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Abstract

Adult functional magnetic resonance imaging (fMRI) literature suggests that a left-right
hemispheric dissociation may exist between verbal and spatial working memory (WM),
respectively. However, investigation of this type has been obscured by incomparable verbal and
spatial WM tasks and/or visual inspection at arbitrary thresholds as means to assess lateralization.
Furthermore, it is unclear whether this hemispheric lateralization is present during adolescence, a
time in which WM skills are improving, and whether there is a developmental association with
laterality of brain functioning. This study used comparable verbal and spatial WM n-back tasks
during fMRI and a bootstrap analysis approach to calculate lateralization indices (LI) across
several thresholds to examine the potential of a left-right WM hemispheric dissociation in healthy
adolescents. We found significant left hemispheric lateralization for verbal WM, most notably in
the frontal and parietal lobes, as well as right hemisphere lateralization for spatial WM, seen in
frontal and temporal cortices. Although no significant relationships were observed between L1 and
age or LI and performance, significant age-related patterns of brain activity were demonstrated
during both verbal and spatial WM. Specifically, increased adolescent age was associated with
less activity in the default mode brain network during verbal WM. In contrast, increased
adolescent age was associated with greater activity in task-positive posterior parietal cortex during
spatial working memory. Our findings highlight the importance of utilizing non-biased statistical
methods and comparable tasks for determining patterns of functional lateralization. Our findings
also suggest that, while a left-right hemispheric dissociation of verbal and spatial WM is apparent
by early adolescence, age-related changes in functional activation during WM are also present.
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1. Introduction

Working memory (WM) refers to the ability to actively maintain and manipulate
information in the brain for a short period of time (Baddeley, 1986). It has been posited that
the system sub-serving this ability is comprised of a central executive control system and
two subordinate systems responsible for the manipulation, rehearsal, and retention of
domain-specific information — the phonological loop and the visuospatial sketchpad
(Baddeley, 1992). Research suggests that these subsidiary systems, specific to the
processing of verbal and visuospatial information, are functionally distinct by the time
children reach school-age (Alloway, Gathercole, & Pickering, 2006; Gathercole, Pickering,
Ambridge, & Wearing, 2004; Pickering, Gathercole, & Peaker, 1998). However, it has been
demonstrated that WM abilities continue to improve throughout adolescence. Specifically,
WM accuracy increases, and reaction times decrease as a function of age (Kwon, Reiss, &
Menon, 2002; Luciana, Conklin, Hooper, & Yarger, 2005; Luna, Garver, Urban, Lazar, &
Sweeney, 2004; Zald & lacono, 1998). In addition, WM span, for both verbal and spatial
information, expands across adolescence (Conklin, Luciana, Hooper, & Yarger, 2007).
These improvements are thought to be due to better executive and rehearsal strategies and
improved processing speed that occurs with continued adolescent neuromaturation (Cowan,
1997); however, the link between improved functioning and neurodevelopment remains
unclear.

The advent of functional magnetic resonance imaging (FMRI) has made essential
contributions to the current understanding of the neuroanatomical substrates underlying
human WM. FMRI studies of adults have consistently revealed activation of premotor,
lateral prefrontal and posterior parietal cortices during adequate performance on WM tasks
(for review, see Fletcher & Henson, 2001; Owen, 1997; Owen, McMillan, Laird, &
Bullmore, 2005). While fewer studies have utilized fMRI in normally developing youth to
explore the neural underpinnings of WM, the limited work has revealed several patterns.
Studies have shown that while similar patterns of spatial WM-related brain activity appear to
be present in both children and adults (Thomas et al., 1999), children tend to show more
widespread patterns of activation than adults (Geier, Garver, Terwilliger, & Luna, 2009),
and with increased age, children and adolescents appear to exhibit greater activation in
bilateral prefrontal and parietal brain regions to spatial WM tasks (Klingberg, Forssberg, &
Westerberg, 2002; Kwon et al., 2002; Schweinsburg, Nagel, & Tapert, 2005). Adults, on the
other hand, appear to show more refined and lateralized patterns of activity than seen during
earlier stages of development (Scherf, Sweeney, & Luna, 2006). During verbal WM,
children also appear to activate similar brain regions to adults, but in a more widely
distributed fashion (Casey et al., 1995). However, studies of verbal WM also suggest that
even children may show left hemispheric lateralization in frontal brain regions (Casey et al.,
1995) and adult-comparable lateralized activation of brain response, with greater activation
to verbal WM tasks in the left frontal and temporal lobes, and greater activation to spatial
WM in right frontal, parietal, and occipital cortices (Thomason et al., 2009). While the
modality-specific WM literature is somewhat mixed, a number of non-WM studies of both
visuospatial and language processing have also demonstrated increased lateralized patterns
and shifted patterns of activation in adults, as compared to children (for review, see Stiles,
Moses, Passarotti, Dick, & Buxton, 2003).

Taken together, these data suggest that WM-related brain activation patterns, while similar
to those in adulthood, change with age. Developing youths appear to display more diffuse
and/or bilateral activation, particularly for spatial WM, while adults exhibit more refined,
and possibly more lateralized brain response. However, it is unclear when during
development these neurobiological shifts occur. These differences in brain activation
patterns with age may be a function of increasing functional specialization and efficiency
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within developing brain regions (Durston et al., 2006), and may reflect less segregation
across brain systems in the immature brain (Fair et al., 2007). However, little research has
examined the contributions of different brain regions to specific aspects or types of WM
during development.

In the adult literature, there has been effort toward identifying the brain regions responsible
for subserving WM for different types of stimuli. To that end, there is some evidence that
verbal and spatial WM functions are subserved by different hemispheres in the brain. The
idea for this material-specific dissociation originally grew out of the lesion literature
suggesting that the left hemisphere was more specialized in processing verbal information,
while the right hemisphere was more apt to process spatial stimuli (Ojemann & Dodrill,
1985; M. L. Smith & Milner, 1981). Since then, a number of studies have examined whether
or not such a hemispheric dissociation exists for WM functions in the adult brain. Findings
from these studies, although disparate, suggest that there may be a hemispheric dissociation
for verbal and spatial WM (E. E. Smith & Jonides, 1997); however, this functional
distinction may be restricted to the regions of prefrontal cortex (Fiez et al., 1996; Manoach
et al., 2004; Walter et al., 2003). Notably, studies that have failed to demonstrate this
dissociation (D’Esposito et al., 1998; Nystrom et al., 2000) may have utilized spatial stimuli
that were more amenable to verbal encoding strategies than those who were able to show
this hemispheric distinction or may not have had sufficient power to detect lateralization
effects. In addition, most studies addressing this question have done so by contrasting neural
activation patterns in one cognitive condition versus another, and lateralization is examined
by means of visual inspection. This type of voxel-based examination is insufficient to
adequately address issues of lateralization in a statistically driven manner (Jernigan, Gamst,
Fennema-Notestine, & Ostergaard, 2003). Although examined in adult and child
populations, to date, no study has examined this potential material specific dissociation in
developing adolescents or whether more distinct or lateralized patterns of WM brain
response emerge across this developmental period.

Therefore, the goals of the current study were to examine brain functioning during
comparable verbal and spatial WM tasks in a group of healthy adolescents and use a
threshold-independent technique to examine the possibility of hemispheric lateralization.
Based on previous imaging and lesion literature, we hypothesized that in adolescents, verbal
WM would be lateralized to the left hemisphere and spatial WM would show a right-
lateralized pattern of activity in the brain, particularly in frontal lobe regions. Further, based
on evidence of more efficient and specialized brain activity across adolescent development
(Durston et al., 2006; Finn, Sheridan, Kam, Hinshaw, & D’Esposito, 2010), we also
hypothesized that the laterality of verbal and spatial WM would become stronger as a
function of adolescent age.

2. Materials and methods

2.1 Participants

Sixty-seven healthy adolescents, ages 10-16 years, underwent fMRI during a verbal and
spatial WM task. All participants were recruited and underwent comprehensive structured
interviews as part of an ongoing study focused on typical adolescent neurodevelopment.
Briefly, following written consent and assent from all youth and their parents in accordance
with Oregon Health & Science University’s International Review Board, separate structured
telephone interviews were conducted with both the youth and one of their parents.
Interviews consisted of the Diagnostic Interview Schedule for Children Predictive Scales
(DISC-PS-4.32b) (Lucas et al., 2001), the Family History Assessment Module (FHAM)
(Rice et al., 1995), the Brief Lifetime version of the Customary Drinking and Drug Use
Record (S. A. Brown et al., 1998), and the Structured Clinical Interview (S.A. Brown,
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Myers, Mott, & Vik, 1994). Exclusionary criteria included the inability of a parent to
provide family history information; lifetime history of a diagnosed DSM-1V psychiatric
disorder; significant substance use (10 lifetime alcoholic drinks or 2 drinks/occasion, > 5
uses of marijuana, any other drug use, or > 4 cigarettes per day); neurological illness;
significant head trauma (loss of consciousness > 2 minutes); serious medical problems;
mental retardation or learning disability; prenatal exposure to drugs or alcohol; reported
history of psychotic disorders in biological parents (i.e. bipolar 1 or schizophrenia); left-
handedness (Edinburgh Handedness Inventory, (Oldfield, 1971)); irremovable metal; and
pregnancy. Left-handedness was exclusionary for the current study due to demonstrated
handedness influences on cerebral laterality (Lux et al., 2008)

Participant characteristics are provided in Table 1. As an estimate of intellectual functioning
(1Q), all teens were administered the Wechsler Abbreviated Scale of Intelligence (Wechsler,
1999). To further characterize the sample, information was gathered on socioeconomic
status by administering the Hollingshead Index of Social Position (ISP) to parents as part of
the structured telephone interview. The Hollingshead ISP determines socioeconomic status
based on occupation and educational attainment of each parent (Hollingshead, 1975).
Pubertal status was assessed using the self-report Pubertal Development Scale (PDS)
(Petersen, Crockett, Richards, & Boxer, 1988).

2.2 Imaging Protocol

Adolescents were scanned on a 3.0 Tesla Siemens Magnetom Tim Trio system (Siemens
Medical Solutions, Erlangen, Germany) with a twelve channel head coil at OHSU’s
Advanced Imaging Research Center (AIRC). Whole-brain, high-resolution structural
anatomical images were acquired in the sagittal plane using a T1 weighted MPRAGE
scanning sequence (T1 =900ms, Flip Angle = 10 degrees, TE = 3.58 ms, TR = 2300 ms,
acquisition matrix = 256x240, FOV = 256 mm, slice thickness = 1.1 mm, 33 slices).
Functional images were acquired in the axial plane oblique to the AC-PC, using a high-
angular resolution T2-weighted echo planar Blood Oxygen Level Dependent (BOLD)
sequence (TR = 2000 ms, TE = 30 ms, FOV= 240 mm, flip-angle = 90°, 33 slices no gap,
slice thickness = 3.8 mm, 166 repetitions). Task stimuli were rear-projected and viewed
through a mirror mounted on the head coil. Participants made responses with an MRI-
compatible button box, using their index finger.

2.3 Spatial and verbal n-back WM fMRI task

The task used in this study is similar to that used by Nystrom and colleagues (Nystrom et al.,
2000), in that it was a block-design spatial and verbal WM 2-back task that differentiated
between the two WM conditions only by way of task instruction (Figure 1). During the
spatial WM condition, stimuli were presented in various spatial locations on the screen, so
as to minimize the likelihood of verbal encoding strategies. In order to increase the demands
on phonological rehearsal for the verbal working WM condition (Conrad, 1964), this task
utilized phonemically similar capitalized letters (e.g., D, G, P, etc.) during both the spatial
and verbal WM conditions. During spatial WM, participants were instructed to respond by a
button press each time a stimulus appeared in the same spatial location as the stimulus 2
prior, regardless of stimulus content. During verbal WM, participants were to press a button
each time the same letter appeared as the one 2 prior, regardless of spatial location. Pilot
testing of the task was preformed to ensure matched difficulty in the spatial and verbal WM
conditions (Nagel, Ohannessian, & Cummins, 2007). To control for the attention processes
and sensory and motor demands of the WM conditions, blocks of a control vigilance task
were used. During these blocks, participants viewed gray and white dots presented in the
same spatial locations as the letter stimuli during the WM blocks. Participants were asked to
press the button each time a gray dot appeared. The blocked design task consisted of 2 runs
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of 6 blocks (3 verbal WM, 3 spatial WM) counterbalanced per run, and 16 trials per block
for a total of 192 trials. Stimuli were presented on the screen for 500 ms, with an inter-trial
stimulus interval of 1500 ms in which subjects looked at a crosshair. The entire task lasted
11 minutes, 4 seconds. Task presentation was performed using Presentation software
(Schneider, Eschman, & Zuccolotto, 2002). Response logging was performed, and accuracy
and reaction time data were collected for all blocks, with the latter only computed for correct
trials. Following scanning, an exit questionnaire was administered to assess self-reported
verbal, spatial, or no strategy use during the working memory tasks.

2.4 Data Analysis

All demographic and task performance data were examined for normality and the presence
of outliers using PASW Statistics 18 (PASW, Chicago, Illinois). All demographic variables
were normally distributed, except for household income, for which both the mean and
median are reported. Because all youth performed relatively well, task performance
variables (accuracy and reaction time) were positively skewed. Thus, log transformations
were applied to improve normality. Furthermore, given that laterality indices are inherently
skewed, age, puberty, 1Q, task strategy, and task performance were examined in relation to
LI using nonparametric correlation analyses (Spearman’s rho).

Imaging data were processed and analyzed using Analysis of Functional Neurolmages
(AFNI) (Cox, 1996). Using an iterated least squares algorithm, motion was corrected for in
the time series data by registering each acquisition to a selected repetition (Cox &
Jesmanowicz, 1999), and repetitions that showed greater than 2.5 mm in any of the 3
rotational or 3 displacement parameters were removed from subsequent analyses.
Furthermore, an average root mean squared (RMS) value was calculated for within-run
motion, across these 6 motion parameters for each subject. These values were log
transformed to allow for a normal distribution, and used in subsequent age-related analyses
as a covariate, as RMS values were found to be significantly associated with age (r=-.543,
p<.001). Using a deconvolution process, time series data was correlated with a vector
representing the task design, in light of the delay of the hemodynamic response, while
covarying for motion and linear trends. The fit coefficients derived from fitting the time
series data to the model represent the blood oxygen level dependent (BOLD) response,
which was then contrasted between the verbal WM and vigilance, and spatial WM and
vigilance, for each voxel of the brain. Functional data sets were resampled into 3mm3 voxels
and were transformed into standard Talairach coordinates for anatomical localization and
between-subject comparisons.

To examine whole-brain verbal and spatial WM activation, single-sample t-tests were
performed on BOLD response for both task conditions (versus vigilance). In addition,
follow-up multiple regression analyses were performed to examine the relationship between
age and whole-brain BOLD response for each functional WM task, while covarying for
RMS and task performance (accuracy and reaction time; covaried separately), as well as the
relationship between pubertal status and WM task response, controlling for RMS, task
performance, and age. To correct for Type | error when determining significant clusters of
activation, a combined t-statistic magnitude and cluster volume thresholding technique was
employed using AFNI’s AlphaSim program. To capture only the most significant task-
related activation, for initial WM task-related t-tests, only clusters with a voxel threshold of
p<.0001 exceeding 243 microliters, equal to 9 contiguous significant (a < .05) 3mm?3
voxels were considered significant. For follow-up multiple regression analyses, multiple
comparison correction followed more standard convention, and significance was determined
for only voxels exceeding a threshold of p <.01 (voxel and clusterwise corrected), and part
of a cluster greater to 648 microliters (24 voxels).
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2.5 Lateralization Indices

3. Results

For between verbal and vigilance and spatial and vigilance contrasts, individual as well as
group t-maps were used to determine laterality of activation over the right and left
hemisphere. Lateralization indices (LI) were calculated using a combined bootstrap/
histogram analysis approach, previously reported (Wilke & Schmithorst, 2006). This
approach is superior to other methods to examine lateralization, as it does not rely on visual
inspection, or arbitrary thresholding. Briefly, using the LI-toolbox from SPMS5, all voxel
values from unthresholded individual and group t-maps, except those 5 mm left and right of
the interhemispheric fissure (Wilke & Lidzba, 2007), were used to calculate a whole brain
LI. Specifically, the common lateralization equation LI = (left-right)/(left+right) was used,
resulting in a continuum of values between +1 and -1, with positive values representing left
hemispheric lateralization, and negative values representing right hemispheric lateralization.
A bootstrapping approach was simultaneously applied (Wilke & Schmithorst, 2006) to
create threshold-dependent laterality curves as to avoid a fixed and arbitrary threshold which
can obscure laterality findings (Wilke & Lidzba, 2007). Specifically, the interquartile range
of 100 bootstrapped resamples was created. Using these interquartile ranges, 10,000 LI
combinations were then computed. These three steps were repeated for twenty, equally
spaced t-thresholds ranging from 0 to the maximum t-threshold for a given image. An
overall L1 was then derived by weighting each of the trimmed mean LI’s by the respective
iterative t-threshold in which they were created and averaging them to create a weighted
mean LI (LI,). Thus, this final LI,y is resistant to outliers and allows for LI calculated at
higher t-thresholds to have a larger impact in the overall average LI for an image (Wilke &
Schmithorst, 2006). In order to also examine lobe specific lateralization, LI, were
determined for frontal, parietal, and temporal lobes using the same methods as whole brain,
except SPM pre-defined regional masks were applied to each t-map prior to calculating LI
using the bootstrap approach. Individual LI, for the frontal, parietal, and temporal lobes
were then imported to SPSS in order to examine the relationship between verbal and spatial
lateralization and age, while covarying for RMS, using Spearman’s rho nonparametric
correlations. Based on previous literature (Everts et al., 2009; Wilke & Schmithorst, 2006)
left hemispheric lateralization was determined by LI, values > 0.2, and right hemispheric
lateralization as LI values < - 0.2.

3.1 Behavioral performance

Task performance data were available for 66 participants, due to button box failure for one
individual. Participants performed at 98.6 + 1.9% accuracy on the vigilance condition, 94.2
+ 4.56% accuracy on the verbal WM condition, and 90.8 + 7.8% accuracy on the spatial
WM condition. Paired t-test results suggested that overall, youth performed more accurately
during verbal compared to spatial WM (= —4.98, p < .01), but were also slower on this task
condition (£= 3.23, p<.01). Paired t-test of composite performance indices for verbal and
spatial WM (summed z-scores of accuracy and reaction time) were not significant, providing
support for a speed/accuracy trade-off on these two WM tasks (= -.007, p=.99). Self-
reported strategy use was largely as expected for the tasks, with 84% of youth reporting
spatial strategy use during spatial WM (11% verbal; 5% none), and 78% of youth reporting
a verbal strategy during verbal WM (12% spatial; 9% none). Across adolescent age and
pubertal development, there were significant improvements in task performance.
Specifically, age was correlated with faster performance (lower reaction times) and
increased accuracy during both the verbal (reaction time: r=-.37, p<.01; accuracy: r= .29,
p < .05) and spatial (reaction time: r=-.41, p<.01; accuracy: r=.30, p<.05) WM task
conditions. Not surprisingly, pubertal stage, which was highly correlated with age (r=.79, p
<.001), was also negatively correlated with reaction time and positively correlated with
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accuracy across the sample (verbal reaction time: r=-.31, p<.01; verbal accuracy: r= .26,
p < .05); spatial reaction time: r=-.33, p< .01, spatial accuracy: r= .27, p<.05). In
addition, as has been previously shown in the literature (Conway, Kane, & Engle, 2003), 1Q
was significantly related to WM task accuracy during both the verbal (r=.38, p<.01) and
spatial (r= .44, p<.001) WM conditions, but not to task reaction time. While all
participants had greater than 67% accuracy on both tasks, only a subset of the participants
had =90% accuracy on both the verbal (n = 56) and spatial (n = 45) conditions. Because
errors have been shown to impact brain response during fMRI, and often in a lateralized
fashion (Dosenbach et al., 2006; Fair et al., 2009; Murphy & Garavan, 2004), the same
imaging analyses were performed on this smaller subsample of subjects to ensure that the
results were not confounded by error-related signal.

3.2 Brain response during verbal WM and associations with age and pubertal status

During the verbal WM condition (versus vigilance), adolescents demonstrated decreased
BOLD activation bilaterally in the anterior and posterior cingulate, medial frontal gyrus,
superior frontal gyrus, cuneus, parahippocampal gyrus, superior temporal gyrus, and
precentral and postcentral gyri, as well as the middle frontal gyrus, inferior parietal lobe,
middle temporal gyrus, and angular gyrus of the left hemisphere (Figure 2a, Table 2). Youth
also displayed increased verbal WM-related BOLD response in bilateral cingulate, middle
and superior frontal gyri, inferior and superior parietal lobe, precuneus, cerebellum, and the
right insula and left precentral gyrus (Figure 2a, Table 2). Similar whole-brain patterns of
activation were seen for verbal WM (versus vigilance) in youth who performed at >90%
task accuracy on the verbal task condition (see Figure 2b, Table 2).

Multiple regression analyses run on the whole group examining the relationship between age
and verbal WM activation, while covarying for motion (RMS) and task accuracy, showed no
significant areas of age-related activation. Similar multivariate analyses examining this
relationship, with RMS and reaction time covaried, showed one significant age-related
cluster, with decreased activation in the right inferior parietal lobe with increased age
(Figure 2c, Table 3). In the subset of youth with >90% verbal WM task accuracy (n = 56),
no significant age-accuracy correlation remained. Multiple regression analyses examining
the relationship between age and verbal WM BOLD response, while covarying for age-
associated RMS and reaction time, showed three significant clusters of age-related BOLD
response. These age-related clusters, where verbal WM-related activation decreased with
increased adolescent age, included the right superior frontal, bilateral cingulate, and the left
post-central gyri (BA 40) (Figure 2d, Table 3). No areas of verbal WM activity were
uniquely related to pubertal status in either the entire or 90% accuracy restricted sample,
after controlling for RMS, task accuracy or reaction time, and age.

3.3 Brain response during spatial WM and associations with age and pubertal status

During spatial WM (versus vigilance), adolescents showed decreased BOLD activation
bilaterally in anterior and posterior cingulate cortices, medial and superior frontal gyri,
cuneus, the middle and superior temporal gyri, as well as in the right inferior frontal gyrus,
precentral and postcentral gyri, and middle and superior temporal gyri (Figure 3a, Table 4).
Increased spatial WM-related activation was demonstrated bilaterally in the insula, medial
and superior frontal gyri, cingulate gyrus, inferior and superior parietal lobe, precuneus, and
the left cerebellum (Figure 3a, Table 4). Similar findings were seen for the spatial WM
condition (versus vigilance) in participants with >90% task accuracy on the spatial condition
(Figure 3b, Table 4).

Whole group multiple regression analyses examining the relationship between age and
spatial WM activation, while covarying for RMS and task accuracy, revealed no significant
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age-related associations with spatial WM BOLD response. Comparable multivariate
analyses examining this relationship controlling for RMS and reaction time (as opposed to
accuracy) also showed no significant age-related clusters of spatial WM response. As was
the case for verbal WM, among only youth with >90% accuracy on the spatial WM task
(n=45), no significant age-accuracy correlation was present. Thus, multiple regression
analyses examining the relationship between age and spatial WM-related BOLD response,
covarying for age-associated RMS and reaction time, revealed one positive age-related
relationship with increased brain response in the left superior parietal lobe/precuneus seen as
a function of increased adolescent age (Figure 3c, Table 5). No areas of spatial WM activity
were uniquely related to pubertal status in either the entire or 90% accuracy restricted
sample, after controlling for RMS, task accuracy or reaction time, and age.

3.4 Hemispheric laterality

Lateralization of verbal and spatial WM was analyzed using a combined bootstrap/histogram
analysis approach (Wilke and Schmithorst, 2006) (Figure 4). Independent of statistical
threshold, whole brain lateralization analyses showed that verbal WM (versus vigilance) was
left lateralized (LI, = 0.35). Restricted LI analyses to the frontal, parietal, and temporal
lobes showed that verbal LI was robustly left lateralized in the frontal (LI, = 0.25; 90%
accuracy Ll = 0.27) and parietal lobes (LI, = 0.34; 90% accuracy LIy, = 0.34) (Figure 4),
but not temporal lobes. In contrast, whole brain analyses showed that spatial WM (versus
vigilance) was right lateralized (LI, = —0.18), independent of thresholding (Figure 4).
Restricted LI analyses showed that LI was right lateralized in the frontal lobe (LI, = -0.29;
90% accuracy LI, = —0.37) and temporal lobes (LI, = —0.88; 90% accuracy LIy, = —0.66),
but not in the parietal lobes (Figure 4). These patterns of lateralization were slightly more
robust in youth who performed greater than 90% task accuracy on the verbal condition (LI,
= 0.39) and the spatial task accuracy (LI, = —0.26), again highlighting the potential
confounding impact of error-related response in the brain (Dosenbach et al., 2006; Fair et
al., 2009; Murphy & Garavan, 2004). Reported task strategy use, nor 1Q, significantly
related to laterality indices.

3.5 Lateralization, age, and pubertal status

For verbal WM, lateralization in the frontal and parietal lobes did not significantly relate to
age, after partialling out variance related to RMS (frontal L1y, r/0 (67)= .12, p= .31,
parietal LI, rh0 (67)= .08, p=.49). Among the >90% verbal WM accuracy subsample,
similar results were observed (frontal LI, 770 (56)= .12, p=.38; parietal LI, /0 (56) = .
09, p=.50). Similarly, spatial WM lateralization in the frontal and temporal lobes did not
significantly relate to age, after controlling for RMS (frontal LI, /0 (67)=-.10, p = .40,
temporal LIy, rh0 (67)= .03, p=.82), with comparable results in the >90% spatial WM
accuracy subsample (frontal LIy, r/0 (45)=-.11, p = .50, temporal LIy, rh0 (45)= .09, p=.
55). Similarly, regional LI also did not significantly relate to pubertal status (all p’s > .05).

3.6 Lateralization and performance

After controlling for age and RMS, lateralization in the frontal and parietal lobes did not
significantly relate to verbal WM accuracy (frontal L1y, rh0 (66) = —.10, p = .43; parietal LI,
rho (66) = .08, p=51) or reaction time (frontal LI, /0 (66)=-.01, p=.93; parietal LI,
rho (66)= .18, p=.16). These results were comparable when examining the >90% verbal
WM accuracy sample (frontal LI, accuracy rho (56) = .02, p=.91; parietal LI,y rho (56) =.
19, p = .16); reaction time (frontal LI, rh0 (56)= .01, p=.96; parietal L1, rho (56)=.19, p
=.17). Similarly, after controlling for age and RMS, spatial WM accuracy did not relate to
lateralization in the frontal lobe (rA0 (66) = .02, p = .89) or the temporal lobe (rh0 (66) = .
17, p=.18). These results were also seen in the >90% verbal WM accuracy sample (frontal:
rho (56) = -.19, p=.20; temporal: (rho (45)= .01, p=.96). In both the whole and
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performance-constrained groups, no significant relationships were seen between either
frontal lobe (rh0 (66) = .13, p=.30; rho (56) = .02, p=.92) or temporal lobe (rh0 (66) = .12,
p=.32; rho (45) = -.05, p=.76) lateralization and spatial WM reaction time.

4. Discussion

This is the first study, to our knowledge, to examine both verbal and spatial WM processes
and associated brain activity in sample of healthy developing adolescents. As evidenced by
utilizing comparable verbal and spatial WM paradigms during fMRI, working memory-
related regions of increased brain activity were observed in premotor, lateral prefrontal, and
posterior parietal cortices, and cerebellum, consistent with the existing literature
documenting the neural substrates of WM across the lifespan. In addition, regions of the
default-mode network (DMN) — a brain network more commonly active at rest and
deactivated during task (Buckner & Vincent, 2007; Greicius, Krasnow, Reiss, & Menon,
2003; Raichle et al., 2001), including the posterior cingulate cortex, medial prefrontal
cortex, and angular gyrus, showed reduced activation during the more demanding WM task
conditions, compared to the easier vigilance control condition.

Using a threshold-independent measure of hemispheric lateralization, as hypothesized, we
demonstrated that among our sample of youth, brain activity during verbal WM showed a
more left-hemisphere lateralized pattern of BOLD response, particularly in the frontal and
parietal lobes, while spatial WM invoked a pattern of more right-hemisphere lateralized
activity, observed in both frontal and temporal lobe regions. Thus, in adolescence, there
appear to be functionally lateralized patterns of brain activity, specific to working memory
domain. This pattern is consistent with the adult literature showing this hemispheric
distinction (E. E. Smith & Jonides, 1997), particularly within the frontal cortex (D’Esposito
etal., 1998; Fiez et al., 1996; Manoach et al., 2004; Walter et al., 2003), and also with
developmental literature showing lateralized profiles of brain activity distinguishing
language-based versus visuospatial tasks, more broadly (Everts et al., 2009). Contrary to our
hypotheses, as well as previous findings (Everts et al., 2009), the strength of lateralization in
these regions did not vary as a function of adolescent age. Our lack of an observed age
relationship with LI in this sample may suggest that, similar to behavioral work
documenting the existence of separable verbal and spatial WM storage systems by early
childhood (Alloway et al., 2006), associated neural substrates are in place prior to
adolescence. Our findings are also consistent with previous work, albeit using a different
working memory paradigm, demonstrating the presence of verbal and spatial WM
hemispheric laterality by childhood (including children up to 12 years of age and
overlapping in age with the current study) (Thomason et al., 2009). Notably, previous work
has shown that greater neurodevelopmental differences can be captured by manipulating the
difficulty of task demands (Jolles, Kleibeuker, Rombouts, & Crone, 2011; O’Hare, Lu,
Houston, Bookheimer, & Sowell, 2008; Thomason et al., 2009). Thus, while future studies
using parametrically varied verbal and spatial WM loads and manipulation in WM may
better discern age-related changes in hemispheric laterality of brain activity subserving these
functions, it is also possible that these lateralized brain response profiles are well in place
prior to the adolescent years.

In contrast to developmentally stable hemispheric lateralization of verbal and spatial WM
functions, we observed significant age-related improvements in both verbal and spatial WM
behavior across adolescence. Despite no significant age relationship with strength of LI, we
did observe unique age-related associations with BOLD signal during both verbal and
spatial WM. Notably, age relationships with brain response were more detectable when
using the higher performance-restricted sample, likely due to fewer error trials being
included in the analyses and the reduction of a potential performance confound (Dosenbach
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et al., 2006; Fair et al., 2009; Murphy & Garavan, 2004). Specifically, during verbal WM,
we showed several areas of reduced BOLD response as a function of increasing adolescent
age. These age-relationships were observed only in areas of less activation during the verbal
WM condition (compared to the vigilance contrast), including the right inferior parietal/
superior temporal cortex (and temporoparietal junction), right superior frontal cortex, and
bilateral cingulate/posterior cingulate, regions that overlap with the DMN (Buckner &
Vincent, 2007; Greicius et al., 2003; Raichle et al., 2001). Given that age-relationships were
predominantly seen in areas of decreased DMN activity during WM, this may further
explain the absence of an age relationship with LI, as LI was calculated based on areas of
increased activity during the WM conditions. Regions of superior temporal and inferior
parietal cortex, namely the temporoparietal junction, have been implicated in the orienting
of attention, particularly toward task relevant stimuli (Corbetta & Shulman, 2002). During
working memory, however, it is possible that less attention allocated toward distractor
stimuli may result in reduced activity in this region, representing a more developmentally
mature response (Shulman, Astafiev, McAvoy, d’Avossa, & Corbetta, 2007; Todd, Fougnie,
& Marois, 2005). Consistent with this, previous work examining deactivation of the
temporoparietal junction, as well as other more traditional DMN regions during working
memory suggests that suppression of activity in these regions is associated with better task
performance (Anticevic, Repovs, Shulman, & Barch, 2010).

During spatial WM, unique age relationships with brain activity were also seen, with
increased left hemisphere posterior parietal/precuneus activity with increasing age (seen
only in the 90% accuracy-restricted sample). This increase in posterior parietal activation,
particularly in better performance adolescents, with increasing age is not surprising. This
finding has been documented in several developmental WM studies (Geier et al., 2009;
Klingberg et al., 2002; Kwon et al., 2002), and likely reflects maturation of the posterior
parietal executive attention network, necessary for accurate spatial WM task completion
(Constantinidis, 2006; Ikkai & Curtis, 2011; Wager & Smith, 2003).

While the first of its kind, there are inherent limitations to the current study that should be
considered. First, our use of a block design fMRI paradigm rendered us unable to distinguish
between components of WM (e.g., maintenance, rehearsal, manipulation, etc.), each which
have been shown to be associated with different neural substrates and show different
developmental trajectories (Crone, Wendelken, Donohue, van Leijenhorst, & Bunge, 2006).
Despite our inability to examine at this level of detail, the blocked design of this task
minimized task switching, which may have confounded lateralization effects. In addition,
we did not examine dorsal/ventral split in the prefrontal cortex using statistical methods, a
distinction which has previously been seen to be associated with both domain and task-
specific aspects of WM (Mohr, Goebel, & Linden, 2006). Thus, the contribution of ventral
versus dorsal activation patterns to frontal lobe laterality findings must be considered in
future efforts. It is also possible that differing hemispheric volumes (as well as lobe
volumes) could have contributed to laterality findings. While it was beyond the scope of this
paper to consider volumetric contributions to laterality calculations, this potential confound
should be considered is future work. Further, the adolescents in the current study were
medically and psychiatrically healthy and high functioning, which potentially limits
generalizability of the findings; however, we believe the results here provide an initial
framework from which to compare more heterogeneous, as well as clinical populations.
Lastly, although we used a task that showed matched verbal and spatial WM performance in
adults (Nagel et al., 2007) and our composite scores of accuracy and reaction time were
comparable in the current sample, differences between verbal and spatial WM abilities may
have clouded the true extent of laterality results. It is also the case that we could not directly
compare the verbal and spatial WM conditions, as this contrast would exclude an
appropriate control contrast condition, further confounding the interpretation of results.
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Nonetheless, this study contributes to a growing body of developmental WM literature and
demonstrates that the debated hemispheric laterality in the neural substrates of WM exists
during adolescence. Although the adolescent brain is actively developing (for review, see
Blakemore, 2012), the fact that these lateralized substrates appear in place prior to this
developmental period may have implications for the continued maturation of working
memory skills and performance. Future studies examining relationships between
hemispheric white matter maturation and lateralization may provide insight into the extent
of plasticity of these neural functions during the adolescent years. These findings also have
relevance for the study of WM-related neural substrates in clinical populations, whereby one
modality of working memory function or one hemisphere is differentially impacted (Rhodes,
Riby, Fraser, & Campbell, 2011; Westmacott, Askalan, MacGregor, Anderson, & Deveber,
2010). Given the necessity of intact WM skills to numerous activities of daily living,
additional developmental WM -related brain changes should be considered, including
examination of laterality and WM functioning in clinical populations where it may be
disrupted and the neurobiological mechanisms of WM-related intervention and remediation.
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Verbal WM

“Press for same letter”

Spatial WM

“Press for same location”

Figure 1.
Verbal and spatial working memory 2-back paradigm.

Brain Cogn. Author manuscript; available in PMC 2014 June 01.

Page 16




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Nagel et al.

Page 17

Verbal WM (vs. vigilance)

a) All Subjects c) All Subjects

Negative Relationship With Age

&
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WM < vigilance

Figure 2. Verbal working memory (WM ) brain response

a and b) Results depict #maps displayed on surface maps in Talairach space for a) all
subjects and b) only for subjects with >90% accuracy. Red-Yellow reflects greater brain
response for WM when compared to vigilance. Blue-Light Blue reflects less brain response
for WM when compared to vigilance. ¢ and d) Blue voxels reflect areas in which a negative
relationship was seen between verbal WM percent signal change and age for c) all subjects
and d) only for subjects with >90% accuracy. L = left; R = right.
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Spatial WM (vs. vigilance)

a) All Subjects

8 i
WM > vigilance

3 l WM < vigilance

% Signal Change

3 WM > vigilance

% Signal Change

-3 l WM < vigilance

With Age

Figure 3. Spatial working memory (WM) brain response

a and b) Results depict #maps displayed on surface maps in Talairach space for a) all
subjects and b) only for subjects with >90% accuracy. Red-Yellow reflects greater brain
response for WM when compared to vigilance. Blue-Light Blue reflects less brain response
for WM when compared to vigilance. c) Yellow voxels reflect areas in which a positive
relationship was seen between spatial WM percent signal change and age for d) only for
subjects with >90% accuracy. No age relationship was detected using all subjects. L = left;
R =right.
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subjects, as well as for subjects with >90% accuracy. Plots show stability of lateralization
curves across multiple #thresholds (bootstrap approach). Images reflect >90% accuracy #
images arbitrarily thresholded at #values of 3, 5, and 8, to show the importance of using a

bootstrap approach in determining lateralization. Of note, thresholds 3 and 5 show an

“absence of lateralization”, but threshold 8 looks “lateralized” (red circles). Examining
lateralization by creating threshold-dependent laterality curves allows for avoiding these

fixed and arbitrary thresholds which can obscure laterality findings. Plots: y-axis =

Lateralization Index (LI) values fall on a continuum of values between +1 (left hemispheric

lateralization) and -1 (right hemispheric lateralization), zero line represents no

lateralization; x-axis = £thresholds used based on the maximum #value for each image. LIy
values reflect the weighted mean LI across the respective iterative £thresholds. L = left; R =

right.
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