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Abstract

Working memory (WM) is one of the key constructs in understanding higher-level cognition. We 

examined whether patterns of activity in the resting state in individual subjects are correlated with 

their off-line working and short-term memory capabilities. Participants completed a resting-state 

fMRI scan and offline working and short-term memory (STM) tests with both verbal and visual 

materials. We calculated fractional amplitude of low frequency fluctuations (fALFF) from the 

resting state data, and also computed connectivity between seeds placed in frontal and parietal 

lobes. Correlating fALFF values with behavioral measures showed that the fALFF values in a 

widespread fronto-parietal network during rest were positively correlated with a combined 

memory measure. In addition, STM showed a significant correlation with fALFF within the right 

angular gyrus and left middle occipital gyrus, whereas WM was correlated with fALFF values 

within the right IPS and left dorsomedial cerebellar cortex. Furthermore, verbal and visuospatial 

memory capacities were associated with dissociable patterns of low-frequency fluctuations. Seed-

based connectivity showed correlations with the verbal WM measure in the left hemisphere, and 

with the visual WM in the right hemisphere. These findings contribute to our understanding of 

how differences in spontaneous low-frequency fluctuations at rest are correlated with differences 

in cognitive performance.
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Introduction

In the past decade a plethora of studies have lent weight to the idea that working memory 

(WM) is a construct crucial in the understanding of higher-level cognition (Daneman & 

Carpenter, 1980; Engle, Kane, & Tuholski, 1999; Jaeggi et al., 2008) and a strong predictor 

of academic achievement (Alloway & Alloway, 2010; Swanson & Siegel, 2001). Although 
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several different WM theories exist (for a review see Baddeley, 2012), they all share the 

notion that WM is a system for temporary maintainance and manipulation of task-relevant 

information. One of the most widely recognized conceptualizations of WM is the model 

proposed by Baddeley and Hitch (1974), which proposes that WM consists of three separate 

components: a phonological loop, visuospatial sketchpad, and a central executive. Recently, 

the episodic buffer was proposed as a fourth component of WM, that allows for the binding 

of information across multiple modalities into integrated events (Baddeley, 2000). The 

Baddeley and Hitch model forms the basis of most contemporary frameworks, which all 

stress that WM includes verbal and visuospatial domains across different levels of 

processing demands.

Neuroimaging studies have investigated which brain regions play a role in WM and whether 

distinct neuronal substrates underlie the different components of WM that were proposed on 

the basis of behavioral studies. Given that all contemporary frameworks have embraced the 

multi-faceted nature of WM, different tasks investigate WM across different modalities and 

processing demands. Some of the most frequently employed WM tasks include n-back tasks, 

simple span tasks and complex span tasks. Across these different types of WM experiments 

a widespread bilateral fronto-parietal network has commonly been found active (Hampson, 

Driesen, Skudlarski, Gore & Constable, 2006; Owen, McMillan, Laird & Bullmore, 2005; 

Rottschy et al., 2011; Nee et al. 2013). In line with the idea of a fine-grained distinction 

between WM subprocesses, recent work has suggested that despite overlap in their 

underlying processes, behavioral performance on span and n-back tasks is only weakly 

correlated (Redick & Lindsey, 2013). This finding cautions against the use of these different 

tasks interchangeably as if reflecting a general WM measure, and stress the importance of 

investigating the distinct WM processes across different domains.

Several neuroimaging studies obtained evidence in support of the idea that distinct patterns 

of brain activity can be observed depending on the type of material stored in WM. For 

example, several researchers have argued that verbal WM is mainly left lateralized (Reuter-

Lorenz et al., 2000; Smith & Jonides, 1999), memory for spatial information activates the 

dorsolateral prefrontal cortex (DLPFC) and memory for object information activates mid- 

and inferior frontal regions (Courtney, Petit, Haxby, & Ungerleider, 1998). These findings 

are consistent with the idea of separate dorsal and ventral processing streams for processing 

spatial and object information, respectively (Smith & Jonides, 1999; Wilson, Scalaidhe, & 

Goldman-Rakic, 1993). In addition, several researchers have argued that spatial WM is 

mainly right lateralized, whereas object WM predominantly activates regions in the left 

hemisphere (McCarthy et al., 1996; Reuter-Lorenz et al., 2000; Smith et al., 1995). A 

number of neuroimaging studies have provided evidence that a similar neuronal distinction 

can be found between tasks that differ in their processing demands. That is, ventral regions 

within the frontal cortex have shown to play a role in rehearsal during simple storage, 

whereas superior frontal regions seem to play a role in monitoring and manipulation of 

information (D’Esposito et al., 1998; Owen, 1997). These findings provide strong evidence 

for a widespread fronto-parietal network involved in WM, with the involvement of specific 

regions depending on the type of material and processes used in the task. Neuroimaging 
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experiments, however, have mainly focused on the magnitude of metabolic activity 

associated with different WM processes during the performance of a task.

In order to provide a complete picture of inter-individual differences in memory functions, 

it’s crucial to also understand how these differences relate to changes in the regional 

intensity of spontaneous fluctuations in the BOLD signal. Several studies have provided 

evidence that low-frequency oscillations, occurring during rest, reveal wide-scale networks 

organized according to their sub-functions (Biswal, Van Kylen, & Hyde, 1997; Greicius, 

Krasnow, Reiss, & Menon, 2003). For example, studies have dissociated a sub-network 

encompassing primary visual regions from a network including extra-striate visual regions 

(Beckmann, DeLuca, Devlin, & Smith, 2005; Damoiseaux et al., 2006; Van den Heuvel et 

al., 2008). In a similar vein, somatotopically organized sub-networks have been revealed 

within the resting state network of the primary motor cortex (Van den Heuvel & Hulshoff 

Pol, 2010a). These findings lead to the speculation that connectivity between specific brain 

regions, occurring in the absence of an explicit task, may reflect performance in cognitive 

tasks that rely on the network’s underlying function (e.g., Van den Heuvel & Hulshoff Pol, 

2010b). In support of this idea, Xiong and colleagues (2008) showed a significant increase 

in resting-state connectivity within primary motor areas as a function of long-term motor 

training.

Recent studies have investigated the relationship between resting state activity and working 

memory capacities. A study by Hampson and colleagues (2006) showed that individual 

differences in coupling strength between the posterior cingulate cortex (PCC) and medial 

superior frontal gyrus/ventral anterior cingulate cortex (MFG/vACC) both at rest and during 

a WM task predicted differences in behavioral performance. Similarly, Sala-Llonch and 

colleagues (2011) showed that resting-state connectivity of the precuneus/posterior cingulate 

predicted performance on their working memory task. In addition, they found a relationship 

between the degree to which the default mode network (DMN) and WM network were anti-

correlated and behavioral performance. Together, these findings suggest that the functional 

coupling between specific brain regions, during a state of rest, can predict the effectiveness 

of cognitive processing in a task that relies on the interaction of those structures.

A recent study by Zou and colleagues (2013) investigated whether intrinsic fluctuations in 

the BOLD signal correlated with behavioral performance on a WM task. In their study they 

used the ALFF approach, a promising method for detecting regional intensity of 

spontaneous fluctuations in the BOLD signal. The amplitude of low-frequency fluctuations 

(ALFF) has shown to be a reliable measure of spontaneous activity, which is critical for a 

region’s corresponding cognitive processes (Zang et al., 2007; Hoptman et al., 2010). Zou et 

al. (2013) found a significant correlation between the amplitude of low-frequency 

fluctuations in the superior parietal lobule/precuneus and working memory performance. In 

addition, other studies have shown that ALFFs in the absence of a task correlate with task-

evoked BOLD responses and behavioral measures (Mennes et al., 2011). Furthermore, low-

frequency fluctuations (LFFs) have shown a high synchronization between areas that make 

up a neuroanatomical/functional network (Koyama et al., 2010; Biswal et al., 1995; Fox et 

al., 2005). These findings suggest that both intrinsic activity within and functional 

connectivity between specific brain regions during a resting-state, may aid processing in 
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cognitive tasks that rely on those structures. Therefore, measures of regional activity 

amplitude and functional connectivity patterns provide a viable tool for investigating aspects 

of cognitive functioning. In the current study, we examined whether intrinsic brain activity 

and functional connectivity patterns are associated with general, domain-specific and 

demand-specific working memory performance.

To this end we measured resting state oscillations by calculating fractional ALFF (fALFF) 

in activity, occurring in the absence of a task, which we correlated with measures of general, 

domain-specific and demand-specific memory capacities. Domain-specific effects were 

investigated by administering both verbal (Digits) and visual-spatial (Dots Sequence) tests. 

Demand-specific effects were investigated by examining the difference between tests that 

only relied on the storage of information (Forward tests) versus tests that involved both 

storage and manipulation of information (Backward tests). We refer to the tests in which 

participants had to simply recall items in the order of presentation and therefore only relied 

on storage of information as short-term memory (STM) measure. On the other hand, tests in 

which participants had to repeat items in the reverse order of presentation, and therefore 

involved both storage and manipulation, as working memory (WM) measure. The sum of all 

memory measures (i.e., both STM and WM) will be referred to as general memory measure. 

In addition to ALFFs, we were interested if functional coupling during rest between frontal 

and parietal memory structures could predict inter-individual differences in memory scores. 

Therefore, we additionally conducted a connectivity analysis on the basis of the averaged 

time series extracted within a left dorsolateral prefrontal cortex (DLPFC), right DLPFC, left 

superior parietal lobule (SPL) and right SPL seed region. We hypothesized a positive 

relationship between both left and right fronto-parietal connectivity and participants’ general 

memory measure. Furthermore, we predicted that Left Hemisphere (LH) connectivity 

strength would be correlated with the verbal memory score (digits), whereas Right 

Hemisphere (RH) connectivity strength would be correlated with the visual-spatial memory 

score (dots).

METHODS

Participants

Eighteen right-handed individuals between 21 and 77 years of age (M = 55.11, SD = 18.28; 

6 males) participated in the study as part of a larger project involving age-related changes in 

working memory. These participants were selected on the basis of having a complete set of 

behavioral data (both verbal and visual STM and WM tests) and agreed to undergo a resting 

state scan. All participants that met these criteria were used. In the resting state scan we 

obtained 158 volumes with a TR of 2 seconds, leading to a total acquisition time of 

approximately 5 minutes. The resting state scan was on average obtained about one week 

after the behavioral tests. All participants had normal or corrected-to-normal vision and no 

history of neurological disorders. Prior to the experiment, participants were informed about 

the experimental procedures and signed informed consent forms, according to a protocol 

approved by the Institutional Review Board of the University of South Carolina.
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Experimental Procedures

Participants underwent a scanning session to obtain resting-state functional images. On a 

separate occasion they were administered the WOMBAT (Working Memory Battery; 

Englund, Decker, Woodlief, & DiStefano, 2014).

Behavioral Procedure

Participants completed four memory tasks, which are components of a larger Working 

Memory Battery that includes nine subtests (WOMBAT; Englund et al., 2014). The 

WOMBAT is a multicomponent test battery that measures separate Verbal, Static Visual-

Spatial, and Dynamic Visual-Spatial domains across three levels of processing demands. 

Additionally, each subtest was calibrated using item response theory to create equal-interval 

scaling to measure working memory with generally high reliability estimates. For the 

present study, we were particularly interested in whether our short-term memory (STM) vs. 

working-memory (WM) measure would be associated with a distinct pattern of resting-state 

connectivity and whether this would differ for the verbal and dynamic visual-spatial 

domains. Therefore, we examined four subtests of the WOMBAT that represented these 

dimensions. Two of the tests only involved storage of information and can therefore be 

labeled as verbal and dynamic visual-spatial short-term memory tasks (i.e., Digits Forward 

and Dots Sequence Forward). For the other two tests the memory demands were higher 

given that they involved both storage and manipulation of information and can therefore be 

labeled as verbal and dynamic visual-spatial working memory tasks (i.e., Digits Backward 

and Dots Sequence Backward). An experimental session consisted of the four memory tests, 

administered on a standard computer in a self-paced manner. In the Digit tests, participants 

were auditorily presented with a string of digits (1–9) which they repeated by typing the 

respective digits either in the order of presentation (Digits Forward) or in the backwards 

order (Digits Backward).

In the Dots Sequence tests, participants saw dots presented in various locations on the 

computer screen (moving black dots in a square grid) for which they had to recall either the 

sequential location in the order of presentation (Dots Sequence Forward) or in the 

backwards order (Dots Sequence Backwards). Participants responded by moving their cursor 

and clicking boxes on the computer screen in a specific sequence. For the Digits tests the 

string length ranged between 2 and 11 items, whereas for the Dots Sequence tests the string 

length ranged between 1 and 10 items. In all tests, the number of items participants had to 

recall increased by one item following two correct responses and terminated after four 

consecutive error responses. Participants received an item score of 1 if their response was 

completely correct. Any type of error – commission, ommission, or sequencing – led to an 

item score of 0. After four consecutive errors on a particular subtest, the remaining items for 

that subtest received item scores of 0. The final score for each subtask reflected the total 

number of items correct (out of 20).

fMRI data acquisition

Participants were instructed to lie still and relax in the scanner with their eyes closed. 

Resting-state and anatomical images were acquired on a Siemens TRIO 3.0 T MRI system 

(Siemens, Erlangen, Germany) equipped with a 12-channel head coil. BOLD-sensitive 
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resting-state functional images were collected using a single-shot gradient EPI sequence 

(echo time/repetition time = 37/2000 msec, 37 axial slices in ascending order, slice gap = 0.3 

mm, field of view = 204 mm, flip angle = 90 degrees, voxel size = 3.0 × 3.0 × 3.3 mm3. 

High-resolution anatomical images were acquired using a MPRAGE sequence (echo time = 

4.15 sec, voxel size = 1 × 1 × 1 mm3, 192 sagittal slices, field of view = 256 mm, flip angle 

of 90 degrees, TR = 2250 ms).

fMRI Data Analysis

Resting-state data were preprocessed and analyzed with the AFNI software package (Cox, 

1996). A standardized preprocessing pipeline involved despiking of the data by fitting a 

smooth-ish curve to each voxel time series, time shifting, and registration of functional 

images to the anatomy. Subsequently, functional images were co-registered (Saad et al., 

2009) and projected into standard stereotaxic space (Talairach and Tournoux, 1988). The 

normalized images were smoothed with an isotropic 5-mm FWHM Gaussian kernel, and the 

run mean of each voxel was scaled to 100. Nuisance signals and localized transient hardware 

artifacts were removed by regressing out local estimates of the white matter signal and the 

eroded large ventricle average, using ANATICOR (Jo, Saad, Simmons, Milbury, & Cox, 

2010). In addition, we included six motion parameters and their derivatives as covariates of 

no interest.

Low frequency fluctuation analysis—The 3dRSFC program (Taylor & Saad, 2013) 

was used to calculate Amplitude of Low Frequency fluctuations (ALFFs; Zang et al., 2007). 

To calculate ALFFs, the program applies a bandpass filter (0.01 < f < 0.08 Hz) to reduce 

low-frequency drift and high-frequency respiratory artifacts (Biswal, Yetkin, Haughton, & 

Hyde, 1995; Lowe, Mock, & Sorenson, 1998). The square root of the power in this range 

provides ALFFs. Given that ALFF values are prone to noise from physiological sources 

(Zou et al., 2008), we used fALFF values instead, which were calculated by taking the ratio 

of ALFF values to the power spectrum of the initial time series (before a bandpass filter was 

applied). These fALFF values were subsequently transformed to Z-scores.

To examine how fALFF values were related to performance on the different memory tests, 

we correlated subjectwise scores for each test with each subject’s fALFF maps. Because the 

WOMBAT is based on a theoretical model that separates working memory task demands 

and processes, we are able to examine specific composite measures representing general, 

domain-specific and demand-specific memory capacities by creating covariates on the basis 

of the sum of their respective subtests. These were, general memory (all subtests), verbal 

domain (Digits Forward and Digits Backward), visual domain (Dots Sequence Forward and 

Dots Sequence Backward), short-term memory demand (Digits Forward and Dots Sequence 

Forward) and working memory demand (Digits Backward and Dots Sequence Backward). 

The group maps were thresholded at voxelwise p < 0.01 and corrected for multiple 

comparisons by removing clusters smaller than 1066 µl to achieve a mapwise corrected two-

tailed p < 0.05.i Using the 3dClustSim program with 10,000 iterations, the cluster threshold 

was determined through Monte Carlo simulations that estimate the chance probability of 

spatially contiguous voxels exceeding the voxelwise p threshold. The analysis was restricted 

to a mask that excluded areas outside the brain, as well as deep white matter areas and the 
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ventricles. Due to the correlation with age in multiple subtest scores and sums (see 

behavioral results below), age was used as a covariate in our analyses to partial out effects 

due to age.

Seed-based connectivity analysis—In addition to this whole-brain analysis based on 

fALFF values, we also examined resting state connectivity between seeds in two regions 

that are consistently associated with WM: the dorsolateral prefrontal cortex (DLPFC) and 

the superior parietal lobule (SPL; Rottschy et al., 2011; Owen et al., 2005; Hampson et al., 

2006). We defined seeds on the basis of a meta-analysis by Rottschy and colleagues (2011). 

A sphere of 5 mm radius was used around each coordinate, after conversion to Talairach 

coordinates. For the DLPFC ROI we used the Talairach coordinates [43 35 31] falling in 

caudal lateral prefrontal cortex. For the SPL ROI we used a seed at [-34 −49 44], falling in 

superior parietal lobule/intraparietal sulcus. Each ROI was mirrored on the other 

hemisphere, resulting in two LH and two RH seeds. Average time series were extracted for 

each ROI and the signals from the ROIs within each hemisphere were subsequently 

correlated with each other. Six motion parameters, their derivatives, and third-degree 

polynomial regressors were added as regressors of no interest. The within-hemisphere 

correlation values were then correlated with the test scores and composite measures using 

Spearman’s rank correlation. Based on the literature, we hypothesized that both left and 

right hemisphere connectivity measures will be correlated with a participants’ overall 

memory score. Furthermore, we hypothesized a greater role of LH connectivity for verbal 

tests (digits) and RH connectivity for tests with visual material (dots).

RESULTS

Behavioral results

The scores for each subtest are summarized in Table 1 and reflect the total number of items 

correct (out of 20). In addition, a summary of the sum of different subtests that reflect 

general memory capacity (Grand Sum), storage only (STM Sum), storage + manipulation 

(WM Sum), verbal domain (Verbal Sum) and Visual-spatial domain (Visuospatial Sum) is 

provided.

Given the high variance in our subject’s age, each subtest and sum was correlated with age. 

Digits Backward, WM Sum and Verbal Sum showed negative correlations with age (all ps < 

0.05).

iWoo et al. (2014) suggest using a voxelwise threshold of p < 0.001 or lower. This proposal was based on simulations on data from an 
experiment that involved physical application of painful heat at different levels of intensity. Such sensory tasks often cause strong 
activations that are large in extent, and hence the recommended more stringent threshold is appropriate. On the other hand, studies of 
higher cognitive functions often involve comparison of conditions that are closely matched in their sensory properties, and differ in 
more subtle ways. In our experience, such contrasts show activations are are lower in magnitude, and are much more variable between 
subjects. To balance false positives and false negatives in group maps, thresholds in the range of p < 0.025 – p < 0.005 are more 
appropriate in these cases. This is why a large number of cognitive experiments use voxelwise thresholds in the neighborhood of p < 
0.01, and similar values are used as defaults in packages such as SPM. While Woo et al.’s (2014) recommendation remains valuable in 
many cases; our choice of threshold is based on these considerations.
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fMRI results

Grand Sum (A +B + I + J)—Areas that showed a significant positive correlation with the 

Grand Sum and fALFF values included the right supramarginal gyrus (SMG), right 

intraparietal sulcus (IPS), right middle frontal gyrus (MFG), as well as the left middle 

occipital gyrus (MOG), left superior transverse occipital sulcus and the bilateral angular 

gyrus (AnG) (Figure 1; Table 2).

Short Term Memory (A + I)—The STM Sum showed a significant positive correlation 

with fALFF values in the right AnG and the left MOG (spreading into AnG) (Figure 2A; 

Table 2).

Working Memory (B + J)—The WM Sum showed a significant positive correlation with 

fALFF values in the right IPS and left dorsomedial cerebellar cortex (Figure 2A; Table 2).

Verbal Memory (A + B)—Areas that showed a significant positive correlation between 

the Verbal Memory Sum and fALFF values included the right lingual gyrus, right caudate, 

right IPS and the bilateral thalamus proper. A negative correlation was observed in the right 

ventral anterior cerebellar cortex (Figure 2B; Table 2).

Visuospatial Memory (I + J)—Areas that showed a significant positive correlation 

between the Visuospatial Memory Sum and fALFF values included the left occipital-parietal 

sulcus and the right MFG (Figure 2B; Table 2).

Digits Forward (A)—Digits Forward showed a significant positive correlation with 

fALFF values in the bilateral orbital gyri, left AnG, left thalamus and the left ventral 

cerebellum.

Dots Sequence Backward (J)—Dots Sequence Backward showed a significant positive 

correlation with fALFF values in the right precuneus, right SMG, right IPS/AnG, right 

middle frontal gyrus and the left IPS/ middle occipital gyrus.

No significant activations were found for Digits Backward (B) and Dot Sequence Forward 

(I) tests.

Seed-based connectivity

Both left fronto-parietal connectivity (left DLPFC/left SPL) and right fronto-parietal 

connectivity (right DLPFC/right SPL) were significantly correlated with the Grand Sum 

measure (ρ = 0.47, p = 0.025, and ρ = 0.41, p = 0.044 for LH and RH respectively). 

Interestingly, left fronto-parietal connectivity was significantly correlated with the Verbal 

Memory Sum (ρ = 0.52, p = 0.013), whereas right fronto-parietal connectivity was 

significantly correlated with the Visual-spatial Memory Sum (ρ = 0.47, p = 0.024). We did 

not observe a significant correlation between right fronto-parietal connectivity and Verbal 

Memory Sum (ρ = 0.14, p = 0.296), as well as left fronto-parietal connectivity and Visual-

spatial Memory Sum (ρ = 0.33, p = 0.093).
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Given that our connectivity measures are likely to be highly correlated with age, we 

calculated partial correlations (with age as a covariate) between fronto-parietal connectivity 

and General, Verbal and Visuospatial memory measures. None of the partial correlations 

were significant.

Multiple regression analysis

The sum of the different subtests that reflect general memory capacity, short-term memory, 

working memory, verbal memory and visuospatial memory might share overlap in their 

variance. That is, some of the brain-behavior correlations that we observed in our study 

might be driven by variance that is shared between the different behavioral sum scores. A 

correlation analysis between the verbal and visuospatial memory sum scores showed a 

moderate correlation (ρ = 0.42, p = 0.04), whereas a high correlation was observed between 

the STM and WM sum scores (ρ = 0.72, p < 0.001). Given that the zero-order correlations 

were still lower than 0.80, we assumed that this degree of multicollinearity would not 

prevent the estimation of coefficients and standard errors (Kline, 1998).

Verbal memory (A +B)—After the verbal memory sum score was orthogonalized with 

respect to the visuospatial memory score, we obtained a positive correlation between the 

verbal sum score and fALFF values in the left caudate, right IPS, as well as the bilateral 

thalamus proper. A negative correlation was observed in the bilateral anterior cerebellar 

cortex (Table 3).

Visuospatial memory (I + J)—After the visualspatial memory sum score was 

orthogonalized with respect to the verbal memory score, we did not observe any regions for 

which the correlation between the visuospatial sum score and fALFF values survived the 

correction. However, the positive correlation we previously observed in the left parieto 

occipital sulcus and the right middle frontal gyrus bordered significance (p < 0.06).

Working memory—After the working memory sum score was orthogonalized with 

respect to the short-term memory score, we obtained a positive correlation between the 

working memory sum score and fALFF values in the right middle frontal gyrus (Table 3).

Discussion

The current study examined the relationship between individuals working memory ability 

and brain connectivity in default networks. Specifically, differences in spontaneous low 

frequency fluctuations during rest were used to predict differences in general, domain-

specific and demand-specific WM performance.

General Memory capacity

In the current study, a significant positive correlation with the Grand Sum and fALFF values 

was observed in the right SMG (spreading into the IPS and AnG), right MFG, as well as the 

left MOG (spreading into the AnG). The SMG has been shown to play a role in 

phonological processing and verbal working memory (Sliwinska et al., 2012; Paulesu, Frith, 

& Frackowiak, 1993). The AnG, on the other hand, has shown to be activated in a variety of 
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tasks including: semantics, attention and spatial cognition, memory retrieval, cross-modal 

integration and the default mode network (DMN) (for a review see Seghier, 2013; Binder et 

al. 2009). Its important role in memory might be facilitated by strong structural connectivity 

with the hippocampal system (Seghier, 2013). Our IPS activation spread into the superior 

parietal lobule (SPL). The superior parietal cortex has traditionally been strongly linked with 

visuospatial and attentional processing (Nachev & Husain, 2006; Sack, 2009). Studies, have 

reported consistent activation within our network of posterior parietal regions in a variety of 

working memory tasks (Hampson et al., 2006; Sandrini et al., 2012, for meta-analyses see 

Rottschy et al., 2011; Owen et al., 2005, Wager & Smith, 2003). The right MFG activation 

was located in the DLPFC (BA9/46), a region that has shown to play a role in sustained 

attention and working memory (Hampson et al., 2006; Rottschy et al., 2011; Owen et al., 

2005; Brunoni & Vanderhasselt, 2014). These results show that in the absence of any task, 

spontaneous low frequency fluctuations in the BOLD signal within a widespread fronto-

parietal network were correlated with general memory performance. These findings provide 

strong evidence for the idea that low-frequency fluctuations within fronto-parietal regions 

during resting state, affects performance in tasks that rely on general memory capacities.

Short Term Memory versus Working Memory

A significant positive correlation with STM sum and fALFF values was observed in the 

right AnG (spreading into the SMG) and the left MOG (spreading into AnG). That is, we 

mainly observed fALFF values in the bilateral inferior parietal cortex to be associated with 

STM. The inferior parietal cortex has shown to play an important role in episodic memory 

encoding and retrieval (Hutchinson, Uncapher, & Wagner, 2009; Ciaramelli, Grady, & 

Moscovitch, 2008; Vilberg & Rugg, 2008) and retrieval of verbal material (Jonides et al., 

1998).

A significant positive correlation with the WM sum and fALFF values was observed in the 

right IPS (spreading into the SPL). The SPL is consistently found active during executive 

processes like updating, order and manipulation (Wager & Smith, 2003). Koenigs and 

colleagues (2009) compared a group of patients with SPL lesions to a group without lesions 

and a group with non-SPL lesions. They did not find any significant group differences for 

tests that involved simple retention and recall (Digit Span Forward and Spatial Span 

Forward), whereas patients with SPL lesions did significantly worse on tests that required 

rearrangement and manipulation of information in WM (Digit Span Backward and Spatial 

Span Backward). These results show a dissociation of STM and WM measures in the 

parietal cortex, with more inferior regions predicting STM performance and more superior 

regions reflective of the more demanding WM measure. It’s not surprising to find an overlap 

in the network of regions underlying what we label as “STM” and “WM”, given that they 

reflect overlapping measures of memory. That is, both our STM and WM tasks involve 

simple retention and recall of information, whereas the WM task requires an additional 

rearrangement or manipulation of information in WM.

Verbal Memory versus Visuospatial Memory

A significant positive correlation with the Verbal Working Memory Sum and fALFF values 

was observed in the right dorsal cerebellum, whereas a negative correlation was found in the 
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right ventral cerebellum. The cerebellum has shown to contribute to verbal working memory 

(Durisko & Fiez, 2010), with certain findings suggesting an inferior-to-superior subdivision 

of the cerebellum. Desmond and colleagues (2007), for example, suggested that the superior 

cerebellum is associated with articulatory rehearsal, whereas the inferior cerebellum is 

associated with correction of errors within WM. In addition, we found a positive correlation 

in the right IPS and the bilateral thalamus. The right IPS activation is inline with an 

extensive body of research showing that verbal working memory is associated with 

activation in the SMG of the left IPL and the bilateral SPL (Awh et al., 1996; Smith, 

Jonides, & Koeppe, 1996; Jonides et al., 1997). In a meta-analysis, Owen and colleagues 

(2005) found activation within the thalamus when they contrasted n-back tasks that involved 

verbal identity-monitoring versus tasks that involved nonverbal identity-monitoring.

A significant positive correlation with the Visuospatial Working Memory Sum and fALFF 

values was observed in the right MFG (right DLPFC). The superior frontal sulcus in humans 

has shown to play a role in spatial working memory. These findings are supported by animal 

research, which have proposed a ventral-dorsal distinction within the prefrontal cortex in 

processing spatial and object information respectively (Courtney et al., 1998; Wilson, 

O’Scalaidhe, & Goldman-Rakic, 1993; O’Scalaidhe, Wilson, & Goldman-Rakic, 1997). The 

activation that we observed fell in the MFG/SFS. The left MOG activation spread into the 

IPS and the AnG. The posterior parietal cortex has shown to play a role in spatial working 

memory, however, activation is usually found in the right hemisphere (Van Asselen et al., 

2006). These results show that during resting-state, low frequency fluctuations in two clearly 

distinct sets of brain regions were correlated with verbal and visuospatial WM measures. 

These findings are largely consistent with research on the neural correlates of verbal and 

visuospatial working memory. Similar to other studies that have failed to replicate the 

classic hemispheric effects (Clark et al., 2000; Courtney et al., 1996; Veltman, Rombouts & 

Dolan, 2003; Glabus et al., 2003; Tomlinson et al., 2014), the current resting state analyses 

did not show clear lateralization effects for verbal or visuospatial WM measures when using 

fALFF. A possibility is that no left lateralization effect was found for our verbal WM 

measure given that we looked at the combined effect of a task that mainly relied on 

maintenance (digits forward) and a task that relied additionally on manipulation of 

information (digits backward). Left lateralization was observed when solely looking at the 

effect of maintenance processes in verbal WM (i.e., digits forward). These findings are in 

line with the finding of a task (manipulation vs. maintenance) × load interaction in a 

predominantly right lateralized network, which was driven by the manipulation task 

(Veltman et al., 2003). Another possibility is that a lateralized pattern of activity might be 

present in regions previously reported to be involved in verbal and visuospatial working 

memory, however, those regions might not necessarily show a stable effect over subjects.

Seed-based Connectivity

The connectivity analysis showed that connectivity strength between the dorsolateral 

prefrontal cortex (DLPFC) and the superior parietal lobule (SPL) was correlated with 

several memory measures. That is, both left and right fronto-parietal connectivity strength 

was correlated with the general memory score. In contrast to the fALFF results, however, 

left fronto-parietal connectivity strength predicted the verbal memory score, whereas right 
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fronto-parietal connectivity strength predicted the visuospatial memory score. These 

findings corroborate findings that memory relies on communication within a fronto-parietal 

network. The putative hemispheric specialization may depend on how hemispheric 

contribution is measured. While the intrinsic activity within each hemisphere does not show 

the left/right verbal/visual dissociation, the connectivity within each hemisphere does. 

Individual regions within a hemisphere may not favor verbal vs. visual material, these 

preferences likely emerge at a network level.

It could be argued that the correlation between fronto-parietal connectivity and the general 

memory measure reflects differences in the age of our participants. The fact that none of the 

partial correlations between fronto-parietal connectivity and memory measures were 

significant, after removing effects of age, supports this idea. Nonetheless, the results suggest 

that the strength of functional coupling between frontal and parietal memory structures, 

driven by age or other factors, can explain differences in general memory capacities. The 

dissociation in our analysis between left/right fronto-parietal connectivity strength and 

verbal/visuospatial working memory, argues against an unspecific deterioration of cerebral 

connectivity as explanation for a decline in general memory measures. That is, it illustrates 

the specificity of the relation between fronto-parietal connectivity strength and memory 

submeasures.

Multiple regression analyses—A multiple regression analysis in which STM and WM 

sum scores were orthogonalized with respect to each other, showed a positive correlation 

between the WM sum score and fALFF values within the Dorsal Lateral Prefrontal Cortex 

(DLPFC). No significant correlation was observed between the STM sum score and fALFF 

values, after orthogonalizing with respect to the WM sum score. These results are in line 

with the idea that there is a large overlap in the processes that underlie short-term memory 

and working memory constructs (Colom et al., 2006). STM is often operationalized as the 

process of maintenance of information, whereas WM is argued to involve the maintenance 

and manipulation of information (Davidson et al., 2006; Jensen et al., 2007). In this 

operationalization the STM component is part of both STM and WM tasks, whereas WM 

would tap into additional executive processes not shared with STM. This can explain the 

finding that no significant correlation was observed for the STM score after it was 

orthogonalized with respect to the WM score. In addition, the multiple regression analysis 

seems to suggest that the executive processes of WM, which are not shared with STM, 

might be located within the DLPFC. These findings mesh with evidence from both 

neuroimaging and patient studies, which point towards a critical role for the DLPFC in the 

active maintenance of information in working memory (Narayanan et al., 2005; Zarahn et 

al., 2005; Gazzaniga et al., 2009).

Furthermore, a multiple regression analysis in which verbal and visuospatial sum scores 

were orthogonalized with respect to each other did not change the results for the verbal 

memory component. The results for the visuospatial memory are weakened and become 

marginally significant. A number of studies have indeed reported high correlations between 

the scores on tests that measure verbal and visuospatial memory (Alloway, Gathercole & 

Pickering, 2006; Nadler & Archibald, 2014). In the case of our study, we acknowledge that 
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part of the domain-specific effect that we observed might reflect variance that is shared 

between these two measures.

Conclusion

Our results show that spontaneous fluctuations in the BOLD signal during rest are associated 

with measures of general, domain-specific and demand-specific memory capacities. Low-

frequency fluctuations in a wide-scale fronto-parietal network were associated with a 

measure of general memory performance. Distinct substructures within this network were 

associated with domain-specific and demand-specific memory capacities. These findings 

provide evidence that, spontaneous BOLD fluctuations in specific brain regions, occurring 

in the absence of an active task, affects performance on cognitive tasks that rely on those 

structures. A specialized WM system with distinct brain regions involved in domain-specific 

and demand-specific sub-processes was partially reflected in inter-individual differences in 

low-frequency fluctuations of the resting-state fMRI signal of our participants. In addition, 

the strength of functional coupling between frontal and parietal memory structures could 

explain inter-individual differences in memory capacities. These findings indicate that 

patterns of regional spontaneous brain activity and connectivity can be a valuable and 

powerful tool in revealing inter-individual differences in memory and other cognitive 

functions.
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Highlights

• Fractional amplitude of low frequency fluctuations (fALFFs) were calculated

• Spontaneous fluctuations in the BOLD signal are associated with memory 

measures

• Fronto-parietal connectivity strength explains differences in memory capacities
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Figure 1. 
Brain regions showing a significant correlation between whole-brain fALFF values and 

general WM measures (A+B+I+J).
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Figure 2. 
A. A comparison of correlations of whole-brain fALFF values with WM (B+J, in red) versus 

STM (A+I, in blue) measures. Regions in yellow represent the spatial intersection of the 

statistically thresholded maps corresponding to the correlation of whole-brain fALFF values 

with WM and STM measures.

B. A comparison of correlations of whole-brain fALFF values with Verbal (A+B, in red) 

versus Visuospatial (I+J, in blue) measures. Regions in yellow represent the spatial 

intersection of the statistically thresholded maps corresponding to the correlation of whole-

brain fALFF values with Verbal and Visuospatial measures.
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Figure 3. 
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Table 1

Mean peformance rates (M) on the subtests of the WOMBAT with standard deviations (SD). Correlation with 

age and significance are given for each subtest.

Measure M SD r p

Test A (Digits Forward) 11.22 1.35 −0.30 0.12

Test B (Digits Backward) 7.67 1.81 −0.58 < 0.01**

Test I (Dots Sequence Forward) 10.22 2.02 −0.13 0.30

Test J (Dots Sequence Backward) 9.61 2.70 −0.21 0.20

Sum

Grand Sum (A + B + I + J) 38.72 5.92 −0.39 0.06

STM Sum (A + I) 21.44 2.38 −0.28 0.13

WM Sum (B + J) 17.28 3.91 −0.42 0.04*

Verbal Sum (A + B) 18.89 2.63 −0.55 < 0.01**

Visuospatial Sum (I + J) 19.83 4.37 −0.19 0.22

P – values are one-sided due to expected one-way results in the correlations, as age typically influences working memory measures (Englund et al., 
2014).

*
p < 0.05,

**
p < 0.01.
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