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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; females
demonstrated diminished anterior cingulate activation and males demonstrated 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.
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INTRODUCTION
Modern neuroimaging techniques have 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 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 later 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.
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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 et al., 2004; Luna et al., 2004), with accuracy and
reaction times increasing and decreasing respectively during spatial n-back (Kwon et al.,
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 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 et al., 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,
although age was the best predictor of activation in these brain regions, there 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 13 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, although 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. Although adult studies have
demonstrated a general spatial information processing advantage for males over females that
emerges with increasing age (Voyer et al., 1995), this is primarily a result of differences in
active spatial processing (e.g., spatial rotation or 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
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(Vuontela et al., 2003) and adults (Barn-field, 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 SWM
accuracy, we hypothesized that females would demonstrate a more mature pattern of fMRI
response than males.

METHODS
Research 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, 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).

Measures
Spatial working memory task—The spatial working memory (SWM) task (Kindermann
et al., 2004; Tapert et al., 2001) consisted of 18 21-second blocks that alternated between
experimental and baseline conditions, and three blocks of rest (two 21-second blocks and one
42-second 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
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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 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 five-item self-report
measure of pubertal status with demonstrated reliability and validity (Petersen et al., 1988).
The PDS correlates significantly (r = .61 to .80) with physician ratings and Sexual Maturation
Scale self-ratings of pubertal maturation (Brooks-Gunn et al., 1987).

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 et al., 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 analysis
of variance (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 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.
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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-repetition delays in hemodynamic response (Bandettini et al., 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 3.5-mm3 isotropic voxels. We applied a spatial
smoothing Gaussian filter (full-width half maximum = 3.5 mm) to functional data to account
for anatomic variability.

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) 3.5-mm3 voxels, yielding a clusterwise α < .05. 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 only examined clusters in which there was greater
activation to SWM relative to vigilance, and not regions that 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
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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.
Because 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 relationship with age. To assess volume of activation within
posterior parietal and left prefrontal ROIs, we calculated the number of 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 was there 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 = 2.292, p < .05).
There were no significant gender differences on the Wechsler Vocabulary, Digit Span, or Block
Design subtest scores (see Table 1).

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);
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
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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 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; β
= −.40, p < .05; R2Δ = .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 parietal lobules. Within that cluster, ROI analyses demonstrated that
activation for young adolescents was mostly in superior regions of the parietal cortex, whereas
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].
Furthermore, males showed a significant negative relationship between age and volume of
activation (r = −.41, p < .05), whereas 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.
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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 a 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 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. Although this was likely a result of 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, 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 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 et al.,
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. Although the task was designed to minimize verbal encoding, older teens
may have imagined the eight possible stimulus locations as positions on a clock face, thereby
facilitating verbal labeling and resulting in greater left prefrontal activity.
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Also consistent with our hypotheses, we observed a positive relationship between age and
SWM response in posterior parietal regions. However, while we 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. Although 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 et al., 2004), whereas
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 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 earlier, 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 et al., 1994). Similarly, in this study, right parietal maturation appears
linked to pubertal stage whereas 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 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,
whereas 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.
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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 in the medial superior frontal cortex during
SWM than during the vigilance condition, 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 et al., 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 et al., 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. Although 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 et al., 2002; MacDonald et al., 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 consistently
perform better than females on visuospatial tasks (for a 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, whereas males
use more “gestalt” perceptual strategies (Jordan et al., 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.
Furthermore, the age-related decrease in frontopolar activity among males may reflect more
efficient processing as development progresses, whereas 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 as to when in the
course of development the male advantage on spatial tests emerges, meta-analysis has indicated
that this gender difference appears some time in early adolescence and increases with age
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(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. 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. Furthermore, while this SWM task was used because it has been previously
reported on by our group in adolescents (Caldwell et al., 2005; 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 teenagers 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, 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 for 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.

Conclusions
In sum, the present findings suggest that significant age-related changes 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, whereas diminished anterior
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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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Fig. 1.
Spatial working memory task design.
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Fig. 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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Fig. 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.

SCHWEINSBURG et al. Page 18

J Int Neuropsychol Soc. Author manuscript; available in PMC 2008 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 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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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, 1999) for those under age 17, or from the Wechsler Adult Intelligence Scale—Third Edition (Wechsler, 1997) for 17-year-olds.
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