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SUMMARY

Working memory (WM), the short-term abstraction and manipulation of information, is an 

essential neurocognitive process in daily functioning. Few studies have concurrently examined the 

functional and structural neural correlates of WM and the current study did so to characterize both 

overlapping and unique associations. Participants were a large sample of adults from the Human 

Connectome Project (N=1064; 54% female) who completed an in-scanner visual N-back WM 

task. The results indicate a clear dissociation between BOLD activation during the WM task and 

brain structure in relation to performance. In particular, while activation in the middle frontal 

gyrus was positively associated with WM performance, cortical thickness in this region was 

inversely associated with performance. Additional unique associations with WM were BOLD 

activation in superior parietal lobule, cingulate, and fusiform gyrus and gray matter volume in the 

orbitofrontal cortex and cuneus. Across findings, substantially larger effects were observed for 

functional associations relative to structural associations. These results provide further evidence 

implicating frontoparietal subunits of the brain in WM. Moreover, these findings reveal the 

distinct, and in some cases opposing, roles of brain structure and neural activation in WM, 

highlighting the lack of homology between structure and function in relation to cognition.
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INTRODUCTION

Working memory (WM) refers to the brain’s capacity for short-term abstraction and 

manipulation of information, its “scratchpad,” and it is an essential neurocognitive process 

in in diverse aspects of daily functioning. Furthermore, deficits in WM performance have 

been associated with a variety of psychiatric and neurological disorders, including attention 

deficit hyperactivity disorder (Martinussen et al., 2005), schizophrenia (Goldman-Rakic, 

1994; Silver et al., 2003), multiple sclerosis (Bobholz and Rao, 2003; Rao et al., 1993), and 

addiction (Bickel et al., 2011). In terms of the neural substrates of WM, functional magnetic 

resonance imaging (fMRI) studies have revealed a bilateral network comprising dorsolateral 

prefrontal cortex, inferior parietal lobule, supplementary motor area, ventrolateral prefrontal 

cortex, and premotor cortex (Owen et al., 2005; Yeo et al., 2015). This putatively reflects the 

executive control network (ECN), which is implicated in diverse executive functions 

including working memory (Niendam et al., 2012). Supporting this, greater ECN activity has 

been associated with better WM performance (Burgess et al., 2011; Cabeza et al., 2002; 

Chein et al., 2011; Nyberg et al., 2009; Osaka et al., 2004) and WM training improves both 

WM performance and ECN activity (Olesen et al., 2004).

A second bilateral network has been repeatedly shown to be inversely related (less active) to 

WM performance (McKiernan et al., 2003; Sweet et al., 2008). The regions in this network 

include ventromedial prefrontal cortex, posterior cingulate cortex, angular gyrus, and lateral 

and medial temporal cortex. Collectively, these regions have been referred to as the default 

mode network (DMN), the resting state network, and the task-negative network (Andrews-

Hanna et al., 2010; Buckner et al., 2008), all putatively reflecting passive cognitive activity 

at rest and unengaged in a cognitive task. As a result, suppression of DMN is considered an 

index of cognitive effort.

While most WM paradigms use verbally encoded stimuli (such as letters or number) held in 

working memory in a phonological loop, it is also common for paradigms to use visually 

encoded stimuli (Owen et al., 2005; Wager and Smith, 2003). While there have been some 

differences found between verbal and visual working memory, these differences are 

relatively minor and there is no agreed upon interpretation. For example, one review found 

evidence suggesting that verbal working memory is lateralized more so in the left 

hemisphere and visual WM more so in the right hemisphere (Wager and Smith, 2003). This 

has been suggested may be due to the left hemisphere’s unique role in language and the right 

hemisphere’s role in spatial skills, as evidenced in case studies of lesions to these 

hemispheres (Smith and Jonides, 1997), but this idea is still controversial. However, meta-

analyses have revealed that although there may be differences (e.g., spatial WM may be 

more right lateralized), if they exist they are of small magnitude and the general networks 

implicated in verbal and visual working memory are very similar (Owen et al., 2005; Wager 

and Smith, 2003).

In contrast to extensive functional magnetic resonance imaging (fMRI) findings, relatively 

few studies have examined the morphometric (structural) correlates of WM and no meta-

analyses or systematic reviews have been conducted on the topic to date. In a recent 
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example, in healthy older adults (N=56) greater gray matter in medial orbitofrontal cortex, 

inferior frontal gyrus, and superior frontal gyrus were found to be associated with WM 

performance (Nissim et al., 2017). These findings and a small number of other structural 

studies (Salat et al., 2002; Takeuchi et al., 2011) have been generally interpreted as being 

consistent with the fMRI findings. However, this may be partially because the functional 

findings served as the basis for identifying regions of interest in the structural studies. The 

small number of studies in this area may be a function of small effect size relationships that 

require large samples to detect statistically significant associations.

Even fewer studies have directly tested whether the association of brain activation during 

WM tasks relates to brain structure. In the only study to do so to date, cortical thickness was 

not associated with brain activation during a visual WM task in any region of the brain 

(Squeglia et al., 2013). In regions which were expected to show strong structure/function 

relationships such as the anterior cingulate, orbitofrontal cortex, middle frontal gyrus, 

superior parietal lobule, Pearson correlations were less than .10 and in no region were they 

greater than .18. No associations of structure and function were significant beyond multiple 

comparison correction. Furthermore, no studies have tested whether the previously described 

associations of brain function and structure to WM performance are describing the same 

process (i.e., one is dependent on the other) or contributing to WM performance in unique 

ways (i.e., they are orthogonal).

The current study sought to advance the understanding of the neural correlates of WM and 

to further address the question of overlap, concurrently examining functional and structural 

correlates of WM to characterize the common and unique underpinnings of this critical 

cognitive process. To do so, the investigation leveraged data from the Human Connectome 

Project, a large multi-modal open-science project that includes over 1200 participants (Van 

Essen et al., 2013a). Based on the sizable fMRI literature, WM processing was predicted to 

recruit neural activity in subunits of the ECN, but specific structural predictions were not 

made based on the inconsistency in findings. Based on the work of Squeglia et al. (2013), we 

expected to find a dissociation between brain structure and function such that regional brain 

activation displayed while engaging in a WM task would relate differently to WM 

performance than regional brain structure (i.e., different regions would predict WM 

performance in functional and structural MRI analyses). In order to test these hypotheses, 

the current study used Blood Oxygen Level Dependent (BOLD) fMRI activation and high 

resolution structural MRI during a visual N-back WM task. The N-back task comprises 

sequences of stimuli that participants evaluate for the presence of a stimulus, n items ago 

(i.e., participants are required to hold previous stimuli in mind and compare them to the test 

stimuli). In this case, participants were presented with images of places, tools, faces, and 

body parts. During a control task (the 0-back), participants were presented with a target cue 

and then instructed to identify any stimuli that matched the target; during the WM task (the 

2-back), participants were required to identify stimuli that matched the stimulus presented 

two trials prior (full details in Online Methods). The N-Back is one of the most commonly 

used WM paradigms, although it is not interchangeable with other measures of WM (Redick 

& Lindsey, 2013). The functional MRI index was blood-oxygenation-level-dependent 

(BOLD) activity for the contrast between the 2-back and 0-back in relation to behavioral 

performance. For structural MRI indices, gray matter volume (GMV) and cortical thickness 
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were examined throughout the cortex for association with WM performance accuracy (2-

back accuracy), as well as accuracy on the 0-back to help parse what elements of the brain/

behavior relationship detected for the 2-back can be attributed to simple visual attention. 

Both GMV and cortical thickness were examined because the two are largely uncorrelated 

and both have been used in the prior WM structural literature. Both structural and functional 

data were analyzed using both brain atlas-based regions (Desikan et al., 2006) as the primary 

focus of the study, as it would allow for easier integration of structural and functional results 

and the comparison of effect sizes between the two sets of findings. Voxelwise analyses were 

included to complement the atlas-based results and verify that the findings were not an 

artifact of idiosyncrasies of the atlas. Last, integrative analyses of both structure and function 

from the atlas-based analyses were completed to identify convergence and divergence 

between structural and functional imaging modalities and to characterize their combined 

relationship to WM performance.

RESULTS

Associations of Working Memory Performance with Brain Function

Across atlas-based and voxelwise analyses, common regions in the executive control and 

default mode networks were associated with 2-back accuracy. Following FDR correction, 

partial correlations indicated significant positive associations between BOLD activation and 

2-back accuracy in a number of regions of the executive control network (e.g., middle frontal 

gyrus, posterior parietal cortex) and negative associations with regions of the default mode 

network (e.g., medial orbitofrontal cortex, isthmus of the cingulate cortex; significant 

associations in Table 2A, all associations in Supplementary Table 3). From the voxelwise 

analyses, similar clusters were indicated in which activation was significantly associated 

with 2-back accuracy at p < 1E-11 with a cluster size threshold of 200 voxels, including 

positive associations in the middle frontal gyrus, posterior parietal cortex, supplementary 

motor area and negative associations in the medial orbitofrontal cortex and posterior 

cingulate cortex (results shown in Table 2B and Figure 3).

Associations of Working Memory Performance with Brain Structure

For GMV, partial correlations incorporating age indicated that 2-back accuracy was 

positively associated with total cortical GMV (r = .092, p = .003; Supplementary Figure 1). 

For the Desikan atlas regions, significant partial correlations with 2-back accuracy, following 

FDR correction, are in Table 1A (all associations are in Supplementary Table 1). The largest 

associations were for bilateral orbitofrontal cortex, cuneus, and middle temporal gyrus. For 

the voxelwise analyses, clusters in which GMV was significantly associated with 2-back 

accuracy at clusterwise p < .05 are in Table 1B and Figure 1. The results largely converged 

with the atlas-based findings, with common regions including bilateral lateral orbitofrontal 

cortex, left cuneus, right middle temporal gyrus, right pars orbitalis and left inferior 

temporal gyrus.

For regional cortical thickness, in partial correlation analyses using the 68 regions of the 

Desikan atlas, only the left (r = −.148, p = 1.1E-6) and right (r = −.102, p = .001) caudal 

middle frontal gyrus and the left frontal pole (r = −.096, p = .002) were associated with 2-
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back accuracy beyond FDR correction. All partial correlations for thickness are in 

Supplementary Table 2. Consistent with this, the voxelwise analyses revealed two significant 

regions (clusterwise p < .05), an inverse association with left caudal middle frontal gyrus 

(size: 767 mm3; coordinates: x = −36, y= 16, z = 51; CWP = .0002) and a positive 

association was present between 2-Back performance and right temporal pole (size: 288 

mm3; coordinates: x = 30, y = 3, z = −31; CWP = .0042) (Figure 2).

Integration of Structural and Functional Findings

The integrative regression model (Table 3) accounted for 26.5% of the total variance in 2-

back accuracy. In this model, regions whose GMV, thickness, or BOLD activity was 

bilaterally associated with 2-back accuracy were consolidated to limit issues of 

multicollinearity (see Online Methods and Supplementary Table 4 for details). Collectively, 

the integrative analysis revealed unique contributions of greater activation in several ECN 

regions (middle frontal gyrus, posterior parietal cortex) greater deactivation in DMN regions 

(medial orbitofrontal cortex, inferior parietal lobule), greater GMV in bilateral lateral 

orbitofrontal cortex and cuneus, and reduced cortical thickness in caudal middle frontal 

gyrus.

Last, the associations between corresponding Desikan atlas regions of brain structure and 

function were directly investigated. For GMV, using an FDR correction, significant 

associations with BOLD activation were present in 12 regions (Table 4). However, the 

associations were mixed in direction (i.e., greater GMV was not consistently associated with 

greater BOLD signal) and they were uniformly small in magnitude, accounting for 0.6% to 

2% of shared variance. In addition, of the significantly associated indices, only a subset 

overlapped with those found to be significantly associated with 2-back accuracy. For cortical 

thickness, no correlations with BOLD activation were significant. Collectively, atlas-based 

associations between BOLD signal and morphometry suggested minimal overlap of 

structure and function in relation to 2-Back performance. All structure/function correlations 

are in Supplementary Tables 5 and 6.

DISCUSSION

This study used multiple complementary strategies to systematically characterize the 

functional and structural neural correlates of WM and to test the hypothesis that there would 

be a substantial dissociation between the two modalities. To do this, the current study 

concurrently characterized BOLD signal, GMV, and cortical thickness in relation to a 2-back 

task and then integrated these indices and examined their interrelationships.

Consistent with predictions, the functional results indicating the ECN and DMN were 

activated during WM and their activation was related to WM performance were in expected 

regions (e.g., dorsolateral prefrontal cortex, posterior parietal cortex) based on prior 

literature (Burgess et al., 2011; Cabeza et al., 2002; Chein et al., 2011; Nyberg et al., 2009; 

Osaka et al., 2004; Owen et al., 2005; Sweet et al., 2008). However, the structural results 

indicated effects in regions not previously reported to be associated with WM, such as 

effects for GMV in the lateral orbitofrontal cortex, cuneus, and the lateral temporal lobe. An 

exception to this was cortical thickness in the middle frontal gyrus, for which there is prior 
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evidence that this region is a central node in the ECN (Miller, 2000; Niendam et al., 2012) 

and greater functional activity is associated with better working memory, cognitive 

flexibility, vigilance, and future planning (Niendam et al., 2012). There is also evidence 

suggesting specifically that thinner middle frontal gyrus is associated with better WM 

performance (Takeuchi et al., 2011). This presumably reflects increasing efficiency of 

deployment as cortical thinning is in this region occurs throughout adolescence and early 

adulthood as part of normal development and is linked to improved executive functioning 

(Herting et al., 2015; Lemaitre et al., 2012; Vijayakumar et al., 2016). In the current 

findings, thinner and more active middle frontal gyri were uniquely predictive of WM 

performance.

There is some previous evidence linking greater GMV in the lateral orbitofrontal cortex to 

WM performance (Salat et al., 2002) and the ventrolateral PFC is considered a part of the 

ECN as well (Niendam et al., 2012; Osaka et al., 2004). However, some other implicated 

regions have no empirical precedent. For example, this is the first study to link cuneus GMV 

to WM performance. The cuneus is typically understood to subserve basic visual processing 

(Vanni et al., 2001), though there is also evidence that it may play a role in response 

inhibition (Haldane et al., 2008). Given the association of both the orbitofrontal cortex and 

cuneus with behavioral inhibition, it is possible that greater structural integrity in these 

regions could relate to WM by preventing premature responding. Alternatively, the visual 

nature of this N-Back task may be the reason the cuneus was robustly implicated. Because 

the N-back task elicits numerous cognitive processes in addition to working memory and 

structural MRI analysis doesn’t use a contrast approach (as is used in fMRI), it is difficult to 

definitively determine the role of the structure of these regions from the current data. 

However, when the current analyses were repeated with 0-back accuracy, relationships were 

found between 0-back accuracy and GMV in a different set of regions (bilateral temporal 

pole, right entorhinal cortex) and 0-back accuracy was unrelated to cortical thickness in any 

regions (0-back associations in Supplemental Tables 7 and 8). Specifically, GMV in the 

cuneus was related to 2-back accuracy only and not 0-back accuracy. These findings provide 

some evidence that the regions whose structure was implicated in the current results may be 

uniquely relevant to the WM processes occurring in the N-back, but do not provide 

definitive proof of this.

Beyond the individual associations, important collateral findings pertain to differences in the 

magnitudes of effects and evidence of dissociation between structure and function. In the 

functional imaging results, ECN engagement and DMN disengagement were associated with 

WM performance with a large combined effect size (largest individual effect size r = .32 and 

combined R2Δ = .17 in hierarchical regression). In the structural imaging results, GMV in 

the lateral orbitofrontal cortex and the cuneus were positively associated with WM 

performance and cortical thickness in the caudal middle frontal gyrus was inversely 

associated with WM performance and the effect sizes of these associations were much 

smaller (largest individual effect size r = .12 and combined R2Δ = .02 beyond functional 

associations). Particularly salient dissociations between structure and function were present 

for middle frontal gyrus (a positive functional association but a negative structural 

relationship) and subunits of orbitofrontal cortex (negative functional association for medial 

orbitofrontal cortex, but a positive structural association for lateral orbitofrontal cortex). 
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Finally, when directly compared, the structural and functional indices were largely 

orthogonal, with each contributing unique variance to the prediction of WM performance, no 

associations between cortical thickness and activation, and inconsistent associations between 

the GMV and activation.

Another significant finding in the current study pertains to how brain structure and function 

relate to each other and have implications beyond WM. That cortical activation and cortical 

structure were orthogonally related to WM performance, and were only selectively related to 

each other directly, contradicts a common (and often unstated) assumption of cognitive 

neuroscience that in regions whose activation relates to a task, a similar relationship should 

be expected regarding brain structure. In practice, this means that studies attempting to 

investigate cognitive processes via structural MRI should not use the functional 

neuroimaging literature as a default template for selecting regions of interest, as is common 

(Almeida et al., 2010; Bjork et al., 2009; Durazzo et al., 2011; Raine et al., 2000; Yang et al., 

2005), and should not over interpret findings based on their close or distant alignment with 

the functional literature (and vice versa). Rather, neuroimaging studies should focus on 

investigating the brain within a given modality and minimize assumptions about 

commonalities across modalities.

A second broad implication was the extent to which these neuroimaging methods were 

linked to behavioral output. Given how much larger effect sizes were for WM performance’s 

association with BOLD activations than with GMV or cortical thickness, the current results 

suggest that neural activation is a much more proximal index of cognitive ability than brain 

structure. While this is not the first finding suggestive of this difference (Squeglia et al., 

2013), it crystalizes this sentiment by showing substantial differences in effect size for brain/

behavior relationships using MRI and fMRI in the same large sample. This naturally raises 

questions about the clinical significance of the structural findings, which accounted for less 

than 2% of the variance in WM performance. While the large sample size and very high 

levels of statistical significance suggests these results would likely replicate, it is certainly 

debatable the real-world value of a measure with such little predictive power.

Finally, although the large sample brought the findings from both modalities into sharp relief 

and revealed distinct neural underpinnings, it is also worth noting that despite thoroughly 

exploring BOLD activation, GMV, and cortical thickness, the final model including BOLD 

signal, GMV, and cortical thickness explained only 26% of the variance in WM performance 

(of which about 7% was explained by covariates). Since logically all cognition is traceable 

to the brain at some level, this suggests that there is substantial variation in performance that 

remains to be explained by other neuroimaging methods. Of course, the prediction of 100% 

of behavioral performance will never be possible because of measurement error, but these 

findings nonetheless highlight that commonly used measures of structure and functional 

only captured a minority of the variation.

Of note, several considerations bear on the present findings. First, it is important to note that 

that these results may not extend to all WM tasks. For example, N-Back accuracy has 

exhibited only modest associations with digit span as a measure of WM (Kane et al., 2007) 

(Jacola et al., 2014). Similarly, a recent meta-analysis found that N-back accuracy was only 
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weakly correlated to span tests of WM, with substantial variation across the literature 

(Redick and Lindsey, 2013). Other studies have found that N-back accuracy relates more 

strongly to measures of processing speed (Miller et al., 2009) or fluid intelligence (Jaeggi et 

al., 2010) than to other measures of WM. One possible reconciliation of these findings is 

increasing evidence that WM is not a unitary construct, as it was originally conceptualized, 

but a complex cognitive process with multiple and independent elements such as encoding, 

recall, maintenance, updating, ordering, attention, and inhibition (Oberauer et al., 2012; 

Redick and Lindsey, 2013; Unsworth et al., 2009). Overall, this literature suggests that 

caution should be taken in extrapolating the current results to other WM tasks and indeed 

that there may closer parallels to tasks measuring other related cognitive processes. A related 

consideration was that the study used a pictorial N-back, testing visual WM rather than 

verbal WM. However, while the verbal N-back is the more commonly used form of the task, 

meta-analytic findings suggest that both versions of the task generally elicit the same 

networks of activity (Owen et al., 2005). Additionally, while some have suggested that 

visual working memory tasks would be more right lateralized than verbal tasks (Smith and 

Jonides, 1997; Wager and Smith, 2003), we found no clear evidence of results favoring the 

right hemisphere in the current study. Another methodological note is that the sample was 

relatively young adults, 22–35 and was intentionally comprised of generally healthy 

subjects. Thus, the generalizability of these findings to other age groups or to individuals 

with psychiatric or neurodegenerative diseases is not clear.

A second broad consideration is the decision to approach the current study from an 

exploratory whole-brain perspective (rather than an a priori region of interest perspective), 

which was made intentionally for maximal scope and to avoid making assumptions. Given 

that the largest study to date to test the relation of brain activation during WM to brain 

structure found no associations between structure and function across the entire brain in 156 

participants (Squeglia et al., 2013), we thought it was essential to test the associations of 

brain structure and function with WM performance and each other across the entire brain, 

rather than only in specific regions. Another important consideration is the differences in the 

ability of structural and functional analysis to isolate elements of the N-back task pertaining 

to WM specifically. fMRI analysis uses contrasts which allow for an active baseline to be 

used in order to subtract out elements of activation relating to cognitive processes of non-

interest (such as visual activation from viewing a screen or motor activation from pressing a 

button with the finger) leaving only the process of interest (in this case, WM). On the other 

hand, brain structure is measured in an absolute scale (e.g., cortical thickness of 2 mm) and 

independent of the task itself. Consequently, statistical association of WM task performance 

with brain structure does not isolate WM elements of the task, meaning structural results 

also include elements of visual processing, motor response, etc. To partially respond to this 

issue, we report the relation of performance on the visuomotor control task (the 0-back) with 

brain structure as well, demonstrating different regional associations from the primary WM 

task. This provides some evidence that the current results are specifically related to the WM 

processes in the 2-back rather than other cognitive processes necessary to completing the 

task.

With these considerations in mind, the current study nonetheless provides strong evidence 

for the specific functional and structural brain regions implicated in working memory, 
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dissociation between brain structure and function, and evidence of substantially larger effect 

sizes relationships for functional activity. In particular, robust increases in BOLD activation 

in subunits of the ECN and decreases in activation in the DMN were associated with better 

WM performance, whereas, structurally, higher GMV in the orbitofrontal cortex and lower 

cortical thickness in the middle frontal gyrus were associated with better WM performance. 

Given its large sample size and atlas-wide scope, these findings suggest that similar 

dissociations are likely to exist for other and, perhaps most, cognitive processes. Given little 

evidence of homology, caution is warranted when extending findings from one imaging 

modality to another.

METHODS

Participants

As part of the HCP (http://www.humanconnectome.org/), MRI and N-back WM task data 

were collected from 1064 participants at Washington University in St. Louis over the course 

of two days between August 2012 and October 2015, and released in full on March 1, 2017. 

Informed consent was obtained for all participants using the procedure detailed in Van Essen 

et al (D. C. Van Essen et al., 2013). Participants were 22–35 years old and had no significant 

history of neurological disorder or damage, cardiovascular disease, Mendelian genetic 

disease (e.g., cystic fibrosis), or MRI contraindications, such as metal devices in the body or 

claustrophobia. For demographics characteristics of the current sample see Table 5 and for 

full details of inclusion and exclusion criteria, see van Essen et al. (D. Van Essen et al., 

2013).

N-back Task

WM performance was investigated using N-back fMRI paradigm in which participants were 

presented with blocks of trials that consisted of places, tools, faces, and body parts. Within 

each run, the 4 different stimulus types were presented in separate blocks. Each of two runs 

contained 8 N-back task blocks (27.5 sec each), consisting of four 0-back blocks and four 2-

back blocks, and four resting/eye fixation blocks (15 sec each). A 2.5 sec cue was presented 

at the beginning of each block to inform participants which task followed (i.e., 0-back or 2-

back), 10 trials of 2.5 sec each were included in each block. On each trial, the stimulus was 

presented for 2 sec, followed by a 500 ms inter-trial interval. During 0-back task blocks, 

participants were presented with a target cue and then instructed to identify any stimuli that 

matched the target. During 2-back task blocks, the subject was required to identify stimuli 

that matched the stimulus presented two trials prior.

MRI Data Acquisition

High-resolution structural images were collected on a 3T Siemens Skyra scanner (Siemens 

AG, Erlanger, Germany) with a 32-channel head coil. T1-weighted structural images were 

acquired with a resolution of 0.7 mm3 isotropic (FOV = 224×240, matrix = 320×320, 256 

sagittal slices; TR = 2400 ms and TE = 2.14 ms). Morphometric analyses were completed 

using FreeSurfer Image Analysis Suite version 5.3 (http://surfer.nmr.mgh.harvard.edu; 

Fischl, 2012) following preprocessing using Freesurfer’s standard recon-all pipeline function 

(Fischl et al., 2001, 1999b) and using Rorden’s DICOM to NIFTI conversion software 
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(Rorden, 2007). For details of acquisition parameters, reconstruction, and preprocessing of 

the Human Connectome Project structural MRI data, see van Essen et al. and Glasser et al. 

(Glasser et al., 2013; D. Van Essen et al., 2013). All structural images were reviewed by a 

technician immediately following acquisition to ensure scans did not have any significant 

problems (i.e., artifacts, substantial movement). If problems were found, structural scans 

were reacquired immediately. Within hours of the initial acquisition, scans were examined 

by quality control specialists who assessed them for blurriness, motion and other artifacts. 

Based on these factors, scans were rated on a 1 to 4 scale (poor to excellent). In all cases 

where structural scans were below 3 (good), new structural scans were reacquired on the 

participant’s second study day. Through this process, high quality structural imaging data 

was acquired from all participants. For a full explanation of the HCP quality control 

parameters, see Marcus et al. (Marcus et al., 2013).

fMRI data were collected during the N-back paradigm using a 32-channel head coil on a 3T 

Siemens Skyra. Two 5:01 runs of the task were completed using the following acquisition 

parameters: TR = 720 ms, TE = 33.1 ms, flip angle = 52 degrees, FOV = 208 × 180 mm, 72 

2mm-thick sagittal slices, 2.0mm isotropic voxels. A multi-band acceleration factor of 8 was 

used. One imaging run was acquired left to right, and the other was acquired right to left. 

Data were preprocessed by HCP scientists using the minimal preprocessing pipeline 

(Glasser et al., 2013) that includes gradient unwarping, motion correction, field-map based 

EPI distortion correction, brain boundary-based registration of EPI to the structural scan, 

registration into MNI152 space, and grand-mean intensity normalization.

Data Analysis

Working Memory Performance and Functional Activation during Working 
Memory Task—fMRI data was downloaded having been preprocessed by the minimal 

preprocessing pipeline described above (Glasser et al., 2013). Additional fMRI data 

processing and analysis were then conducted using the Analysis of Functional NeuroImages 

software (AFNI; Cox, 1996) Data were spatially smoothed using a 6mm full width half 

maximum Gaussian filter. General linear modeling was completed using regressors for 

blocks of each condition (2-back, 0-back, and instruction screens), six nuisance regressors to 

account for motion (x, y, z, roll, pitch, yaw), and regressors for linear, quadratic, and cubic 

trends. The measure of WM performance in these analyses was accuracy on the 2-back, 

which was tested for its association with functional activation while participants completed 

the 2-back task. We also considered also using d’, a signal detection theory approach to 

evaluate WM performance, but it was collinear with 2-back accuracy (r = .96). Given its 

redundancy and the fact that it is less intuitively interpretable than performance accuracy, it 

was not included. Activation during 2-back was measured against a baseline of activation 

during the 0-back task, which is matched on most visual/behavioral/cognitive characteristics 

(except WM demands) and is effectively a task of sustained attention. To provide a direct 

comparison to the structural findings, the average activation for each subject the 64 (out of 

68) regions of the Desikan atlas able to be mapped in the space of the functional data during 

2-back (relative to 0-back) was extracted to SPSS using 3dROIstats (note that right and left 

pericalcarine fissure and right and left banks of the superior temporal sulcus could not be 

extracted due to differences in functional and structural mapping of the Desikan atlas). 
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Consistent with the GMV and cortical thickness analyses, activation in each of these regions 

was then tested for association with 2-back accuracy using partial correlation with a two-

tailed false discovery rate correction (Benjamini and Hochberg, 1995) of q = .05 to reduce 

inflation of type I error rate. To provide an whole-brain approach analogous to the voxelwise 

cortical surface analysis conducted on GMV and cortical thickness (see below), a voxelwise 

correlation of brain activation during 2-back (relative to 0-back) with 2-back accuracy was 

completed using the covariate feature of the AFNI program 3dttest++. To correct for family 

wise error, a threshold of p < 1E-11 was used with a cluster size threshold of 200 voxels. 

This threshold was substantially more stringent than a cluster-corrected threshold of p < .05 

and was selected because, given the large number of subjects and high-magnitude brain 

activation, a standard threshold did not differentiate meaningful clusters (i.e., almost the 

entire brain was positively or negatively associated with 2-back accuracy at a standard 

threshold).

Working Memory Performance and Gray Matter Volume/Cortical Thickness—
The behavioral measure of WM performance used was accuracy on the 2-back task. Age and 

total intracranial volume (ICV) were used as covariates in all analyses. These covariates 

were chosen due to their potentially confounding relationship with WM function and brain 

morphometry. WM, GMV, and cortical thickness are known to decline as an individual 

grows older (Lemaitre et al., 2012; Salthouse and Babcock, 1991), while ICV is commonly 

used as a covariate to account for differences in gray matter due to head and body size 

(Hansen et al., 2015). Cortical parcellation was used to extract estimates of gray matter 

volume (GMV) and cortical thickness in cortical regions defined by the Desikan atlas 

(Desikan et al., 2006) and cortical GMV as a whole. GMV and cortical thickness values for 

each cortical region were then exported into Statistical Package for Social Sciences (SPSS 

version 24) for analysis with behavioral and brain activation measures. Covariate-adjusted 

partial correlations were completed to test the associations of total cortical GMV with 2-

back accuracy. Then, covariate-adjusted partial correlations were examined between GMV 

and cortical thickness in specific brain regions and 2-back accuracy (see Supplementary 

Table 1 for full list of regions). Given the large number of cortical regions in the Desikan 

atlas (68), a two-tailed false discovery rate correction (Benjamini and Hochberg, 1995) of q 
= .05 was implemented to reduce inflation of type I error rate. The primary reason for 

including parcellation analyses in addition to voxelwise analyses was for these regions 

inclusion in integrative regression models (described in greater detail below). Additionally, 

to parse the degree to which structural associations with 2-back accuracy were specific to 

WM (as opposed to other processes involved in the 2-back task), accuracy on the 0-back 

visuomotor control task was also examined in relation to GMV and cortical thickness in the 

68 Desikan atlas regions using partial correlation analyses analogous to those described 

above. Subsequently, cortical surface voxelwise analysis was used to assess the relationship 

of GMV with 2-back accuracy using a voxel-by-voxel following the procedure described by 

Fischl and Dale (Dale et al., 1999; Fischl et al., 1999a). This was done entirely in FreeSurfer 

(Fischl, 2012) with the final output being a brain map of correlations between GMV and 2-

back accuracy and a table of all clusters of correlation between GMV and 2-Back accuracy. 

The same voxelwise analyses were also conducted for cortical thickness. Cortical surface 

voxelwise analysis allows the statistical comparison and visualization of volume in 
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analogous regions across subjects using a common space based on the 2D surface of the 

brain rather than a 3D template of the brain, which is considered to be superior given 

inherent differences in brain topography from subject to subject. Clusterwise correction for 

multiple comparisons in both cases was conducted using Monte Carlo simulations (Hagler et 

al., 2006). Specifically, the data are tested against a null distribution of maximum cluster 

size with an initial cluster-forming threshold of p < .001, which yields clusters corrected for 

multiple comparisons based on the total number of comparisons on the surface. Using this 

method, regions in which GMV/thickness were associated with 2-back accuracy at a cluster-

corrected p<.05 were determined.

Integration of Structural and Functional MRI Data—To determine which of the 

regions in the previous analyses were uniquely associated with 2-back accuracy (i.e., beyond 

shared variance among regions) hierarchical multiple regression was applied to the regions 

surviving FDR correction in the above partial correlation analyses. As a part of this analysis, 

bivariate correlations were conducted to explore multicollinearity between the 3 sets of 

regions in which GMV was bilaterally related to 2-back accuracy (i.e., lateral orbitofrontal 

cortex, cuneus, temporal pole), revealing substantial associations (rs > .67) between all 

bilateral sets (see Supplementary Table 3). As a result, these regions were consolidated (i.e., 

summed) in the final regression analyses to avoid multicollinearity in subsequent multiple 

regression models. The same process was completed with the 18 regions in which 2-back 

BOLD activation (relative to 0-back) was bilaterally associated with 2-back accuracy, 

revealing significant association between bilateral activations as well. These regions were 

consolidated as well using the mean of the activation in the two regions. Then, in multiple 

regression models, age and ICV were entered into the model first and activation in the 

regions associated with 2-back accuracy in partial correlation analyses were entered one-by-

one starting with the largest and progressing to the lowest effect size. Those that 

significantly increased the variance explained by the model (i.e., had a significant R2 change 

score, p<.05) were retained in the model. GMV in the regions associated in structural MRI 

partial correlations analyses with 2-back accuracy were then entered one-by-one starting 

with the largest effect size and progressing to the lowest effect size. Those which improved 

the variance explained by the model when added were retained in the model. Next, cortical 

thickness in the regions associated with 2-back accuracy in partial correlation analyses were 

entered one-by-one starting with the largest effect size and progressing to the lowest effect 

size. This resulted in a model which tested the effects of regional GMV and cortical 

thickness as predictors of 2-back accuracy above and beyond covariates and functional 

correlates of WM. Additionally, the model was tested with age removed to ensure final 

results were not an artifact of the decision to covary for age (Supplemental Table 9). Last, 

the associations of brain structure and function was directly investigated using Pearson’s 

correlations to examine the association of regional brain activity with GMV and cortical 

thickness in the same region.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Significant voxelwise correlations between gray matter volume and 2-back accuracy at 
cluster-corrected threshold of p < .05.
Panel A shows left hemisphere lateral view; Panel B shows a left hemisphere medial view; 

Panel C shows a right hemisphere lateral view. ITG = inferior temporal gyrus; MTG = 

middle temporal gyrus.
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Figure 2. Map of significant voxelwise correlations between cortical thickness and 2-back 
accuracy at cluster-corrected threshold of p < .05.
Panel A shows left hemisphere lateral view; Panel B shows a right hemisphere medial view. 

Blue represents regions in which corticial thickness was negatively associated with 2-back 

accuracy; red represents regions in which cortical thickness was positively associated with 2-

back accuracy.
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Figure 3. Voxelwise partial correlation of 2-back accuracy and activation during 2-back (relative 
to 0-back) controlling for age at a threshold of p < 1E-11 and cluster threshold of 200.
Panel A = axial view, z coordinates left to right: 13 28 43. Panel B = sagittal view, x 

coordinates left to right: -20 0 20. Both panels include the scale of activaitons in percent 

signal change; maximum and minimum of scale (1 and -1): β = ±20.15, t = ±12.8. mOFC = 

medial orbitofrontal cortex, rMFG = rostral middle frontal gyrus; PCC = posterior cingulate 

cortex; SMA = supplementary motor area; cMFG = caudal middle frontal gyrus; PPC = 

posterior parietal cortex.
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Table 1.
Working Memory Performance and Brain Morphometry.

Panel A shows partial correlations of a gray matter volume in segmented regions (based on Desikan atlas) with 

2-back accuracy controlling for age and total intracranial volume. Only regions with significant p-values after 

FDR are included (q < .05). Panel B shows a summary of clusters in voxelwise analysis of gray matter volume. 

Coordinates of peak significance provided in Montreal Neurological Institute space (X Y Z). CWP = cluster-

wise p-value.

A Hemi Region r

L Lateral Orbitofrontal .120

L Cuneus .118

R Middle Temporal Gyrus .112

R Lateral Orbitofrontal .109

R Pars Orbitalis .107

L Inferior Temporal Gyrus .102

L Rostral Anterior Cingulate .096

L Lateral Occipital .093

L Pericalcarine Fissure .090

L Entorhinal Cortex .090

L Insula .080

R Cuneus .080

L Temporal Pole .079

R Temporal Pole .079

B Left Hemisphere Volume Size (mm3) X Y Z CWP

Cuneus 586 −4 −84 21 .0002

Lateral Orbitofrontal Cortex 459 −29 19 −19 .0002

Inferior Temporal Gyrus 451 −46 −8 −37 .0002

Temporal Pole 250 −31 4 −32 .0103

Right Hemisphere Volume Size (mm3) X Y Z CWP

Middle Temporal Gyrus 713 48 2 −33 .0002

Lateral Orbitofrontal Cortex 560 38 28 −17 .0036

Pars Orbitalis 294 47 38 −13 .0002
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Table 2.
Associations between BOLD signal and N-Back performance.

Panel A shows partial correlations of brain activation during 2-back (relative to 0-back) in Desikan atlas 

regions with significance level p < 5.00E-5 (all regions and raw p-values are in Supplementary Table 3). Panel 

B shows clusters of activation during 2-back (relative to 0-back) at p < 1E-11 with a minimum cluster size of 

200 voxels. Peak coordinates are in MNI space.

A Hemi Region r

R Caudal Middle Frontal Gyrus 0.315

L Superior Parietal Lobule 0.297

R Superior Parietal Lobule 0.290

R Rostral Middle Frontal Gyrus 0.276

L Caudal Middle Frontal Gyrus 0.272

L Medial Orbitofrontal Cortex −0.263

L Frontal Pole −0.248

R Medial Orbitofrontal Cortex −0.228

L Rostral Middle Frontal Gyrus 0.226

R Inferior Parietal Lobule 0.220

L Pars Opercularis 0.198

L Lingual Gyrus 0.171

L Lateral Occipital Cortex 0.169

L Rostral Anterior Cingulate −0.166

R Pars Opercularis 0.164

R Lingual Gyrus 0.156

R Superior Frontal Gyrus 0.148

R Frontal Pole −0.140

R Rostral Anterior Cingulate −0.132

L Inferior Parietal Lobule 0.126

B Hemi Region Name Size in Voxels X Y Z

B Bilateral Posterior Parietal 5759 2 −68 50

R Cerebellum 3097 −6 −80 −22

L Caudal Middle Frontal Gyrus 2153 −50 14 32

R Rostral Middle Frontal Gyrus 1510 44 36 32

B Supplementary Motor Area 1361 0 16 50

R Caudal Middle Frontal Gyrus 1319 28 14 60

L Medial Orbitofrontal Cortex 521 −2 58 4

L Cerebellum 339 −38 −70 −52

L Insula 338 −30 26 0

R Insula 324 34 26 0

L Rostral Middle Frontal Gyrus 243 −30 58 12

B Posterior Cingulate Cortex 229 −8 −52 30

L Medial Orbitofrontal Cortex 227 −2 54 −12
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Table 3.
Regression of cortical parcellation regions of interest as predictors of 2-back accuracy.

βe represents standardized regression coefficients at the time of entry to the model. pe represents the alpha of 

the F statistic associated with R2Δat the time of entry into the model. βf represents the regression coefficients 

in the final model and pf represents the alpha value of the regression coefficient in the final model. GMV = 

gray matter volume; THICK = cortical thickness; MFG = middle frontal gyrus; OFC = orbitofrontal cortex.

Independent Variables βe pe R2 R2Δ βf pf

Covariates
Age −.153 <.001 .023 .023 −.048 .093

Total Intracranial Volume .221 <.001 .070 .047 .016 .706

BOLD Activation

Bilateral Caudal MFG .298 <.001 .156 .086 .254 <.001

Bilateral Superior Parietal Lobule .151 <.001 .168 .011 .278 <.001

Bilateral Medial OFC −.198 <.001 .203 .036 −.062 .154

Bilateral Frontal Pole −.117 .004 .209 .006 −.065 .112

Bilateral Inferior Parietal Lobule −.117 .029 .213 .004 −.126 .019

Bilateral Pars Opercularis −.091 .050 .216 .003 −.048 .356

Bilateral Transverse Temporal −.074 .041 .219 .003 −.066 .110

Bilateral Fusiform Gyrus .137 <.001 .228 .009 .155 <.001

Bilateral Supramarginal Gyrus −.140 .004 .234 .006 −.110 .021

Bilateral Isthmus of Cingulate −.116 .002 .241 .007 −.104 .006

Structural Indices

Bilateral Lateral OFC GMV .157 <.001 .252 .011 .157 <.001

Bilateral Cuneus GMV .076 .027 .255 .003 .070 .042

Bilateral Caudal MFG THICK −.094 .001 .263 .008 −.094 .001
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Table 4.

Significant Pearson correlations between regional BOLD activation during the 2-back task and corresponding 

gray matter volume at a FDR correction of q = .05. *indicates that BOLD signal in a region was significantly 

associated with 2-back accuracy; #indicates that gray matter volume in a region was associated with 2-back 

accuracy.

Hemi Region r P

R Superior Parietal Lobule* .151 7E-7

R Inferior Parietal Lobule* .118 1E-4

L Superior Parietal Lobule* .114 2E-4

L Medial Orbitofrontal Cortex* −.111 2E-4

R Temporal Pole# −.104 6E-4

R Rostral Middle Frontal Gyrus* .102 8E-4

R Medial Orbitofrontal Cortex* −.093 .002

R Caudal Anterior Cingulate .091 .003

L Middle Temporal Gyrus −.086 .005

R Precuneus .084 .006

R Supramarginal Gyrus* .083 .007

L Entorhinal Cortex# −.082 .007
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Table 5.

Demographic characteristics of final sample (N = 1064)

DEMOGRAPHIC CHARECTERISTIC M (SD) or %

Sex

 Male 46

 Female 54

Age 28.80 (3.68)

Race

 White or Caucasian 75

 Black or African American 14.5

 Asian American, Native Hawaiian, or other Pacific Islander 6.0

 Native American .2

 More than one race 2.6

 Not sure or unknown 1.7

Ethnicity

 Hispanic or Latino 8.7

 Not Hispanic or Latino 90

 Not sure or unknown 1.2

Income

 $1,000–$9,999/year 6.9

 $10,000–$19,999/year 7.5

 $20,000–$29,999/year 12.9

 $30,000–$39,999/year 11.8

 $40,000–$49,999/year 10.3

 $50,000–$74,999/year 21.1

 $75,000–$99,999/year 13.6

 $100,000–$149,999/year 15.7

Years of Education 14.95 (1.78)
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