (67.8) 
[1 – 180] 

475.5 (426.5) 
[2 – 1000] 

Fagerstrom Test for Nicotine Dependence
total (max = 10) 

0.3 (0.8) 
[0 – 3] 

0.1 (0.2) 
[0 – 1] 

Lifetime other drug use episodes* 6.7 (8.8) 
[0 – 25] 

0.0 (0.0) 

MJ: 28-day abstinent marijuana using teens; CBCL: Child Behavior Checklist; 
WASI: Wechsler Abbreviated Scale of Intelligence 
a No first-degree biological relative with alcohol or drug abuse or dependence 
b Figure includes only those who reported history of use (n = 3 controls) 
c Figure includes only those who reported history of use (n = 9 controls) 
d Figures include only those who reported history of use (n = 12 MJ teens and n = 4 
controls) 
* P < 0.05 
** P < 0.001 
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Chapter 3, Table 2. BOLD Response Differences to the Spatial Working Memory 
Task between Abstinent Marijuana Users and Control Adolescents 

Talairach 
Coordinates a 

 
Anatomic Region 

 
Brodmann’s 

Area 

 
Volume 

(µl) x y z 

 
Effect Size 
Cohen’s d b 

SWM > Vigilance       
Controls > MJ       

R middle 
frontal 
gyrus 

9 2376 47 8 36 1.17 

MJ > Controls       
R superior 

parietal 
lobule 

 7 2997 8 -53 69 1.55 

Vigilance > SWM       
MJ > Controls       

R cuneus 19 2511 2 -77 36 1.84 
L lingual 

gyrus & 
cuneus 

17, 18 1782 -14 -89 -13 2.25 

MJ: 28-day abstinent marijuana using teens; SWM: spatial working memory  
a Talairach coordinates refer to maximum signal intensity group difference within the 
cluster; R, right; L, left.  
b Cohen’s d calculated from average t-value of all voxels within the cluster 
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Chapter 3, Figure 1. Significant clusters of group difference in spatial working 
memory fMRI BOLD response in marijuana using (MJ) teens compared to controls. 
Orange indicates clusters in which MJ teens showed less response than controls 
during spatial working memory relative to vigilance; blue indicates cluster in which 
MJ teens showed greater response than controls during spatial working memory 
relative to vigilance; cluster P < 0.05, volume > 1328 microliters 

Right parietal 

Right 
prefrontal 

Superior 
occipital 

Inferior 
occipital 
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CHAPTER 4 

The Influence of Recency of Use on fMRI Response During Spatial Working 

Memory in Adolescent Marijuana Users 

Study 2 characterized neural response patterns among adolescent marijuana 

users after 28 days of abstinence, and raised the possibility of shifts in processing 

through early abstinence. To explore this quantitatively, Study 3 was designed to 

directly compare fMRI response during SWM between abstinent and recent 

marijuana users. Although cross-sectional, this study may provide preliminary 

evidence of differences in neural strategies between early and protracted abstinence, 

and could provide a foundation for future longitudinal studies. 

Abstract 
 

Some studies have suggested recovery from the neurocognitive impact of 

marijuana use within a month of abstinence. Similarly, we previously demonstrated 

functional magnetic resonance imaging (fMRI) response alterations to spatial 

working memory (SWM) among heavy marijuana using adolescents after 28 days of 

abstinence. However, the influence of recency of use has not yet been explored in 

detail. To characterize the differential impact of recent use from persisting effects, we 

examined fMRI response during SWM between marijuana using teens with brief and 

sustained durations of abstinence and non-using youths. 

Participants were 13 recent users (2 – 7 days abstinent) and 13 abstinent users 

(27 – 60 days abstinent), and 18 demographically similar non-using controls ages 15 

– 18. Groups were similar on demographics and substance use characteristics, and 
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had no psychiatric or medical disorders. Teens performed a SWM task during fMRI 

acquisition. 

Groups performed similarly on the SWM task, but recent users showed greater 

fMRI response in medial and left superior prefrontal cortices, bilateral insula, and 

right superior parietal cortex. Abstinent users had increased response in the right 

precentral gyrus (clusters > 1328 microliters, p < .05). 

Results show that adolescents who recently used marijuana have greater brain 

response to a spatial working memory task than abstinent users. Though cross-

sectional, this may indicate that individuals who have recently used marijuana show 

compensatory neural response in inhibitory control, working memory updating, and 

spatial rehearsal strategies. Longitudinal studies are needed to characterize the 

potential neural recovery during early abstinence from marijuana. 



67 

 

Introduction 

Regular marijuana use is prevalent among teenagers, with national surveys 

suggesting that 20% of 12th graders used in the past month and 5% use daily 

(Johnston et al., 2006). Yet it is not known whether such use patterns may interfere 

with ongoing neuromaturation, and neuropsychological and neuroimaging studies 

have begun to address this concern. Importantly, it remains unclear whether potential 

neural disruption associated with adolescent marijuana use is permanent, or whether 

alterations improve with abstinence, raising the possibility of neurocognitive 

recovery. Functional neuroimaging may help differentiate the neurocognitive effects 

of recent use from the potentially persisting impact of heavy marijuana use in 

adolescence. 

The adult literature indicates impairments in learning and memory, attention, 

visuospatial skills, processing speed, and executive functioning among heavy 

marijuana users within a few days of use (Bolla et al., 2002; Croft et al., 2001; Lyons 

et al., 2004; Pope et al., 1997; Pope & Yurgelun-Todd, 1996; Solowij et al., 2002; 

Varma et al., 1988), and meta-analysis suggests subtle effects on learning and 

memory with other domains unaffected (Grant, Gonzalez, Carey, Natarajan, & 

Wolfson, 2003). Longitudinal evidence identified deficits on verbal learning up to 7 

days after use among current heavy marijuana users compared to former users and 

non-using controls (Pope et al., 2001). Yet after 28 days of abstinence, all groups 

performed similarly, suggesting that marijuana-related neurocognitive decrements 

resolve within a month of abstinence (Pope et al., 2001). However, neuroimaging 
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findings suggest persisting alterations in neural activation patterns. In particular, a 

functional magnetic resonance imaging (fMRI) study examined visuospatial attention 

among 12 recent marijuana users who had used 2 – 24 hours before scanning, 12 

abstinent users who had been abstinent an average of 38 months, and 19 non-using 

controls (Chang et al., 2006). Both active and abstinent users showed decreased brain 

response in prefrontal, parietal, and cerebellar regions that normally subserve visual 

attention, and increased activation in alternate regions. Active users showed greater 

levels of these functional abnormalities, and a longer duration of abstinence was 

associated with normalization of function. Although cross-sectional, this study 

indicates changes in neural activation through early abstinence, and raises the 

possibility of functional normalization with extended abstinence. 

Recent marijuana use in adolescence has been linked to poorer performance 

on tests of learning and memory (Millsaps et al., 1994) and attention (Tapert et al., 

2002). To examine whether cognitive abilities improve with abstinence, a 

longitudinal study assessed neuropsychological functioning among treated youths two 

to five days after treatment admission and again six weeks later (Schwartz et al., 

1989). Participants were ten cannabis-dependent adolescents, eight polysubstance 

users with no history of cannabis dependence, and nine community control 

adolescents. At baseline, marijuana-dependent youths showed poorer performance on 

immediate and delayed recall of visual and verbal information relative to control 

youths. Further, marijuana users failed to show improvements in short term memory 

following 6 weeks of abstinence. Although matched to controls on demographics, 
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marijuana-dependent teenagers in treatment may differ from community marijuana 

users, and may show greater alterations in functioning. Fried and colleagues (Fried et 

al., 2005) assessed cognitive functioning in 9- to 12-year-olds before the initiation of 

marijuana use, and again when youths were ages 17 – 21. Participants were recruited 

from a study of youths prenatally exposed to marijuana or cigarettes, and included 19 

current heavy marijuana users who smoked at least 5 joints per week, 19 current light 

users who used fewer than 5 joints per week, 16 former users who had not used for at 

least 3 months, and 59 nonusers. After controlling for baseline performance and 

demographics, current heavy marijuana users showed poorer immediate and delayed 

memory, processing speed, and overall IQ, yet former users performed similarly as 

controls. Together, these studies indicate marijuana-related short term learning and 

memory decrements that may persist up to six weeks after use, but may resolve with 

longer term abstinence.  

fMRI studies have begun to characterize the persisting brain response 

abnormalities associated with adolescent marijuana use. After a month of abstinence, 

adolescent marijuana users demonstrated increased right hippocampal activity and 

poorer attention and verbal working memory performance compared to 

demographically similar tobacco smokers and non-users (Jacobsen et al., 2004). In a 

subsequent study, adolescent marijuana users (abstinent at least two weeks) and non-

users performed the same verbal working memory task during ad libitum smoking 

and again during nicotine withdrawal (Jacobsen et al., 2006). Compared to non-users, 

marijuana users showed increased parietal activation and poorer verbal delayed recall 
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during nicotine withdrawal. Yet participants were not assessed soon after marijuana 

use, so it is unclear whether observed abnormalities represented changes in 

functioning during early abstinence. We previously investigated fMRI response to a 

spatial working memory (SWM) task among adolescents with comorbid marijuana 

and alcohol use disorders after an average of eight days of marijuana abstinence 

(Schweinsburg, Schweinsburg et al., 2005). Compared to teens with alcohol use 

disorders alone and non-abusing controls, marijuana users showed increased right 

dorsolateral prefrontal activation and reduced inferior frontal response. Although 

most users in this study had used marijuana in the month before scanning, some 

reported more distant use, making it difficult to attribute abnormalities to recent use 

alone. We later ascertained activation to the same SWM task among marijuana users 

after at least 28 days of verified abstinence (Schweinsburg et al., submitted). These 

marijuana users with more extended abstinence demonstrated decreased right 

dorsolateral prefrontal and occipital activation, but increased right posterior parietal 

response compared to non-using control teens. A qualitative comparison to our 

previous study of more recent users suggests a shift in activation patterns in early 

abstinence, with recent users utilizing more frontal brain regions, and abstinent 

youths employing more parietal-mediated spatial strategies. Although cross-sectional, 

a direct comparison between recent and abstinent adolescent users would provide 

preliminary empirical evidence of changes in neural activation within the first month 

of abstinence.  
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 This study was designed to investigate the differences in neurocognitive 

functioning between recent and abstinent adolescent marijuana users. Evidence in 

adults suggests that most neuropsychological recovery appears to occur during the 

first week of abstinence (Pope et al., 2001), and our previous research indicates fMRI 

abnormalities after 28 days of abstinence. Therefore, we examined fMRI response 

during a SWM task among recent marijuana using teens who had used within one 

week of testing, abstinent marijuana using teens who had not used for 28 days, and 

demographically similar non-using controls. Blood oxygen level-dependent (BOLD) 

fMRI was collected during a SWM task that activates bilateral dorsolateral prefrontal 

and posterior parietal networks in adolescents (Schweinsburg, Nagel et al., 2005), and 

has been associated with neural dysfunction among youths with alcohol use disorders 

(Tapert et al., 2004) as well as comorbid alcohol and marijuana use disorders 

(Schweinsburg, Schweinsburg et al., 2005). Based on our previous findings, we 

predicted that recent users would show greater frontal response than abstinent users, 

and abstinent users would show greater activation in parietal regions than recent 

users. 

Method 

Participants 

 Participants were selected from adolescent brain imaging studies of 15- to 18-

year-olds recruited from local high schools (Tapert et al., 2003; Tapert et al., 2004). 

Teens and their parents were individually screened with telephone interviews; 

informed consent and assent (for minors), approved by the University of California 
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Human Research Protections Program, were obtained from all participants and their 

parents. Exclusion criteria included left-handedness; history of neurological disorder 

or head injury with loss of consciousness > 2 minutes; history of an Axis I psychiatric 

disorder other than alcohol or marijuana use disorders or conduct disorder; current 

psychotropic medication use; family history of bipolar I or psychotic disorders; 

prenatal alcohol or other substance exposure; left handedness; learning disabilities; 

and MRI contraindications. Teens with alcohol use disorders or conduct disorder 

were not excluded from the marijuana use groups due to high comorbidity with heavy 

marijuana use (Agosti et al., 2002; Brown, Gleghorn, Schuckit, Myers, & Mott, 

1996).  

Previous studies in adults have suggested nonlinear changes in cognitive 

functioning through early abstinence, with the greatest recovery within a week of 

discontinuation, and complete remission after 28 days (Pope et al., 2001). Therefore, 

the current study examined marijuana users in two groups: 13 recent users who had 

used within one week of scanning, and 13 abstinent users who had been abstinent 

between 27 and 60 days. Among abstinent users, abstinence for 28 days before 

scanning was verified with biweekly urine toxicology screens. Demographically 

similar non-abusing control adolescents (n = 18) were included to aid interpretation of 

fMRI differences between the marijuana using groups by identifying brain regions 

involved in this SWM task among matched controls. The three groups were similar in 

gender and ethnic composition, estimated premorbid IQ, socioeconomic status, mood, 

and behavioral indices (see Table 1). Importantly, recent and abstinent marijuana 
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users were similar on all substance use characteristics other than recency of marijuana 

use (see Table 1 for substance involvement). Although teens in both marijuana groups 

demonstrated moderately heavy levels of alcohol involvement, no group differences 

existed for any alcohol use characteristic.  

Measures 

Substance involvement 

 Lifetime and recent substance use were characterized with the Customary 

Drinking and Drug Use Record (CDDR)(Brown et al., 1998). The CDDR is a semi-

structured interview that collects lifetime and past 3-month information on quantity, 

frequency, and duration of alcohol, nicotine, and other drug use, incorporates the 

Fagerstrom Test for Nicotine Dependence (Heatherton et al., 1991), and assesses 

DSM-IV abuse and dependence criteria, withdrawal symptomatology, and other 

negative consequences associated with substance use. The CDDR was administered 

at initial screening and again immediately before scanning. The Timeline Followback 

(Sobell & Sobell, 1992) obtained information on substance use patterns for the 30 

days prior to scanning.  

State and behavioral measures 

The Beck Depression Inventory (Beck, 1978) and state scale of the 

Spielberger State Trait Anxiety Inventory (Spielberger et al., 1970) assessed mood at 

the time of imaging. Parents completed the Child Behavior Checklist, which provided 

indices of externalizing and internalizing behavior (Achenbach & Rescorla, 2001) 

(see Table 1 for mood and behavioral characteristics). 
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Neuropsychological functioning 

As part of a larger battery, teens were administered cognitive tests to ascertain 

spatial and working memory functioning as well as to estimate premorbid IQ. 

Neuropsychological testing consisted of age-appropriate subtests from the Wechsler 

Intelligence Scales [Wechsler Intelligence Scale for Children-Third Edition (WISC-

III)(Wechsler, 1993), Wechsler Adult Intelligence Scale-Third Edition (WAIS-

III)(Wechsler, 1997), or Wechsler Abbreviated Scale of Intelligence 

(WASI)(Wechsler, 1999a)], including the Vocabulary subtest as an estimate of 

premorbid IQ, the Block Design subtest as a measure of visuospatial functioning, and 

the Digit Span subtest as a measure of working memory.   

Spatial working memory task 

The SWM task (Kindermann et al., 2004; Tapert et al., 2001) was 

administered in a block-design, with 18 21-second blocks that alternated between 

working memory, baseline vigilance, and fixation. Each block began with a one-

second word cue that indicated upcoming condition. In the SWM condition, 

participants viewed abstract line drawings that were sequentially presented in one of 

eight locations on a screen, and were instructed to press a button every time a figure 

appeared in the same location as a previous design within that block. Repeat location 

stimuli were 2-back, and 3 of 10 trials in each block were target items. The baseline 

vigilance condition presented the same abstract stimuli shown in the same possible 

spatial locations as in the SWM condition, and subjects were to press a button every 

time a figure appeared with a dot above it (30% of trials). Resting blocks displayed a 
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fixation cross in the center of the screen. For working memory and vigilance 

conditions, stimuli were presented for 1000 ms with an interstimulus interval of 1000 

ms (21 seconds/block; total task time=7 minutes, 48 seconds). Participants were 

trained with a 4-minute version of the task and monitored to ensure task 

comprehension prior to scanning. Performance data were collected with a fiber optic 

response box.   

 Procedures 

Toxicology screening 

Most teens in the abstinent group were selected from a study that required 

abstinence verification for four weeks prior to scanning, and thus underwent a 

biweekly toxicology screening procedure to ensure abstinence for at least 28 days 

prior to scanning (Schweinsburg et al., submitted). Teens in the recent use group were 

selected from a study in which teens were required to be abstinent for at least 48 

hours before scanning to avoid the effects of acute intoxication. Teens in both groups 

provided urine toxicology screens at the time of scanning. Three teens who did not 

undergo the 28-day toxicology screening procedure reported no use for at least 27 

days before scanning and provided urine screens negative for cannabinoids or other 

drug metabolites at the scan session. Since these teens were not required to be 

abstinent and had not received monetary incentive to maintain abstinence for a month 

before the scan, it is unlikely that information regarding their date of last use would 

be falsified (Martin, Kaczynski, Maisto, & Tarter, 1996); these participants were thus 

included in the abstinent group. Based on available toxicology data from the time of 
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scanning, all teens in the abstinent group produced toxicology screens negative for 

cannabinoids, five recent users had positive screens, and three recent users produced 

negative screens despite self-reported use during the week of the scan. Negative 

screens can be observed as soon as four days following use (Huestis & Cone, 1998); 

therefore, self-reported use is not incompatible with urine toxicology results among 

the three recent users with negative screens. 

Imaging protocol 

Anatomical and functional imaging data were acquired using a 1.5 Tesla 

General Electric Signa LX scanner. A high-resolution, sagittally acquired structural 

scan was collected with an inversion recovery prepared T1-weighted 3D spiral fast 

spin echo sequence (Wong et al., 2000) (TR=2000 ms, TE=16 ms, FOV=240 mm, 

resolution=0.9375 x 0.9375 x 1.328 mm, 128 continuous slices, acquisition 

time=8:36). The functional scan was acquired axially with T2*-weighted spiral 

gradient recall echo imaging (TR=3000 ms, TE=40 ms, flip angle=90°, FOV=240 

mm, 19-21 slices covering the whole brain, slice thickness=7 mm, reconstructed in-

plane resolution=1.875 × 1.875 mm, 156 repetitions).  

 Data Analyses 

Demographic, mood, behavioral, and drug use characteristics were compared 

between marijuana using groups with independent samples t-tests or chi-square tests 

as appropriate. Neuropsychological test scores were converted into T-scores based on 

age, and compared between marijuana use groups with t-tests. SWM task 

performance was examined with repeated measures ANOVA to characterize the main 
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effects of task condition (vigilance vs. SWM) and marijuana use group (abstinent vs. 

recent users) and their interaction, both for accuracy and reaction time. Significant 

interactions were followed up with simple effects t-tests.  

Imaging data were processed and analyzed using Analysis of Functional 

NeuroImages (AFNI) (Cox, 1996). Processing began with motion correction of the 

time series data by registering each acquisition to a selected base repetition with an 

iterated least squares algorithm (Cox & Jesmanowicz, 1999). This created an output 

file for each participant containing the adjustments made for three rotational and three 

displacement parameters. Using a deconvolution procedure (Ward, 2002), the time 

series data were then correlated with a reference function that represented the 

hypothesized BOLD signal across the time course of the task and modeled expected 

delays in hemodynamic response (Cohen, 1997). This multiple linear regression 

approach yielded a fit coefficient that represented the fit between the observed and 

hypothesized signal while controlling for linear trends and degree of motion 

correction. Fit coefficients contrasted SWM and vigilance conditions, SWM and 

fixation, and vigilance and fixation. Anatomical and functional datasets were warped 

into standard space (Talairach & Tournoux, 1988), and functional data were 

resampled into 3.0 mm3 voxels and smoothed with a 5.0 mm full-width half-

maximum Gaussian filter.  

The main goal of this study was to characterize the neural influence of 

recency of marijuana use; direct comparisons between similar groups of marijuana 

users relative to controls were made previously (Schweinsburg et al., submitted; 
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Schweinsburg, Schweinsburg et al., 2005). We performed single-sample t-tests 

among recent users, abstinent users, and controls to determine regions that showed 

greater response to SWM relative to vigilance, and reduced response during SWM 

relative to vigilance in each group. BOLD response to SWM relative to vigilance was 

evaluated between abstinent and recent marijuana use groups using independent 

samples t-tests. We also performed single-sample t-tests among recent users, 

abstinent users, and controls to determine regions that showed greater response to 

SWM relative to vigilance, and reduced response during SWM relative to vigilance in 

each group. To control for Type I error in group level analyses, clusters were 

considered significant if they consisted of contiguous voxels (p < .05) and exceeded 

1328 µl in volume, yielding an overall clusterwise α = .05. In each region 

demonstrating a group difference in brain response between recent and abstinent 

users, we examined the relationship between average BOLD response among recent 

and abstinent users and SWM task performance, mood, behavior, and substance use 

characteristics with exploratory regression analyses. 

Results 

Neuropsychological Functioning 

As shown in Table 2, abstinent and recent users did not significantly differ in 

Vocabulary [F(2,40)=1.51, p<.24], Block Design [F(2,39)=0.25, p<.78], or Digit 

Span [F(2,41)=2.50, p<.10] scores. Both marijuana use groups also performed 

similarly as controls on these neuropsychological tests. 

SWM Task Performance 
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Button box logging failed for one recent user, one abstinent user, and one 

control. Available data revealed a main effect for greater accuracy on the vigilance 

condition than on SWM trials [F(1,382)=7.33, p=.01; see Table 2] and no main effect 

of group or a group × condition interaction for accuracy. For reaction time, a main 

effect showed teens were faster on SWM than the vigilance condition [F(1,38)=30.76, 

p<.001]. A trend for a group × condition interaction for reaction time [F(2,38)=2.87, 

p=.07] indicated that recent users had slightly faster  reaction times for vigilance than 

abstinent users and controls, and abstinent users showed slightly faster responding 

than recent users and controls on SWM trials.   

fMRI Response 

The overall pattern of BOLD response was similar in all three groups, with 

greater SWM activation relative to vigilance in including bilateral prefrontal, 

premotor, cingulate, and posterior parietal areas (p<.05), and reduced SWM response 

relative to vigilance in medial prefrontal cortex, medial posterior cingulate and 

cuneus, and several temporal regions (p<.05; see Figure 1). 

Recent users showed greater SWM brain response than abstinent users in the 

following brain regions: a large cluster spanning medial bilateral cingulate, medial 

frontal gyrus, and left superior and middle frontal gyri (Brodmann’s area 8); medial 

bilateral superior frontal gyrus (BA 6/8); left insula and precentral gyrus (BA 13); 

right insula and inferior frontal gyrus (BA 13); and right superior parietal lobule (BA 

7; see Table 3 and Figure 2). As revealed by single sample t-tests, in frontal and 

insular regions, recent users demonstrated greater response to SWM than to vigilance, 
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while abstinent users showed reduced response to SWM relative to vigilance, and 

controls did not show significantly increased or decreased response to SWM relative 

to vigilance. In the right superior parietal lobule, all three groups demonstrated 

increased activation to SWM relative to vigilance, but recent users showed greater 

response than the other groups. Abstinent users showed greater BOLD response than 

recent users only in the right precentral gyrus (BA 4). In this region, recent users 

demonstrated reduced SWM response relative to vigilance, but controls and abstinent 

users showed no significant response.  

 Within each brain region demonstrating a group difference between recent and 

abstinent users, regression analyses determined the relationship between BOLD 

response and SWM task accuracy and reaction time. Vigilance accuracy was 

positively associated with brain response in the medial bilateral superior frontal 

cluster (BA 6/8) [F(1,23) = 6.06, p < .025, R2 = 0.22, β = 0.47], even after adding 

group to the model. SWM reaction time was positively associated with brain response 

in the right insula [F(1,23) = 12.75, p < .005, R2 = 0.37, β = 0.61] and right superior 

parietal lobule [F(1,23) = 5.81, p = .025, R2 = 0.21, β = 0.46], such that a slower 

reaction time was associated with greater brain response. After including group in the 

model, the relationship between SWM reaction time and BOLD response in the right 

insula remained significant, while the relationship SWM reaction time and parietal 

response did not. 

We examined the relationship between BOLD response and substance use and 

mood characteristics with exploratory regression analyses. Of the substance use 
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characteristics listed in Table 1, no index of marijuana, alcohol, cigarette, or other 

drug use (except for recency of marijuana use) was related to brain response in any 

region demonstrating a group difference. Anxiety was positively associated with 

BOLD response in the left insula/precentral gyrus [F(1,25) = 4.55, p < .05, R2 = 0.16, 

β = 0.40]. When anxiety and group were simultaneously entered, group remained a 

significant predictor of left insula response (p < .005), while anxiety became a 

predictor at the trend level (p = .051).  

Discussion 

 This study provides a cross-sectional indication of changes in neural response 

patterns during early abstinence from marijuana among adolescents. Heavy marijuana 

using teenagers with 2 – 7 days of abstinence demonstrated greater brain response 

during spatial working memory than teens who had been abstinent for at least 27 days 

in medial and left superior prefrontal cortex, bilateral anterior insula, and right 

posterior parietal cortex. However, controls did not show significant BOLD response 

in these frontal and insula regions, suggesting the areas are not normally employed 

during this SWM task, and may be ancillary regions recruited by recent users to 

maintain performance levels.  

 All three groups demonstrated significant SWM BOLD response in posterior 

parietal cortex, which has been consistently implicated in working memory (Wager & 

Smith, 2003). However, recent users showed greater SWM activation than abstinent 

users in right parietal cortex. We previously observed increased right parietal 

response to this task among a slightly older group of 28-day abstinent marijuana users 
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(Schweinsburg et al., submitted) as well as among alcohol use disordered teens 

(Tapert et al., 2004), suggesting compensatory neural responding to achieve similar 

performance as non-using controls. Similar to the current study, adult marijuana users 

within 24 hours of use showed more parietal response during visual attention than 

abstinent users, particularly with increasing attentional load, suggesting greater need 

for attentional resources with increasing task difficulty (Chang et al., 2006). In 

addition, superior portions of parietal cortex may be associated with greater use of 

spatial rehearsal strategies among adolescents (Schweinsburg, Nagel et al., 2005). 

Although we previously observed increased parietal response in a similar group of 

users who had been abstinent between 28 and 240 days (Schweinsburg et al., 

submitted), results of the current study indicate that this effect is even more dramatic 

within the first week of abstinence. These results could indicate greater task difficulty 

or increased reliance on rote spatial rehearsal among recent users. Abstinent users 

may no longer require the same degree of compensatory responding or may utilize 

alternate cognitive strategies for spatial working memory; this increase in parietal 

response may normalize with even greater lengths of abstinence.  

 Recent users had greater SWM response in medial and left superior prefrontal 

cortex, including two clusters spanning BA 6/8. Likewise, Chang and colleagues 

(Chang et al., 2006) also observed increased visual attention fMRI activation in 

medial frontal regions among adult recent marijuana users relative to users who had 

been abstinent for an average of 38 months. This region is activated during 

uncertainty in decision making (Volz, Schubotz, & von Cramon, 2005) and appears to 
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have a general role in cognitive control across a variety of tasks (Derrfuss, Brass, & 

von Cramon, 2004). Activation of this region is also associated with continuous 

updating and sequencing during working memory (Wager & Smith, 2003). Given 

these prior studies, more effortful cognitive control and working memory updating 

may lead to greater activation in BA 6 and 8 among recent users, particularly if recent 

users are more uncertain in their responding. Abstinent users may display strategy 

shifts, requiring less demand on sequencing abilities and general executive control. 

Task processing may also become more efficient with greater lengths of abstinence, 

eliciting less uncertainty among abstinent users.  

 Bilateral anterior insula activation was greater in recent users compared to 

abstinent users, which may also suggest more demand on cognitive control (Derrfuss 

et al., 2004; Wager et al., 2005). Bilateral insula response has been observed across 

different types of inhibitory tasks, particularly in relationship to task difficulty, and 

may be differentially recruited based on individual abilities (Wager et al., 2005). 

When performing a response inhibition task, insula activation increases during sleep 

deprivation, but not after normal sleep, indicating a compensatory role when more 

effort is required (Chuah, Venkatraman, Dinges, & Chee, 2006). Similar to the recent 

marijuana users in the current study, adult alcoholics performing a SWM task 

activated a right inferior frontal region that was more ventral and posterior than 

activation among controls (Pfefferbaum et al., 2001). The authors suggested that this 

shift in activation may indicate reorganization of cognitive networks, particularly in 

relationship to inhibitory control during SWM. Thus, increased insula response 
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among recent users may reflect greater inhibitory effort during periods of active 

marijuana use. 

 Abstinent users only demonstrated greater response than recent users in the 

right precentral gyrus, yet the mechanism behind this group difference is unclear. All 

participants were right handed and responded with their right index finger during the 

SWM task, so greater right precentral activation among abstinent users cannot be 

explained by a difference in button box responses, but might relate to motor circuitry 

underlying the faster reaction times among abstinent users. 

Indices of marijuana use, alcohol use, and other drug use characteristics 

(including quantity, duration, and frequency of use) were not related to brain response 

in any region demonstrating a group difference. This indicates that, of the variables 

examined, only recency of use was related to neural response patterns. This supports 

the suggestion that recent use may influence brain functioning more than cumulative 

lifetime exposure (Pope et al., 2001), and points to the possibility that neural 

functioning may normalize with longer durations of abstinence.  

Although cross-sectional in nature, this study provides preliminary evidence 

of changes in neural functioning in the first month of abstinence from marijuana. 

Longitudinal studies, including assessments at differing lengths of abstinence, will be 

needed to clarify the relationship between abstinence duration and neural response 

pattern changes. These studies should examine marijuana users who have been 

abstinent longer than a month to determine whether these brain response differences 

continue to normalize with extended abstinence. In particular, we observed altered 
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SWM BOLD response among a similar group of abstinent marijuana users compared 

to controls, suggesting that abnormalities may remain longer than 28 days after use 

(Schweinsburg et al., submitted). However, group differences in activation may be 

mediated by characteristics of those users who are able to sustain abstinence for at 

least 28 days, and may not reflect changes related to recovery per se. Only multiple 

assessments of periods of extended abstinence can determine whether and when shifts 

in processing occur. In addition, most of the marijuana users in this study were 

moderate to heavy drinkers; although indices of alcohol use did not appear to account 

for group differences in brain response, it is unclear how concomitant alcohol use 

may have influenced the observed activation patterns. Although groups did not differ 

on anxiety, anxiety levels were correlated with brain response, and may be an 

important moderating factor to examine more closely in future studies. Finally, task 

accuracy was high in both groups; parametric manipulations of working memory load 

may further differentiate neural response patterns, and may elicit performance 

decrements in recent users.   

In summary, heavy marijuana using teenagers who had used within a week of 

scanning demonstrated greater frontal, insular, and parietal brain response during 

SWM than marijuana users who had been abstinent for at least 27 days. Interestingly, 

such frontal and insular activation was not observed in non-using control youths, 

suggesting that recent users recruit additional brain regions not normally utilized for 

this SWM task. These fMRI differences suggest increased inhibitory control, working 

memory updating, and spatial rehearsal among recent users despite similar task 
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performance. Although cross-sectional, these results could indicate a change in neural 

strategy during the first month of abstinence, with less reliance on compensatory 

recruitment of frontal, insular, and parietal regions. Finally, increased cognitive 

control and working memory effort following recent use may have important 

implications for teens attempting abstinence, but longitudinal investigations are 

needed to further clarify these relationships. 
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Chapter 4, Table 1. Participant characteristics 

 Recent Users 
(n = 13) 

M (SD) or % 
[range] 

Abstinent Users 
(n = 13) 

M (SD) or % 
[range] 

Controls 
(n = 18) 

M (SD) or % 
[range] 

Age 17.07 (0.53) 
[16.22 – 17.65] 

17.58 (0.92) 
[15.71 – 18.74] 

17.34 (0.82) 
[16.25 – 18.93] 

% Female 30.8 30.8 38.9 

% Caucasian 92.3 84.6 88.9 

% Family history negative a 33.3 46.2 55.6 

Parent annual salary  
(thousands)* 

82.33 (53.42) 
[8 – 170] 

149.09 (76.95) 
[50 – 275] 

103.22 (63.82) 
[20 – 250] 

Beck Depression Inventory 
total 

5.69 (6.21) 
[0 – 22] 

4.83 (7.04) 
[0 – 20] 

2.00 (2.68) 
[0 – 8] 

Spielberger State Anxiety  
T-score 

43.29 (7.64) 
[31 – 57] 

41.06 (8.28) 
[30 – 58] 

39.37 (8.87) 
[30 – 67] 

Externalizing T-Scoreb 45.40 (6.75) 
[38.13 – 60.81]  

50.37 (8.76) 
[42.00 – 68.81] 

44.84 (6.61) 
[38.13 – 62.13] 

Internalizing T-Scoreb 47.25 (7.66) 
[39.62 – 66.04] 

49.92 (11.39) 
[39.43 – 76.52] 

43.82 (4.48) 
[37.74 – 50.88] 

Lifetime marijuana use  
episodes 

342.31 
(260.49) 

[100 – 1000] 

515.38 (275.67) 
[100 – 1000] 

1.50 (4.68) 
[0 – 20] 

Years of weekly marijuana  
use  

2.30 (1.21) 
[1.24 – 5.05] 

2.65 (1.71) 
[1.12 – 6.64] 

0 

Marijuana use/month, past  
3 months 

14.17 (9.8) 
[3 – 30] 

16.85 (10.47) 
[1 – 30] 

0.06 (0.24) 
[0 – 1] 

Days since last marijuana  
use* 

3.33 (1.72) 
[2 – 7] 

38.08 (10.28) 
[27 – 60] 

671.11 
(434.57) 

[30 – 998] 
Lifetime alcohol use  

episodes 
140.92 

(234.82) 
[11 – 900] 

184.85 (164.39) 
[15 – 500] 

7.11 (13.85) 
[0 – 57] 

Drinks/month, past 3 months 39.00 (47.34) 
[2 – 180] 

54.77 (50.96) 
[12 – 200] 

1.78 (4.68) 
[0 – 18] 

Alcohol withdrawal  
symptoms, past 3 months

1.83 (2.17) 
[0 – 6] 

0.85 (1.34) 
[0 – 3] 

0.11 (0.32) 
[0 – 1] 

Estimated typical blood  
alcohol concentrationc 

0.10 (0.07) 
[0.009 – 0.24] 

0.12 (0.06) 
[0 – 0.24] 

0.01 (0.04) 
[0 – 0.13] 

Days since last alcohol use 14.69 (14.14) 
[3 – 56] 

20.31 (12.53) 
[4 – 40] 

106.18 (97.75) 
[12 – 300] 
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Chapter 4, Table 1 Participant characteristics, Continued 

 Recent Users 
(n = 13) 

M (SD) or % 
[range] 

Abstinent Users 
(n = 13) 

M (SD) or % 
[range] 

Controls 
(n = 18) 

M (SD) or % 
[range] 

Tobacco cigarettes per day 1.23 (2.28) 
[0 – 8] 

1.62 (2.96) 
[0 – 10] 

0 

Days since last cigarette used 61.44 (121.07) 
[1 – 365] 

120.00 (284.99) 
[1 – 1000] 

586.60 
(637.94) 

[90 – 1643] 
Fagerstrom Test for Nicotine 

Dependence total  
(max = 10) 

0.08 (0.28) 
[0 – 1] 

0.31 (0.85) 
[0 – 3] 

0 

Lifetime other drug use  
episodes 

4.77 (7.90) 
[0 – 25] 

9.15 (12.24) 
[0 – 39] 

0.78 (3.30) 
[0 – 14] 

a No first-degree biological relative with alcohol or drug abuse or dependence 
b From the Child Behavior Checklist (data available for 9 recent users, 11 abstinent 
users, 17 controls) 
c Calculated using the Widmark method based on amount and duration of drinking, 
height, weight, and gender (Fitzgerald, 1995) 
d Figure includes only those who reported lifetime use (9 recent users, 12 abstinent 
users, 5 controls) 
* p < .05 for comparison between recent and abstinent users 
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Chapter 4, Table 2. Neuropsychological and Spatial Working Memory Task 
Performance 
 Recent Users 

 (n = 13) 
M (SD) or % 

[range] 

Abstinent Users 
 (n = 13) 

M (SD) or % 
[range] 

Controls 
(n = 18) 

M (SD) or % 
[range] 

Vocabulary T-score  56.9 (7.1) 
[47 – 67] 

53.6 (9.8) 
[37 – 70] 

58.7 (6.9) 
[48 – 77] 

Block Design T-score  54.0 (8.7) 
[40 – 67] 

56.6 (7.7) 
[40 – 64] 

55.0 (9.7) 
[35 – 66] 

Digit Span scaled 
score  

12.0 (3.3) 
[7 – 17] 

13.3 (3.0) 
[8 – 19] 

10.9 (2.2) 
[7 – 15] 

Vigilance % correct 95.50  (4.08) 
[83 – 98] 

95.00 (4.77) 
[81 – 99] 

96.00 (2.40) 
[88 – 98] 

SWM % correct 93.25 (4.65) 
[84 – 98] 

91.83 (6.47) 
[79 – 98] 

91.41 (8.88) 
[60 – 99] 

Vigilance reaction 
time (ms) 

609.78 (62.20) 
[535 – 777] 

620.62 (47.01) 
[558 – 709] 

628.60 (78.98) 
[530 – 828] 

SWM reaction time 
(ms)* 

572.95 (71.64) 
[465 – 679] 

513.85 (81.36) 
[370 – 678] 

574.33 (87.41) 
[380 – 706] 

* p = .072 for group difference between recent and abstinent users
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Chapter 4, Table 3. BOLD Response Differences to the Spatial Working Memory 
Task between Recent and Abstinent Marijuana Users 

Talairach 
Coordinates a 

 
Anatomic Region 

 
Brodmann’

s Area 

 
Volume 

(µl) x y z 

 
Effect Size 
Cohen’s d b 

Recent > Abstinent       
Medial cingulate, 

medial frontal gyrus, 
Left superior & 
middle frontal gyri 

8 6129 2 23 42 4.18 

Medial bilateral 
superior frontal gyrus 

6, 8 1539 2 26 57 5.08 

Left insula & precentral 
gyrus 

13 4347 -53 14 6 4.78 

Right insula & inferior 
frontal gyrus 

13 2484 41 23 -7 4.32 

Right superior parietal 
lobule 

7 1485 32 -59 60 4.34 

Abstinent > Recent       
Right precentral gyrus 4 1431 56 -17 39 2.89 

a Talairach coordinates refer to maximum signal intensity group difference within the 
cluster 
b Cohen’s d calculated from average t-value of all voxels within the cluster 



92 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Chapter 4, Figure 1. Significant BOLD response to SWM relative to vigilance in each 
group. Warm colors indicate clusters of greater activation to SWM than vigilance; 
blue represents clusters of reduced response to SWM relative to vigilance (p < .05, 
cluster volume > 1328 microliters). 

Recent Users (n=13) Abstinent Users (n=13) Controls (n=18) 

Right  Left  
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Chapter 4, Figure 2. Clusters of significant group differences in spatial working 
memory fMRI response between recent marijuana using teens compared to abstinent 
marijuana users. Red indicates clusters in which recent users showed more response 
than abstinent users during spatial working memory relative to vigilance; blue 
indicates clusters in which abstinent users showed greater response than recent users 
during spatial working memory relative to vigilance (cluster p < .05, volumes > 1328 
microliters). 
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parietal 

Bilateral 
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CHAPTER 5 

Supplementary Analyses 

This chapter provides complimentary and exploratory analyses for “Chapter 4: 

The Influence of Recency of Use on fMRI Response During Spatial Working 

Memory in Adolescent Marijuana Users.” Specifically, group based analyses were 

completed to more directly test whether abstinent users demonstrate normalization of 

functioning compared to recent users and controls, as well as to provide analytic links 

between the studies described in Studies 2 and 3. It was predicted that recent 

marijuana using teens (abstinent 2 – 7 days) would demonstrate altered fMRI 

response to spatial working memory relative to teens with at least one month of 

abstinence (range 27 – 60 days) from marijuana use and relative to healthy, non-using 

controls. Further, abstinent teens were expected to show fMRI response to spatial 

working memory intermediate to controls and recent users, which would support the 

hypothesis of neural improvement associated with sustained abstinence. 

All participants in Study 3 were compared: 13 recent users, 13 abstinent users, 

and 19 demographically similar non-using controls (see Chapter 4, Table 1). Using 

data processed as in Study 3 (see page 75), functional imaging data were compared 

between the three groups with ANOVA. Significant clusters were required to be 

�1328µl for a cluster-wise α<.05. Within these clusters, pairwise comparisons 

determined significant differences between groups at p < .05 (Tukey-corrected for 

multiple comparisons), with the prediction that recent users would show significantly 
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more activation than controls, and abstinent users would show activation intermediate 

to recent users and controls. 

The omnibus ANOVA revealed significant group differences in five clusters: 

(1) the right precentral gyrus (BA 6), (2) left superior middle frontal gyrus (BA 8), (3) 

left insula (BA 13/45), (4) left middle occipital gyrus (BA 18/19), and (5) right 

middle temporal gyrus (BA 21/22) (clusters �1328µl, p < .05). Follow-up pairwise 

comparisons were conducted to determine whether abstinent users demonstrated 

response patterns more similar to controls than recent users.  

Pairwise comparisons between the three groups revealed that in four of the 

five significant clusters, abstinent users exhibited similar activation as controls (see 

Table 1). Recent users demonstrated significantly greater SWM response than both 

abstinent users and controls in left superior frontal cortex and anterior insula (p < 

.05). These results are consistent with those in Study 3; heightened activation in left 

superior frontal and insular cortices may be indicative of enhanced inhibitory effort 

and continuous working memory updating among recent marijuana users in 

comparison to other groups. Recent users also showed significantly greater SWM 

response than abstinent users and controls in right middle temporal regions (p < .05) 

that have been implicated in ventral stream visual processing (Ungerleider & Haxby, 

1994), particularly with increased visual attention demands (Marois & Ivanoff, 2005). 

This could indicate altered visual attention response among recent users in 

comparison to abstinent users and controls. Finally, recent users showed reduced 

SWM brain response relative to controls and abstinent users in the right precentral 
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gyrus (p < .05),. Lower relative activation in these regions may indicate differences in 

motor circuitry or reduced motor overflow among recent users. Abstinent users 

showed were not significantly different from controls in these four regions.  

Abstinent users demonstrated significantly less SWM response relative to 

controls in left middle occipital cortex (p < .05). This group difference was driven by 

the abstinent users demonstrating less response to the SWM task in this region 

relative to the vigilance condition. As in Study 2, such reduced SWM activation in 

ventral stream occipital regions among abstinent users suggests differences in visual 

attention processing among abstinent users. In this cluster, recent users showed 

activation intermediate between controls and abstinent users.  

In summary, these results are complementary to those of Studies 2 and 3, 

while extending these findings and clarifying further the role of abstinence in 

adolescent marijuana users. The observed brain response patterns indicated increased 

inhibitory effort among recent users compared to both abstinent users and controls, 

and visual attention alterations among both recent and abstinent users relative to 

controls. Interestingly, enhanced insula and prefrontal response was observed only 

among recent users, suggesting potential normalization of inhibitory functioning 

among youths abstaining for at least 27 days. However, both groups of marijuana 

users exhibited altered activation in ventral stream visual attention regions compared 

to controls. This suggests similar degrees of altered visual attention processing in 

recent and abstinent marijuana users that may persist beyond one month of 

abstinence. Thus, early-developing visual attention systems may recover at a slower 
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rate than late-developing frontal systems (Gogtay et al., 2004) that may be more 

resilient when heavy marijuana use is discontinued during continued development. 

Alternatively, marijuana users may have evidenced such differences prior to use and 

continue to utilize alternate visual attention strategies which developed subsequent to 

use and compensated during periods of heavy marijuana use, even when executive 

systems have normalized. These findings of recovery are consistent with studies of 

adults showing improvements in executive functioning with abstinence (e.g., Rourke 

& Grant, 1999). In addition, these activation patterns may continue to recover with 

longer durations of abstinence, consistent with findings of normal neuropsychological 

performance among adolescent marijuana users after 3 months of abstinence (Fried et 

al., 2005). Longitudinal studies will better characterize the relationship between 

abstinence duration and neurocognitive functioning in adolescent marijuana users.  



98 

 

Chapter 5, Table 1. Significant Group Differences (p < .05 for pairwise comparisons) 
in fMRI Response to Spatial Working Memory Between Controls, Abstinent 
Marijuana Users, and Recent Marijuana Users.  
 

Brain Region Relative fMRI Response 

Left superior frontal cortex Recent > Abstinent = Controls 

Left insula Recent > Abstinent = Controls 
Right middle temporal gyrus Recent > Abstinent = Controls 

Right precentral gyrus Recent < Abstinent = Controls 

Left middle occipital gyrus Abstinent < Controls 
Recent users not significantly 

different from abstinent users or 
controls 
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CHAPTER 6 

General Discussion 

 Together, the three described studies characterize fMRI response during SWM 

in adolescence, and highlight the potential influence of marijuana use on brain 

functioning during youth. Study 1 demonstrated that SWM brain response patterns 

among adolescents are generally similar to previously described findings in marijuana 

exposed adults, with activation in bilateral dorsolateral prefrontal and posterior 

parietal networks. However, the emergence of left prefrontal response and shift from 

superior to inferior parietal activation between early and late adolescence suggests the 

utilization of more verbal and spatial storage strategies among older youths. These 

results are consistent with previous literature suggesting increased frontal and parietal 

response in older adolescents (Klingberg et al., 2002; Kwon et al., 2002), and expand 

on these studies by providing new evidence of shifts in localization of parietal 

functioning, indicating strategic changes across adolescence. 

Similar to younger youths, Study 2 demonstrated that marijuana users showed 

increased right superior parietal response after 28 days of abstinence compared to 

non-using controls, suggesting greater neural effort involved in spatial rehearsal 

among marijuana users consistent with findings among adult marijuana users (Chang 

et al., 2006; Kanayama et al., 2004) as well as among alcohol use disordered 

adolescents (Tapert et al., 2001). Decreased right dorsolateral prefrontal response 

among marijuana users with one month of abstinence may indicate reduced reliance 

on general executive control relative to non-users. Similarly, after 25 days of 
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abstinence, adult marijuana users showed decreased left dorsolateral prefrontal blood 

flow during a modified Stroop task (Eldreth et al., 2004) and during visual attention, 

active marijuana users with positive urine toxicology screens evidenced greater 

reductions in right prefrontal fMRI response than abstinent users (Chang et al., 2006). 

Together, these results point to compensatory spatial response and reduced executive 

effort among abstinent marijuana users.  

Finally, marijuana users who had been abstinent for 2 – 6 days exhibited more 

medial/left superior frontal and right posterior parietal response than those who had 

been abstinent for 27 – 60 days, which may suggest more effortful inhibitory control 

and spatial rehearsal among recent users. Inhibitory compensation has been observed 

in adult alcoholics during SWM (Pfefferbaum et al., 2001) as well as among recently-

using (Gruber & Yurgelun-Todd, 2005) and abstinent (Eldreth et al., 2004) adult 

marijuana users during response inhibition, and increased parietal response consistent 

with compensatory spatial recruitment has been characterized during SWM tasks 

among alcohol use disordered adults (Pfefferbaum et al., 2001) and adolescents 

(Tapert et al., 2001). This pattern of response could indicate a shift in strategy in the 

first month of abstinence. Moreover, the results of the supplementary analyses in 

Chapter 5 demonstrate that activation among abstinent users was similar to patterns in 

controls but different than response among recent users, suggesting normalization of 

functioning among abstinent users. These findings of recovery are consistent with 

studies of adults showing improvements in executive functioning with abstinence 

among alcoholics (e.g., Rourke & Grant, 1999), neuropsychological recovery after 
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one month of abstinence among adult marijuana users (Pope et al., 2001), as well as 

some functional normalization of brain response to visuospatial attention among 

abstinent marijuana using adults (Chang et al., 2006). However, abstinent users in 

Studies 2 and 3 demonstrated some activation differences in comparison to controls, 

suggesting incomplete recovery after one month of abstinence. Rodent models 

indicate that cannabinoid administration during adolescence is associated with greater 

impairments in working memory and spatial learning than adult exposure (O'Shea et 

al., 2004; Stiglick & Kalant, 1982, 1985). Related, previous studies of adolescent 

marijuana users have suggested altered neural activation patterns during verbal 

working memory after at least 2 weeks of abstinence (Jacobsen et al., 2004; Jacobsen 

et al., 2006) and only subtle improvements in verbal and spatial learning after 6 

weeks of abstinence (Schwartz et al., 1989), supporting the findings in Studies 2 and 

3 of persisting alterations following a month of abstinence. Together, these studies 

suggest that recovery from chronic marijuana exposure may be slower among 

adolescents than among adults. The partial normalization of functioning observed 

among abstinent users in Chapter 5 suggests that these activation patterns may 

continue to normalize with longer durations of abstinence, in concert with findings of 

normal neuropsychological performance among adolescent marijuana users after 3 

months of abstinence (Fried et al., 2005). 

Taken together, the results of these three studies indicate shifts between 

greater spatial rehearsal processing among younger youths to verbally-mediated 

rehearsal and spatial storage strategies in older youths; greater inhibitory effort 
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among recent marijuana users but less inhibitory control and general executive 

processing among abstinent marijuana users; and utilization of spatial rehearsal 

among marijuana users consistent with patterns observed in younger youths. 

Moreover, the findings of Chapter 5 provide cross-sectional evidence of some 

normalization of neural response patterns among adolescent marijuana users after a 

month of abstinence. Future longitudinal studies are needed to characterize these 

effects in more detail.  

 Several other factors may contribute to the activation patterns observed in 

these three studies. Brain response among recent marijuana users may be influenced 

by withdrawal symptoms, such as mood and motivational changes, which peak during 

the first week following use (Budney & Hughes, 2006; Kouri & Pope, 2000). In 

addition, blood flow changes following chronic marijuana use (Block et al., 2002; 

Loeber & Yurgelun-Todd, 1999; Lundqvist et al., 2001) may affect fMRI results 

(Cohen et al., 2002); future fMRI studies incorporating perfusion imaging would help 

to control for changes in blood flow among marijuana users. In addition, personality 

factors, such as increased behavioral impulsivity, may influence neural patterns of 

increased inhibitory effort among recent users (Anderson, Schweinsburg, Paulus, 

Brown, & Tapert, 2005; Fallgatter, Wiesbeck, Weijers, Boening, & Strik, 1998; 

Gruber & Yurgelun-Todd, 2005). Recent users were not asked to maintain abstinence 

for a month as were participants in the abstinent user group; thus, abstinent users may 

possess behavioral, motivational, and inhibitory abilities that enabled abstinence 

success as well as contributed to more efficient inhibitory control as evidenced by 
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reduced insula and superior frontal activation during the SWM task. Moreover, other 

confounding factors may influence SWM task performance, including enhanced 

spatial attention, coordination, and working memory processing that may occur from 

significant experience with activities dependent on these abilities, such as athletic 

involvement (Di Russo, Taddei, Apnile, & Spinelli, 2006), computer experience (Li 

& Atkins, 2004), or video game playing (Gelfond & Salonius-Pasternak, 2005; Iaria, 

Petrides, Dagher, Pike, & Bohbot, 2003). Finally, although altered fMRI activation 

patterns were observed among marijuana users and between younger and older 

adolescents, no SWM task or neuropsychological performance differences were 

observed. This may be related to the relatively small sample sizes in these fMRI 

studies, which may not have had sufficient power to detect subtle neuropsychological 

differences associated with marijuana use (Grant et al., 2003). Alternatively, fMRI 

methods may be more sensitive than neuropsychological testing to subtle group 

differences in neurocognition, or may reveal strategic differences that are not 

apparent with neuropsychological measures used in these studies. Moreover, 

neuropsychological testing and fMRI should be considered as complementary 

analyses that may reveal different facets of neurocognitive functioning, and provide a 

more complete picture of cognition (Nagel, Barlett, Schweinsburg, & Tapert, 2005). 

Future studies examining the correspondence between neuropsychological 

functioning and fMRI response throughout normal development and among 

marijuana users will help clarify these relationships, and more difficult tasks may 
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elicit performance decrements among substance users, and corresponding alterations 

of neural response patterns (Tapert et al., 2001). 

Future Directions 

 The results of Study 2 and Study 3 point to the possibility of altered brain 

functioning following recent marijuana use that partially resolves after a month of 

abstinence. Yet differences in brain functioning were observed in abstinent users 

relative to controls in Study 2, suggesting that these alterations may persist. Future 

longitudinal studies should more precisely characterize the time course of changes in 

neural response patterns through early abstinence, both within the first month and 

beyond. Moreover, prospective studies throughout adolescence may help identify the 

potential premorbid characteristics that may contribute to response patterns in 

marijuana using youths, as well as describing the developmental trajectories among 

marijuana users and non-users. Such longitudinal studies would help differentiate 

between the pre-existing factors that may be exacerbated by substance involvement 

from those characteristics which may be produced by substance use. For example, 

both animal and human studies have indicated an association between heavy 

marijuana use and behavioral features such as increased anxiety, affective, and 

psychotic symptoms (Biscaia et al., 2003; Gruber & Pope, 2002; Henquet, 

Krabbendam, de Graaf, ten Have, & van Os, 2006; Henquet et al., 2005; Medina & 

Shear, 2006), particularly among those who may have pre-existing vulnerabilities 

(Henquet et al., 2005); adolescents may be more sensitive than adults to these 

behavioral influences of marijuana use (O'Shea et al., 2004; Solowij & Grenyer, 
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2002). Marijuana users who continue use and those who maintain abstinence should 

be followed to determine the course of behavioral changes associated with abstinence 

and continued use, and relationships between these behavioral measures and 

cognitive functioning, particularly as they pertain to future cognitive, academic, 

social, and occupational achievement.  

 The results of these studies suggest differences in neural strategies used for 

SWM between early and late adolescence and among marijuana users, potentially 

suggesting greater use of general executive strategies in later adolescence, but more 

reliance on inhibitory control among marijuana users. In healthy, non-using 

adolescents, better performance on neuropsychological tests of working memory was 

associated with decreased prefrontal activation during SWM, which may suggest 

more efficient working memory strategies associated with diminished prefrontal 

activation (Nagel et al., 2005). In the same study, better executive functioning was 

related to increased inferior parietal response during SWM, indicating greater use of 

spatial strategies among those with superior executive abilities (Nagel et al., 2005). 

These findings provide evidence of neural activation patterns indicating strategic 

differences during SWM that are related to performance on other measures of 

cognitive functioning. Further examination of the relationships between SWM and 

performance on other cognitive or fMRI tasks would help disentangle the component 

cognitive processes involved in SWM, as well as determine the correlates with other 

functional domains. For example, it would be informative to examine links between 

other types of working memory, including verbal, object, and purely visual working 
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memory, in relation to location SWM, and in contrast to a spatial task with no 

working memory requirements. Dissociating these components of SWM could help 

distinguish frontally-mediated inhibitory and general executive processes from spatial 

rehearsal and visuospatial attention skills subserved by parietal structures. Relatedly, 

utilization of other task paradigms could further probe the additional components of 

executive and spatial functioning throughout normal development and among 

marijuana users. For example, parametric manipulations of working memory load and 

spatial demand could test the limits of performance and compensation among 

marijuana users. Specifically, a task including 1-, 2-, 3-, and 4-back working memory 

trials would help identify whether patterns of neural activation would parallel 

performance with increasing working memory load, and whether compensatory 

responding would decrease after load capacity is reached. These relationships 

between working memory load and neural responding may differ among marijuana 

users, with working memory capacity reached at a lower load than among controls. In 

addition, the use of spatial rehearsal strategies could be explored further by including 

a larger number and more complex array of possible spatial locations. A shift from 

spatial and verbal rehearsal between younger and older adolescents could be 

examined with a task that manipulates the potential for verbal labeling. For instance, 

verbal labeling could be reduced by presenting stimuli in pseudo-randomly selected 

locations, rather than in a circular array; verbal labeling might be increased by 

creating a task in which stimuli and their locations look more like a clock face. 

Another task manipulation could combine verbal and spatial working memory in the 
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same task, utilizing the same stimuli, in order to more specifically disentangle verbal 

and spatial rehearsal while holding stimuli and locations constant. Finally, inhibitory 

aspects of SWM might be further explored by examining the relationship between 

neural response to SWM and inhibitory tasks, such as a go/nogo or Stroop task 

(Gruber & Yurgelun-Todd, 2005). In addition, it is unclear how visually-presented 

word cues at the beginning of each SWM task condition may influence activation 

patterns, as word cues may facilitate either verbal or visual processing. This could be 

further examined by creating reference functions to specifically characterize neural 

responding during each word cue. Finally, task questionnaires may provide more 

insight into specific strategies used by youths and the relationship to activation 

patterns. For example, answers to both open-ended and multiple choice questions, 

including whether stimuli locations were imagined as appearing on a clock face, 

could be correlated to fMRI response to determine whether youths with reports of 

verbal strategies exhibit more left prefrontal activation. 

Limitations  

 The primary limitation of the three studies conducted is that each employed a 

cross-sectional design. By definition, this method limits our interpretation to 

describing differences between groups, rather than identifying changes in functioning 

throughout development or marijuana abstinence. However, this work provides a 

foundation for designing and interpreting future longitudinal studies. Related, Study 2 

and Study 3 required marijuana users to maintain abstinence for 28 days prior to 

scanning, which may have introduced a sampling bias. Regular marijuana users who 
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are able to maintain abstinence for this time may differ in terms of motivational, 

cognitive, behavioral, and emotional factors from those who cannot remain abstinent 

or from those who become abstinent without monetary or other incentives. 

Importantly, the specific cognitive or motivational features involved in maintaining 

this intentional abstinence may have contributed to the observed cognitive 

performance and neural response patterns in Study 2 and Study 3, indicating that 

group differences in activation may not be related to marijuana use per se (Bjork et 

al., 2004; Knutson, Fong, Bennett, Adams, & Hommer, 2003; Roske et al., 2006). 

Incentives increase abstinence rates among adolescent drinkers (Brigham et al., 

1981), smokers (Krishnan-Sarin et al., 2006), and marijuana users (Kamon, Budney, 

& Stanger, 2005); thus, participants who maintain abstinence with monetary incentive 

may differ from adolescent marijuana users in general, who may become abstinent 

due to other factors. Such motivational characteristics that may be involved in 

abstinence could be more carefully examined with behavioral measures of motivation 

and with studies brain response associated with reinforcement and other aspects of 

motivation. To test the importance of incentive on the neurocognitive correlates of 

abstinence, studies might randomize participants to receive different incentives for 

maintaining abstinence, as greater incentives would be expected to be associated with 

increased abstinence rates (Peirce et al., 2006). 

 Most marijuana users in current studies were moderate to heavy drinkers. 

Though this is representative of adolescent marijuana users (Agosti et al., 2002), the 

functional impact of marijuana use alone is difficult to determine. Importantly, 
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marijuana users in Studies 2 and 3 demonstrated increased parietal response during 

SWM similar to that observed in teens with alcohol use disorders alone (Tapert et al., 

2004). Recent users also exhibited anterior insula activation consistent with findings 

of SWM-related brain response among adult alcoholics (Pfefferbaum et al., 2001). 

Our previous research characterized neural response differences between adolescent 

alcohol and marijuana users compared to teenage users of alcohol alone, suggesting 

that marijuana use may influence neural functioning above and beyond the effects of 

alcohol, particularly in frontal brain regions (Schweinsburg, Schweinsburg et al., 

2005). Although alcohol use characteristics did not account for brain response 

differences between marijuana users and controls in the current studies, it is difficult 

to disentangle the potential neural influence of each substance. Future studies 

including teens who use alcohol or marijuana alone will help clarify the contributions 

of each substance and their interaction on brain functioning.  

In addition, participants in these studies were generally from relatively high 

income families, which may not accurately represent the general population. As 

marijuana users were recruited from the community, their neurocognitive abilities 

may not generalize to youths in treatment. Finally, all youths met strict inclusion 

criteria, including absence of other psychiatric disorders that are often comorbid with 

substance use disorders (e.g., Agosti et al., 2002; Brown et al., 1996; Stinson et al., 

2006), limiting generalizability of the results. Future studies in more diverse 

communities, as well as among treatment youths, will help to better characterize 
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neural activation patterns in the general population of adolescent substance users 

(e.g., Shadish, 2002). 

Another factor to consider is difficulty level of the SWM task. Task accuracy 

during vigilance and SWM conditions was high, suggesting a ceiling effect. Altering 

task difficulty, including parametric manipulations of working memory load or 

extending task duration, may elicit alternate performance and brain response patterns 

through normal development and between marijuana users and controls. In addition, 

reaction time was consistently higher during the SWM condition than during 

vigilance, despite better accuracy during vigilance. This suggests that the efficiency 

with which correct responses can be implemented may differ between task conditions, 

and may recruit alternate neural resources. A comparison task with more equivalent 

demands on processing speed should be developed and tested to explore this further.  

Differences in methodology between the studies should be mentioned. Study 1 

excluded youths with a family history of substance use disorders or conduct disorder 

in order to more clearly identify brain response patterns related to age in the absence 

of potential confounds. However, Study 2 and Study 3 did not exclude such youths, 

since these characteristics are highly represented in populations of substance using 

youths (Brown et al., 1996; Schuckit, 1985). Groups were matched on prevalence of 

these characteristics in Study 2 and Study 3, yet it is unclear whether they may have 

moderated the relationship between marijuana use group and brain response patterns. 

Future studies with larger sample sizes are needed to explore this possibility.  
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 fMRI data processing parameters also differed between studies. Study 1 

utilized somewhat coarser voxel-wise resampling and less spatial smoothing than 

Studies 2 and 3. As greater spatial smoothing can lead to an increased risk of Type I 

error, we required a larger cluster size of 1328 microliters (as compared to 943 

microliters in Study 1) to determine significance in group-level analyses in Studies 2 

and 3. Together, these changes in data processing may have led to subtle differences 

in detection of significant clusters between studies. However, this change in 

processing is justified by methodological advancements, and likely improved the 

quality and reliability of results in Studies 2 and 3.  

Conclusions 

Despite the limitations, these studies provide evidence of age-related 

differences in neural response patterns in adolescence, highlighting the importance of 

using developmentally appropriate models for studying clinical populations in 

adolescence, and suggest alternate strategies and resource utilization among 

marijuana using youths. The differences in activation between recent and abstinent 

users raise the possibility of changes in neural processing through early abstinence, 

and may have important implications for youths attempting sobriety, as recent users 

may exhibit neurocognitive differences that could affect social and academic 

functioning as well as the ability to maintain abstinence.  
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