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Abstract

Cognitive operations often require integration of information. Previous studies have shown that 

integration of information in working memory recruits frontopolar cortex (FPC). In this fMRI 

study, we sought to reveal neural mechanisms of FPC underlying the integration of information 

during arithmetic tasks. We compared a condition requiring manipulation of two features of an 

item held in working memory with manipulation of one feature. The results showed that FPC was 

equally recruited in both conditions while dorsolateral prefrontal cortex (DLPFC) tended to be 

more activated when manipulating two features. We suggest that FPC plays an integrative role and 

is recruited by the production of representations in accordance with task constraints whereas 

DLPFC appears to be sensitive to processing demands induced by the manipulation of 

information.

Keywords

functional MRI; frontopolar cortex; dorsolateral prefrontal cortex; working memory; 
manipulation; integration

INTRODUCTION

Working memory (WM) plays a central role in complex cognitive activity, allowing us to 

temporarily maintain and manipulate task-related information. A number of studies have 

explained the neural mechanisms underlying the WM system [e.g., 6, 11, 13, 18]. These 
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studies, however, have dealt with tasks using relatively simple stimuli (i.e., single 

dimensional stimuli) such as objects or spatial locations. In contrast, a relatively small 

number of studies have focused on how the brain integrates two or more unrelated items 

held in WM [e.g., 2, 8, 9, 14, 20]. According to Baddeley’s model [1], WM consists of the 

central executive, the visuospatial sketchpad, the phonological loop, and the episodic buffer. 

Baddeley proposed that the episodic buffer works in conjunction with the visuospatial and 

phonological stores, binding visuospatial and phonological information together into 

episodic WM representations. The episodic WM store acts as a buffer through which these 

representations migrate to long term episodic memory. However, the underlying neural 

mechanisms and substrates involved in binding the visuaospatial and phonological 

information to each other are integrated into single memory chunks are still unclear.

In this context, previous neuroimaging studies have sought to reveal the neural mechanisms 

of integration of information held in WM. Specifically, Prabhakaran et al. [20] demonstrated 

that holding integrated information during a WM task recruits frontopolar cortex (FPC). In 

their study, participants were asked to maintain four letters and four spatial locations 

indicated by parentheses. In one condition, each of the four letters appeared within one of 

the parentheses, such that each of them was bound into a single item. In another condition, 

the letters were situated centrally and the four locations were spread around the screen. 

Comparison of the two conditions showed that FPC was activated when identity and 

location were integrated but not when they were encoded separately. Subsequently, they 

suggested that maintenance of integrated information recruits FPC.

De Pisapia et al. [9] found FPC involvement in integration using different tasks. In their 

mental arithmetic tasks requiring participants to integrate a preloaded digit (e.g., “6”) into an 

ongoing calculation when cued (e.g., “+_”), they observed FPC activation during 

integration. In a follow-up study, they replicated this [8]. However, the tasks used in these 

studies did not include the maintenance of multimodally-integrated information as in 

Prabhakaran et al. [20], but rather it required the integration process, which is an actively 

operative component. In line with these studies, Ramnani and Owen [21] reviewed different 

perspectives on FPC function including episodic memory retrieval [22], prospective memory 

[3], cognitive branching [16] and relational integration [14, 17] and subsequently suggested 

that the role of FPC is to integrate the products of two or more cognitive operations.

However, in the previous studies, FPC activation during WM tasks might have resulted from 

the complexity of executing the task since manipulation required participants to change two 

features of two items in WM. In a study that employed the Tower of London task to measure 

planning ability, for example, Van Den Heuvel et al. [24] found that FPC activity positively 

correlates with the number of moves required to transform the current state to the goal state. 

In other studies using Raven’s Progressive Matrices, FPC was recruited in a high complexity 

condition to a greater degree than it was in a low complexity condition [4, 17], suggesting 

that it responded to the demand to integrate the multiple relations.

However, the nature of FPC involvement observed in previous studies is still unclear. It’s 

not possible to differentiate, based on their findings, whether FPC is involved in 

manipulation of items held in WM or integration of them. The purpose of this study was to 
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examine the neural mechanisms underlying integration-related processing. We tested 

whether FPC activation, which responds during manipulation of integrated information held 

in WM, is consistent with the hypothesis that FPC plays a role in production of integrated 

representations but not in executing manipulations of them. We designed a task consisting of 

a complex manipulation condition (CM) requiring participants to manipulate two features of 

an integrated item, a simple manipulation condition (SM) requiring them to manipulate only 

one feature of an item, and a control condition without integrated information (see Figure 1). 

We expected different activation patterns between FPC and DLPFC. Specifically, both CM 

and SM would recruit FPC with the same intensity but with a temporal disparity, because 

there is a single integrated representation to be formed within the episodic buffer in both 

conditions but there are different numbers of features to be integrated into the 

representation. For DLPFC, in contrast, we expected that activity would be greater in CM 

than in SM since the cognitive demands of manipulating information are greater in CM.

METHODS

Participants

Twelve healthy right-handed, native English speakers (four males) with an age range of 19–

31 (M=22.9, SD=3.9) participated in this study. Informed consent forms approved by the 

University of New Mexico Institutional Review Board were obtained from all participants.

Stimuli and procedure

Three different conditions were employed: the control condition, SM and CM (Figure 1). All 

trials began with two single digit numbers (the sample stimulus). A cue was then presented, 

followed by a probe stimulus. All stimuli were presented on a black screen. In the control 

condition, participants were asked to remember two numbers presented on the left and the 

right on a screen (e.g., “3” on the left and “6” on the right). Then an additive or a subtractive 

operator with a single digit was presented randomly on either the left or right side and 

participants internally calculated the resulting arithmetic problem (e.g., “+2” on the right; 

compute “6+2”). This was followed by a probe containing a number presented on the left or 

right. Participants were asked to indicate whether the number matched the result of the 

calculation (e.g., “9” on the right; match result?) or the same as the unused sample number 

(e.g., “3” on the left; match the left sample number?). Numbers in samples and cues ranged 

from 2 to 9, and in probes were less than 16.

In the SM and CM, participants were to remember two numbers presented in different colors 

(red, green, blue, yellow, and magenta) and positions (two locations among 20 potential 

predefined positions). The cue indicated one of the sample stimuli to be manipulated using a 

colored asterisk or number (SM) or a colored operator with number (CM). In the SM, 

participants saw a cue (asterisk or number) whose color matched one of the numbers in the 

sample. Note that the number cue for the SM was presented in a white rectangle in order to 

present the cue without spatial information. Then they were required to change the position 

of the matching sample number presented in the preceding sample phase to the position of 

the asterisk, or the identity of the matching sample number to the identity indicated by the 

number. For the CM, participants were asked to both calculate the arithmetic problem 
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indicated by the cue (i.e., a colored operator and number) and change the number’s position 

into the new position indicated by the cue’s position. The probe presented a colored number 

in a position, to which participants were asked to indicate whether the number matched the 

result of the manipulation or the unused sample number in terms of its position or identity, 

which was cued by the color. Thus, only one of the two possible changes was required in the 

SM, while both were required in the CM. Once the change to their WM representation was 

made, the required response could be calculated using the new, changed information. 

Participants were asked to press either left (for “correct”) or right (for “incorrect”) button 

using their left or right thumbs. The response time was measured by taking time 

immediately after the probe screen was presented. All stimuli were presented for 1.5 sec 

with inter-stimulus-intervals (ISIs) varied from 1.5 to 4.5 secs (average 2.5 secs). Each type 

of trial for control, SM, and CM, was repeated 28 times and all trials were presented in a 

randomized order in each run. There were 14 trials for each condition in each run, resulting 

in a total of 84 trials in two runs.

Image acquisition

Whole brain images were acquired with a 3-Tesla Siemens Trio scanner at the Mind 

Research Network in Albuquerque, New Mexico. High-resolution anatomical images 

(256×256×192) were acquired using a T1-weighted MPRAGE imaging sequence. 

Functional images were acquired using a T2*-weighted echo-planar imaging (EPI) 

sequence, which comprised of 33 interleaved 3mm-skip-1mm slices (TR=2,000 ms, TE=29 

ms, Flip=75°, FOV=240 mm, Matrix=64×64).

Data analyses

Accuracy and response time were analyzed using analyses of variance. Functional imaging 

data were analyzed with SPM5. After discarding the first 8 volumes for each run, functional 

images were corrected for temporal disparities in the slice timing by the sinc interpolation 

[15]. The corrected images were realigned to the first slice to correct spatial differences. The 

resampled images were coregistered with each subject’s MPRAGE image. The images were 

normalized to the MNI-152 image and smoothed with an 8-mm FWHM Gaussian kernel.

In the first level model for each subject, all event types and the motion parameter were 

included in a general linear model using a canonical hemodynamic response function (HRF). 

Contrast images, which revealed activity greater than in the implicit base line, were 

constructed for experimental events (the manipulation cues of the control, SM and CM 

conditions). These images were then analyzed at the second level using paired-sample t-tests 

and a threshold was applied at p<0.05 corrected for multiple comparisons using a method 

based on the false discovery rate [12]. Event-related BOLD signal changes were extracted 

from regions of interest (ROIs) which were defined as spheres with 4 mm radius within FPC 

and DLPFC activated by the comparison of CM versus control. These ROIs were then used 

in the confirmatory analyses for direct comparisons between SM and CM in FPC and 

DLPFC.
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RESULTS

Behavioral data

We compared the accuracy and response time of the three different conditions. The accuracy 

of the conditions was significantly different in the context of the omnibus test, 

F(2,22)=6.644, mean squared error (MSE)=0.006, p=0.006 (η2 =0.377). In order to explore 

this result in detail, the orthogonal contrasts were conducted. The results showed that 

accuracy for SM (M=0.83, SD=0.10) and CM (M=0.81, SD=0.07) were significantly lower 

than for the control condition (M=0.92, SD=0.05), F(1,11)=11.325, MSE=0.009 p=0.006(η2 

=0.507), whereas there was no difference between the two manipulation conditions, 

F(1,11)=0.619, MSE=0.01, p=0.448 (η2 =0.053). Mean response times for SM (M=1,174 

ms, SD=170), CM (M=1,197 ms, SD=197), and control condition (M=1,132 ms, SD=153) 

were not significantly different, F(2,22)=1.897, MSE=6766.262, p=0.174 (η2 =0.147).

Imaging data

In order to identify and determine the functional ROIs in FPC and DLPFC, CM was 

compared to the control condition. Frontal areas showing significantly greater responses to 

CM, where integrated information was repositioned and simultaneously computed, than the 

control condition are listed in Table 1. These included bilateral inferior frontal gyrus (BA 

9/47) and right middle frontal gyrus (BA 10/46).

Among these clusters, functional ROIs for FPC and DLPFC were defined by spheres 

showing peak activations of the two clusters in the right middle frontal gyrus. Additionally, 

frontal regions responding to SM were identified (see Table 1), including middle frontal 

gyrus (bilateral BA 6, right BA 9 and right BA 10). Note that additional regions activated by 

these contrast were not listed in Table 1.

As shown in Figure 2 and Table 1, right FPC was activated for both SM and CM more than 

for the control. Most of the activations in FPC overlapped, but the area sensitive to SM was 

localized in a more dorsal area than the area involved in CM. On the other hand, far more 

voxels of right DLPFC (BA 9/46) were activated in CM (6426 mm3) than SM (297 mm3). 

Further, left DLPFC was activated only in contrasting CM with the control condition, but 

not SM with the control condition.

Direct comparisons of CM with SM within ROIs from FPC and DLPFC were conducted. 

Examination of the time courses of BOLD responses showed a different pattern of activation 

for these two conditions in FPC and DLPFC (Figure 3). Specifically, the peak amplitude of 

the signal changes for the ROI in FPC appeared to be higher in CM (M=0.41 %, SD=0.83) 

than in SM (M=0.33 %, SD=0.69), but they were not significantly different, t(11)= 0.233, 

p=0.820. However, the time-to-peak was more delayed in CM (M=8.33 sec, SD=2.39) than 

in SM (M=6.17 sec, SD=2.76) and these were significantly different, t(11)= 3.223, p=0.008. 

On the other hand, the time courses in DLPFC were more sensitive to manipulation 

demands; there was a stronger response to CM (M=0.56 %, SD=0.62) than to SM (M=0.28 

%, SD=0.41), t(11)=2.505, p=0.029. However, the time-to-peak analysis showed no 

difference between CM (M=5.83 sec, SD=2.62) and SM (M=6.17 sec, SD=2.89), 

t(11)=0.272, p=0.791. Finally, we performed confirmatory ROI analyses to focus on 
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activities in FPC and DLPFC to test whether these activations within the given ROIs were 

significantly different. The results showed that CM and SM were not significantly different 

in FPC (z=2.62, p=0.176, FDR-corrected), but the activation in DLPFC was significantly 

stronger in CM than SM (z=3.35, p=0.019, FDR-corrected).

DISCUSSION

The aim of the present study was to determine the roles of FPC and DLPFC during 

manipulation of integrated information. The results showed that FPC is involved in 

manipulation of integrated information held in WM even though the task required 

participants to manipulate only one feature of the integrated information. That is, the 

complexity of the manipulation did not affect the level of FPC activity. In contrast, DLPFC 

appeared to be more sensitive to the task complexity; the activity tended to show greater 

when two features were manipulated than when one was manipulated.

The time-to-peak of BOLD signal changes in FPC was delayed when participants 

manipulated two features relative to when they manipulated one. This was likely caused by 

production of a new representation for each manipulation, in which CM required more time 

than SM. Support for this explanation, a recent WM study for simple or complex stimuli 

(color or face, respectively) reported that encoding complex stimuli required longer times to 

successfully maintain representations than simple stimuli did. In accord with their 

behavioral results, lateral PFC also showed delayed time-to-peak for complex stimuli than 

simple stimuli [23]. Similarly, another study showed that PFC’s time-to-peaks increased 

linearly as a function of the number of items encoded in WM [10]. Thus, a reasonable 

interpretation of our results would be that delayed brain responses for CM relative to SM 

were associated with time to produce new integrated representations.

An alternative expression of these results is that FPC plays a role in binding, integrating, or 

directing the task processing in DLPFC, or in fact its management of the task across cortex. 

In this view, CM should recruit more of DLPFC and more intensely, because it requires a 

greater degree and amount of processing than SM. However, our findings support the idea 

that FPC is specialized for the production of integrated representations, and provides an 

alternate explanation for FPC activation in other studies [5, 6].

It might be argued that our findings are inconsistent with previous studies of manipulation of 

WM contents, in which manipulation of information held in WM depended on DLPFC [5, 7, 

19]. However, these studies used relatively simple stimuli (e.g., a set of letters) and thus 

there was no demand for integration in their tasks or manipulation of integrated 

representations.

The present results suggest an explanation of FPC involvement in complex cognitive tasks, 

such as planning and reasoning. In the Raven's Progressive Matrices, Tower of London, and 

other high level tasks, representations must be manipulated into new representations in ways 

constrained by the inter-relationships. For example, in the Tower of London task requiring 

complex sequences of movements, one must produce a representation of possible move 

sequences based on a specific rule, in which the representation is constrained by the rule. 
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Thus, the more the number of movements in the task, the greater FPC was activated [24]. 

Further, in the Raven’s Progressive Matrices task, complex problems have more changes or 

relations across the matrices, in which participants must deduce a missing cell in the matrix 

by the changes or relations among the other cells. This implies that complex matrices 

involve more constraints from the relationships within the matrix than simpler matrices [4, 

17]. As these studies also showed, the corresponding increase in amount of manipulation 

required resulted in greater DLPFC recruitment.

In short, we suggest that FPC is recruited by production of highly constrained 

representations required during manipulation of integrative information held in WM. FPC 

activity did not increase with manipulation difficulty. We conclude that FPC is recruited 

when constrained representations are produced whereas DLPFC appears to be more 

sensitive to manipulation processing demands. This conclusion offers an explanation of 

neural mechanisms underlying FPC and DLPFC recruitment during high-level cognitive 

activities such as planning and reasoning.
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Highlights

➢ Frontopolar cortex was involved in integrating representations in working 

memory.

➢ Task complexity did not affect the level of the frontopolar cortex activation.

➢ In contrast, dorsolateral prefrontal cortex was sensitive to the task 

complexity.
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Figure 1. 
Stimuli of each condition. A: Control condition. “6” should be added by “2”, resulting in 

“8”, and thus the correct answer is “incorrect”; B: Simple manipulation condition (SM). The 

cue is printed in red. Thus “5” in the sample should be changed to “2” or moved to the 

location cued by the asterisk; C: Complex manipulation condition (CM). Since the cue is 

printed in red, “7” in the sample should be subtracted by “3”, resulting in “4”, and moved to 

the location where the cue is presented. Thus the correct answer is “correct”.
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Figure 2. 
Frontopolar activation during SM (blue) and CM (red) conditions relative to the control 

condition. The intersection of regions active in both comparisons is shown in violet. The 

maxima of the intersection area in frontopolar cortex seen in the sagittal view have a z-

coordinate of 3 mm.
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Figure 3. 
BOLD signal changes for ROIs in right FPC (BA 10; plot a) and right DLPFC (BA 46; plot 

b). The Talairach coordinates of the maxima of these two ROIs are 30,52,0 and 42,22,24.
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