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Abstract

Research indicates that dorsolateral prefrontal cortex (DLPFC) is important for pursuing goals, 

and areas of DLPFC are differentially involved in approach and avoidance motivation. Given the 

complexity of the processes involved in goal pursuit, DLPFC is likely part of a network that 

includes orbitofrontal cortex (OFC), cingulate, amygdala, and basal ganglia. This hypothesis was 

tested with regard to one component of goal pursuit, the maintenance of goals in the face of 

distraction. Examination of connectivity with motivation-related areas of DLPFC supported the 

network hypothesis. Differential patterns of connectivity suggest a distinct role for DLPFC areas, 

with one involved in selecting approach goals, one in selecting avoidance goals, and one in 

selecting goal pursuit strategies. Finally, differences in trait motivation moderated connectivity 

between DLPFC and OFC, suggesting that this connectivity is important for instantiating 

motivation.

A long line of research indicates that dorsolateral prefrontal cortex (DLPFC) is centrally 

involved in the pursuit of goals (e.g., MacDonald et al., 2000). One potential role for 
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DLPFC is the integration of motivation and executive function necessary for goal pursuit. 

This hypothesis has been supported by research examining the integration of processes 

related to executive function and to approach and avoidance motivation, in both state 

motivation (induced by the presence of immediate reward/punishment; Taylor et al., 2004) 

and trait motivation (temperamental tendencies to be sensitive to, and motivated by, 

potential appetitive or aversive outcomes; Spielberg, Miller, et al., 2011; Spielberg et al., 

2012). However, given the complexity of the processes involved in the pursuit of approach 

and avoidance goals, it is unlikely that DLPFC functions in isolation. Rather, DLPFC is 

likely to be part of a network of brain regions involved in instantiating motivational 

processes. However, this hypothesis has not been explicitly examined in the context of one 

important aspect of goal pursuit, namely the maintenance of goals in the face of distraction. 

The aim of the present study was to test the hypothesis that motivation-related regions of 

DLPFC are part of a network of brain areas involved in maintaining approach/avoidance 

goals. If DLPFC is part of such a network, connectivity between DLPFC and regions in the 

network should increase when the maintenance of a goal is challenged. Additionally, 

individuals with higher levels of approach/avoidance motivation should show larger 

increases in connectivity than those low in approach/avoidance motivation. Thus, the present 

study compared DLPFC connectivity when goal maintenance was challenged relative to 

when no such challenge was present and tested whether measures of trait motivation 

moderated the magnitude of changes in connectivity.

A Network for Goal Pursuit

Research supports the existence of two fundamental motivational systems, one oriented 

toward potential desirable outcomes, termed the approach motivational system, and one 

oriented toward potential aversive outcomes, termed the avoidance motivational system (for 

reviews see Elliot & Covington, 2001; Lang, Bradley, & Cuthbert, 1998). Stable individual 

differences in the activity/reactivity of these motivational systems have been found, and 

these differences have been hypothesized to reflect distinct temperament types (Elliot & 

Thrash, 2002). Recent research indicates that approach temperament, reflecting stable 

differences in the approach motivational system, is associated with activity of left-lateralized 

regions of DLPFC, and avoidance temperament, reflecting stable differences in the 

avoidance motivational system, is associated with activity of a right-lateralized region of 

DLPFC (Spielberg, Miller, et al., 2011; Spielberg et al., 2012). These findings suggest that 

left DLPFC is differentially associated with the pursuit of approach-related goals and right 

DLPFC with the pursuit of avoidance-related goals, which is consistent with a large body of 

research indicating that prefrontal cortex (PFC) is lateralized with respect to motivational 

direction and emotional valence (for a review, see Spielberg et al., 2008). This 

conceptualization was refined further by research indicating that portions of left and right 

DLPFC are involved in approach and avoidance behavior independent of the valence of the 

stimuli involved (Berkman & Lieberman, 2010), supporting the role of DLPFC in the 

pursuit of goals separate from valuation of stimuli. Additionally, evidence indicates that a 

region in left DLPFC is associated with both approach and avoidance temperament 

(Spielberg, Miller, et al., 2011; Spielberg et al., 2012), suggesting that some areas of DLPFC 
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implement motivational processes that are not specific to approach or avoidance motivation 

(e.g., energization of behavior independent of motivational direction of behavior).

These findings are consistent with the proposal (Spielberg, Miller, et al., 2011) that regions 

of DLPFC integrate executive and motivational processes during goal pursuit, although the 

exact nature of these processes remains unclear. Given strong evidence of DLPFC 

involvement in maintaining and updating information (e.g., Wager & Smith, 2003) and in 

top-down control (e.g., Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008), it is possible 

that these regions of DLPFC maintain and integrate information relevant to approach and 

avoidance goal pursuit and use this information to bias processing in other brain regions to 

be congruent with the pursuit of goals when the pursuit of goals is challenged.

Although Spielberg, Miller, et al. (2011) hypothesized that DLPFC has a central role in 

approach and avoidance goal pursuit, it is unlikely that DLPFC functions in isolation. 

Rather, DLPFC is likely to be part of a network, with each node having distinct roles in the 

pursuit of goals (Miller & Cohen, 2001). Several recent studies have found that DLPFC 

exhibits connectivity with several brain regions thought to be important for goal pursuit and 

that this connectivity depends on the level of motivational incentive present. For example, 

Szatkowska et al. (2008) found that DLPFC connectivity with orbitofrontal cortex (OFC) 

increased with the level of available reward during a working memory task, and a number of 

studies have found that DLPFC connectivity with portions of the basal ganglia (BG; e.g., 

nucleus accumbens, putamen) depends on the level of monetary reward (e.g., Ballard et al., 

2011; Staudinger et al., 2011). Similarly, reward dependent connectivity between DLPFC 

and the dorsal aspect of anterior cingulate (ACC) has been observed when participants had 

to switch between task rules (Kouneiher, Charron, & Koechlin, 2009). Evidence of 

anatomical connections between DLPFC and these regions (e.g., Beckmann, Johansen-Berg, 

& Rushworth, 2009; Sakagami & Watanabe, 2007) further supports the hypothesis that they 

function as a network.

Although this research supports the hypothesis that DLPFC functions as part of a network of 

regions during the pursuit of goals, research has yet to examine whether DLPFC similarly 

functions as part of such a network in the context of one vital aspect of goal pursuit, the 

maintenance of goal pursuit in the face of distraction. Given evidence that DLPFC is heavily 

involved in top-down control (Dosenbach et al., 2008), it is reasonable to expect DLPFC to 

play a vital role in moderating the activation of other brain regions involved in goal pursuit 

in order to maintain the pursuit of goals in the face of distraction. However, this hypothesis 

has yet to be directly tested, leaving open the question of DLPFC's role in a network during 

the maintenance of goals.

The present study tested this hypothesis by examining connectivity between DLPFC and 

several brain regions that appear to be integral to approach and avoidance goal pursuit. 

Specifically, the present study focused on OFC, ACC, amygdala, and BG. This set of 

regions is certainly only a subset of those involved in goal pursuit. The present study 

focused on this subset because evidence suggests that 1) these regions instantiate central 

aspects of approach and avoidance motivation (discussed briefly below), and 2) they are 

likely to be involved in the aspect of goal pursuit studied here (maintenance of goal pursuit 
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in the face of distraction). There are a number of reviews discussing the potential roles of 

these regions in motivation and goal pursuit (e.g., Amiez & Petrides, 2009; Berkman & 

Lieberman, 2009; Cain & LeDoux, 2008; Davidson & Irwin, 1999; Porcelli & Delgado, 

2009; Rangel & Hare, 2010). Therefore, only a brief discussion of the role of these regions 

will be provided here, and interested readers are referred to these reviews for further 

information.

Orbitofrontal Cortex

Research suggests that OFC is involved in maintaining the current and expected 

motivational value of stimuli (O'Doherty & Dolan, 2006). Stimulus value information is 

vital to maintaining goals in the face of distraction, because it is important in the 

determination of whether the distracting information indicates the presence of a more 

valuable goal. Research suggests that OFC provides information about stimulus value to 

DLPFC (Szatkowska et al., 2008), which could then be used to select appropriate goals. 

However, researchers have also hypothesized that DLPFC modulates stimulus values stored 

in OFC to be congruent with current goals (e.g., decreasing the value of liked but unhealthy 

foods in dieters; Hare, Camerer, & Rangel, 2009). Thus, the relationship between DLPFC 

and OFC may be bidirectional, with stimulus value both informing and being informed by 

current goals.

The spatial organization of OFC remains a matter of debate. Specifically, some research 

supports a medial/lateral distinction, with medial and lateral OFC involved in maintaining 

reward values and punishment values, respectively (Elliott, Dolan, & Frith, 2000; 

Kringelbach & Rolls, 2004; O'Doherty, 2007). However, a medial/lateral parcellation does 

not incorporate hemispheric laterality, and research suggests that hemispheric laterality is an 

important organizing factor for PFC with respect to motivation and emotion (Davidson & 

Irwin, 1999; Heller, 1993). Wager et al. (2008) provided insight into how medial/lateral and 

hemispheric organizations of OFC may be integrated, finding that bilateral medial and right 

lateral OFC were associated with pleasant emotional experience, whereas left middle and 

left lateral OFC were associated with unpleasant emotional experience.

Anterior Cingulate Cortex

ACC is also thought to have a central role in the pursuit of goals (Rushworth, Behrens, 

Rudebeck, & Walton, 2007). One popular theory holds that ACC is involved in the detection 

of error/conflict (e.g., Carter, Braver, Barch, Botvinick, Noll, & Cohen, 1998). However, 

ACC activation has also been observed in contexts without error/conflict, such as when 

detecting cues signaling potential reward (Bush, Vogt, Holmes, Dale, Greve, Jenike, & 

Rosen, 2002). In an attempt to reconcile the extant evidence, Rushworth and Behrens (2008) 

proposed that ACC is involved in encoding the predicted value associated with actions, 

information that is necessary for creating efficient strategies for goal pursuit. Given that 

DLPFC has also been implicated in the selection of optimal action strategies (Frith, 2000), 

one possibility is that ACC and DLPFC interact to determine the strategy used to pursue 

goals. Supporting this hypothesis, a recent study (Beckmann et al., 2009) identified a region 

(roughly corresponding to what has been labeled dorsal ACC [Bush, Luu, & Posner, 2000] 

and extending around the genu of the corpus callosum) that was reliably activated by reward 
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manipulations and had abundant white-matter connections with DLPFC and surrounding 

cortex, suggesting that this ACC region provides motivational information regarding actions 

to DLPFC. Action value information appears to be vital to the maintenance of goals in the 

face of distraction, because it is important for determining whether the distracting 

information signals that the current action plan should be adjusted.

Amygdala

Amygdala is involved in identifying motivationally salient stimuli and enhancing perceptual 

processing of such stimuli (Pessoa & Adolphs, 2010). These processes appear to be vital in 

maintaining goal pursuit in the face of distraction, because they are important in determining 

to which stimulus aspects to attend. Although traditionally discussed with regard to the 

identification of unpleasantly valenced stimuli (e.g., Adolphs, Tranel, Damasio, & Damasio, 

1995), amygdala is also involved in identifying pleasantly valenced stimuli (e.g., Holland & 

Gallagher, 2004; Sabatinelli, Bradley, Fitzsimmons, & Lang, 2005), and its engagement 

appears not to be dependent on valence per se.

Basal Ganglia

Another set of regions thought to be important for the pursuit of goals is BG, which is made 

up of striatum, globus pallidus, substantia nigra, and subthalamic nucleus. Research 

implicates these subcortical nuclei in a number of motivational processes (Haber, 2009), 

such as anticipating rewarding stimuli (Knutson, Taylor, Kaufman, Peterson, & Glover, 

2005), reinforcing actions (Tricomi, Delgado, & Fiez, 2004), and integrating motivational 

information from diverse areas and using this integrated information to moderate ongoing 

processing in target brain areas (e.g., OFC; Haber, 2009). These processes appear to be 

central to the maintenance of goals in the face of distraction, because, for example, it is 

important to integrate stimulus and action values associated with the goal and with 

distracting information in order to influence behavior appropriately.

Present Study

Although research suggests that all of the brain areas discussed above are important for goal 

pursuit, the hypothesis that these regions function as a network to maintain approach and 

avoidance goals in the face of distraction remains untested. The present study tested this 

hypothesis using fMRI while participants performed a task that manipulated distraction from 

goal pursuit, the color-word Stroop task (Stroop, 1935). When the maintenance of goal 

pursuit (naming of ink color) is challenged by distracting information (when word meaning 

and ink color are incongruent), connectivity should be higher between DLPFC and brain 

regions involved in the pursuit of goals than when no such distraction is present (when word 

meaning and ink color are congruent). The present investigation tested this hypothesis via 

analysis of psychophysiological interaction (PPI) between DLPFC activation and task 

condition (incongruent, congruent) predicting activity in the brain regions discussed above.

Although the PPI analyses can identify a network of brain regions that interact with 

motivation-related DLPFC regions to maintain goal pursuit, these analyses would not 

indicate the extent to which connectivity in this network specifically instantiates approach 
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and avoidance motivation. If this network instantiates approach and avoidance motivation, 

individuals with higher levels of trait motivation should show greater connectivity. 

Therefore, three-way PPIs between DLPFC activation, task condition, and questionnaire 

measures of temperamental motivation were examined.

Three specific areas of DLPFC were examined in the present study based on a priori clusters 

identified in Spielberg, Miller, et al. (2011): a cluster in left DLPFC related to approach 

motivation, a cluster in right DLPFC related to avoidance motivation, and a cluster in left 

DLPFC related to both approach and avoidance motivation. Although all three DLPFC 

clusters were hypothesized to be involved in goal pursuit and thus should be connected with 

all the candidate network nodes, it is possible that the clusters have distinct roles in goal 

pursuit. If so, the DLPFC clusters should exhibit differential connectivity with the network 

nodes. Hypotheses related to differential connectivity with OFC were examined: given 

evidence that medial and left lateral OFC are associated with maintaining reward and 

punishment value, respectively, the DLPFC cluster associated with approach motivation was 

hypothesized to exhibit greater connectivity with medial OFC than the DLPFC cluster 

associated with avoidance motivation, and vice versa for left lateral OFC. Additionally, both 

clusters associated with only one type of motivation were expected to show greater 

connectivity with OFC than the cluster associated with both approach and avoidance 

motivation, given that this cluster may be involved in processes that are independent of 

motivational direction.

The present study used two independent samples. The first sample was the data examined in 

Spielberg, Miller, et al. (2011). Because these data were used to identify the DLPFC seed 

clusters, it is possible that the findings could be biased by overfitting of the seed clusters. 

Specifically, cluster shape in Spielberg, Miller, et al. may have been partially determined by 

error variance shared with other areas of the brain. Therefore, a second, independent, sample 

was used to replicate these analyses in order to rule out this potential confound. In addition, 

the second study tested generalizability across a wider demographic.

Method

Participants

Sample 1—Participants were the same sample of undergraduate students used in Spielberg, 

Miller, et al. (2011). The initial sample consisted of 107 participants. Data from 25 

participants were not used because the participant (a) moved more than 3.3 mm (the smallest 

side of a voxel) relative to the volume used for registration (the middle volume of the time 

series) or more than 2 mm relative to the previous volume, (b) committed errors on 15% or 

more of the trials, (c) exhibited reaction times greater than 3 standard deviations from the 

mean, (d) exhibited apparent signal loss due to magnetic susceptibility in areas of interest, 

and/or (e) exhibited activation patters that appeared to be due to residual motion artifact. The 

final sample consisted of 82 participants (57% female, mean age = 19.1). One participant's 

scans exhibited scanner artifact throughout the time series. Independent components 

analysis, as implemented in MELODIC (Beckmann & Smith, 2004), was used to isolate and 

remove this artifact. After removal, no artifact was apparent.
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Sample 2—An unselected sample of participants was collected in order to test whether the 

findings for Sample 1 were generalizable to a broader sample. These participants were 

recruited from the community using advertisements placed in local newspapers and an 

electronic list-serve. Participant screening and data-quality procedures were identical to 

those used for Sample 1. A total of 120 participants completed the protocol, and data from 

102 participants (63% female, mean age = 34.2) passed data quality screening. All study 

procedures (e.g., task design, data collection) were identical across samples.

Combined sample—Given that fMRI data are relatively noisy (Lazar, 2008) and thus 

have low reliability, the magnitude of the observed relationships between brain regions will 

be attenuated (Bollen, 1989). Therefore, the power to detect differences among the three 

DLPFC clusters in connectivity with nodes in the proposed network will be reduced. 

Additionally, low reliability will lead to a restriction in the range of levels of connectivity 

with DLPFC, reducing the power to detect moderation of such connectivity by 

temperamental motivation. Therefore, Samples 1 and 2 were combined (total N = 184) in 

order to test whether connectivity differed among the DLPFC clusters and whether 

connectivity with DLPFC clusters was moderated by temperamental motivation. Data from 

eight participants were not used in the moderation analyses because of missing questionnaire 

data (N = 176, 60.2% female, mean age = 27.3).

Questionnaires

As done in Spielberg, Miller, et al. (2011) three questionnaires that have been associated 

with Approach and Avoidance Temperament were administered to measure these constructs 

(Elliot & Thrash, 2002; Spielberg, Heller, et al., 2011): the Behavioral Activation and 

Behavioral Inhibition Scales (Carver & White, 1994), the Extraversion and Neuroticism 

subscales of the NEO-Five Factor Inventory (Costa & McRae, 1992), and the Positive and 

Negative Temperament subscales of the General Temperament Survey (Watson & Clark, 

1993).

DLPFC Seed Clusters

The DLPFC seed areas were those identified in Spielberg, Miller, et al. (2011). Participants 

in Spielberg, Miller, et al. performed the color-word Stroop, and analyses identified regions 

in which activation during the maintenance of goal pursuit was greater for those individuals 

who were higher on trait approach and/or avoidance motivation. One cluster was located in 

left DLPFC (BA 9, max z MNI coordinates = [-36, 30, 46]) and was associated with 

approach temperament, and one cluster was located in right DLPFC (BA 9/8/6, max z MNI 

coordinates = [36, 12, 44]) and was associated with avoidance temperament. Additionally, 

one cluster in left DLPFC (BA 9/8) was examined in the present study that merged two 

overlapping clusters associated with approach (max z MNI coordinates = [-18, 46, 36]) and 

avoidance (max z MNI coordinates = [-8, 42, 36]) given that this area may implement 

motivational processes not specific to approach or avoidance motivation. This combined 

cluster was anterior to the cluster associated with only approach motivation. Thus, three 

DLPFC clusters were used: 1) one in left DLPFC related to approach temperament, 2) one in 

right DLPFC related to avoidance temperament, and 3) one in left DLPFC related to both 

approach and avoidance.

Spielberg et al. Page 7

Psychophysiology. Author manuscript; available in PMC 2015 September 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Stimuli and Experimental Design

Participants completed two tasks, a color-word Stroop and an emotion-word Stroop 

(duration of each task = 12 min 20 sec), in fMRI and EEG sessions (findings from the 

emotion-word Stroop tasks and EEG sessions are not presented here). The order of 

presentation of the two tasks and the two sessions was counterbalanced across participants. 

In the color-word Stroop task, blocks of color-congruent or color-incongruent words 

alternated with blocks of neutral words. Additional neutral trials were intermixed 50:50 in 

congruent and incongruent blocks to prevent the development of word-reading strategies. 

This type of blocked-design color-word Stroop task has been shown to effectively elicit 

Stroop interference (Banich et al., 2000; Compton et al., 2003). The order of presentation of 

blocks in the present investigation was counterbalanced for each participant. In addition to 

the word blocks, there were four fixation blocks (one at the beginning, one at the end, and 

two in the middle of the session) and five rest blocks (one at the beginning, one at the end, 

and one between each word block).

The task consisted of 256 trials presented in 16 blocks (four congruent, four incongruent, 

and eight neutral) of 16 trials each, with a variable ITI (2000 +/- 225 ms) between trial 

onsets. A trial began with presentation of a word for 1500 ms, followed by a fixation cross 

for an average of 500 ms. Each trial consisted of one word presented in one of four ink 

colors (red, yellow, green, blue), each color occurring equally often with each word type. 

The task consisted of congruent trials in which the word named the ink color in which it was 

printed (e.g., the word “RED” printed in red ink), incongruent trials in which the word 

named a color incongruent with the ink color in which it was printed (e.g., “GREEN” in red 

ink), and neutral trials in which the word was unrelated to color (e.g., “LOT” in red ink). 

Neutral words were matched with color words for word frequency and length. Each word 

(visual angle 6 – 16 degrees) was centered on a black background and projected.

fMRI Data Collection

The fMRI data were 370 three-dimensional (3D) images acquired using a Siemens gradient-

echo echo-planar imaging sequence (TR 2000 ms, TE 25 ms, flip angle 80°, FOV = 22 cm) 

on a Siemens Allegra 3T scanner. Each image consisted of 38 oblique axial slices (slice 

thickness 3 mm, 0.3mm gap, in-plane resolution 3.4375 × 3.4375 mm) acquired parallel to 

the anterior and posterior commissures. After the fMRI acquisition, a 160-slice MPRAGE 

structural sequence was acquired (spatial resolution 1 mm × 1 mm × 1 mm) and used to 

warp the participant's functional data into standard space.

fMRI Data Reduction and Preprocessing

Image processing and statistical analysis were implemented primarily using FEAT v5.98, 

part of the FSL analysis package (http://www.fmrib.ox.ac.uk/fsl). The first three time points 

(fMRI volumes) of the data set corresponding to each task for each subject were discarded to 

allow the MR signal to reach a steady state. Functional data for each participant were 

motion-corrected using the MCFLIRT linear registration tool (Jenkinson, Bannister, Brady, 

& Smith, 2003), intensity-normalized, temporally filtered with a nonlinear high-pass filter, 

and spatially smoothed using a 3D Gaussian kernel (FWHM = 5 mm). Temporal low-pass 

filtering was carried out using AFNI's 3dDespike tool (http://afni.nimh.nih.gov/).
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fMRI Data Processing

Psychophysiological interaction analyses were performed on the preprocessed functional 

time series of each participant using FILM (Woolrich, Ripley, Brady, & Smith, 2001). For 

each participant, a separate analysis was conducted for each of the three DLPFC ROIs. For 

each DLPFC ROI, the DLPFC ROI was warped from standard space into the participant's 

functional space, and a predictor was created by extracting the mean value across all voxels 

in the ROI for each of the 370 time points. In each analysis, six predictors were entered: 1) 

one of the DLPFC timeseries predictors, 2) a congruence predictor (IvC) that modeled the 

difference between incongruent and congruent conditions (coded as 1 during the incongruent 

condition, -1 during the congruent condition, 0 at all other times), 3) the interaction 

(represented by the product) of the DLPFC timeseries and congruence predictors, and 4-6) 

three predictors of no interest that modeled the variance associated with the sum of the 

incongruent and congruent conditions (in order to model the variance shared among these 

conditions), the neutral condition, and the rest condition. The IvC predictor and the three 

predictors of no interest were convolved with a gamma function to better approximate the 

temporal course of the BOLD hemodynamic response function (this convolution was 

performed on the IvC predictor prior to creating the interaction term). Each predictor yielded 

a per-voxel effect-size parameter estimate (β) map representing the magnitude of activation 

associated with that predictor. For each participant, these functional activation maps, as well 

as the corresponding structural MRI map, were warped into a common stereotaxic space 

(MNI 152 symmetrical 1mm × 1mm × 1mm template; Fonov, Evans, McKinstry, Almli, & 

Collins, 2009) using FNIRT (Andersson, Jenkinson, & Smith, 2007).

Group inferential statistical analyses were carried out using FLAME (FMRIB's Local 

Analysis of Mixed Effects). The β maps corresponding to the interaction terms were entered 

as dependent variables into separate one-sample, 2-tailed t-tests. Each t-test produced one β 

map that corresponded to the mean of the interaction across the sample. The t-tests were 

then converted to z-scores to determine the significance of the β's.

Monte Carlo simulations via AFNI's AlphaSim program were used to estimate the overall 

significance level for thresholding the 3D functional z-map image (Ward, 2000). These 

simulations provided the appropriate cluster size, which, in combination with an individual 

voxel z-threshold of p = 0.04, gave an overall two-tailed family-wise error rate of 0.05. Four 

masks of a priori regions of interest were used to limit the number of voxels under 

consideration. These masks were of 1) ventral prefrontal cortex (including OFC; cluster 

threshold = 897 mm3), 2) cingulate and paracingulate gyri (cluster threshold = 819 mm3), 3) 

amygdala (cluster threshold = 351 mm3), and 4) striatum and globus pallidus (cluster 

threshold = 585 mm3). These masks were created using the Harvard/Oxford probabilistic 

atlases that come with FSL (thresholded at 15%). Because we used a standard space image 

that is slightly different from the one used to create these masks, we registered the standard 

image used in the creation of the atlases to the standard image used in the present study and 

applied this registration to the masks (followed by binarization). After warping, the masks 

appeared to accurately map the relevant regions.
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Confound Detection Analyses

An additional set of analyses was conducted in order to rule out the potential confound that 

the findings for a given DLPFC cluster were being driven by shared variance with the other 

two DLPFC clusters, rather than variance specific to that cluster. Specifically, analyses were 

rerun with new DLPFC predictors (and associated interaction predictors) that captured only 

the unique variance associated with that DLPFC cluster. These predictors were created for 

each participant, for each DLPFC cluster, by partialling out the variance associated with the 

other two DLPFC predictors prior to creating the interaction term. In addition to the new 

DLPFC and interaction predictors and the other predictors included in the original analyses 

(IvC and the predictors of no interest), two predictors were included in each analysis. These 

were the predictors corresponding to the timeseries from the other two DLPFC clusters and 

were included so that the shared variance, which was removed from the new DLPFC 

predictor, would also be removed from the error term to ensure that the tests were not biased 

toward Type II errors. In order to ensure that the inclusion of these two predictors did not 

interfere with the test of the interaction, the variance associated with the interaction was 

partialled out of the two predictors before entering them into the model. These analyses were 

thresholded in the same manner as the original analyses described above, except that 1-tailed 

t-tests were used, given that the direction of the effect of interest was specified by the 

findings of the original analysis.

Interaction Decomposition

For each DLPFC cluster, the interaction analysis identifies voxels in other brain regions with 

timeseries that show significantly different correlations with DLPFC depending on the task 

condition (incongruent vs. congruent). Thus, the interaction analysis tests whether there is a 

significant difference in correlations between conditions and can also indicate the sign of 

that difference (e.g., the correlation is more positive during incongruent than congruent). 

However, these analyses cannot provide the size or sign of the individual correlations for 

each condition, which limits the interpretations that can be made about the relationships.

Therefore, analyses were conducted to determine the size and sign of the individual 

correlations for each condition. For each cluster that emerged from an interaction analysis, 

the timeseries data for that cluster were extracted separately for the incongruent and 

congruent blocks and regressed (separately for incongruent and congruent) on the relevant 

DLPFC seed cluster timeseries. Only timepoints corresponding to when the convolved 

congruence predictor had reached its maximum absolute value were used, leaving 12 

timepoints per block. These regressions were conducted using the Mixed procedure in SPSS 

version 18. Participant was the nesting variable, and block and timepoint were repeated 

factors. The level 1 covariance matrix was modeled with a lag 1 autoregressive function. 

Regression β's were converted into correlations using the t-value and degrees of freedom 

corresponding to that β. Specifically, the t-value was divided by the square root of the sum 

of the degrees of freedom and the squared t-value.

Conjunction Analyses

A conjunction analysis was carried out for connectivity with each DLPFC cluster using the 

method outlined in Nichols, Brett, Andersson, Wager, and Poline (2005). Specifically, a 
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conjunction z-map was created by taking the least significant z-value (the z-value closest to 

0) for each voxel from the z-maps for the two samples (if the z-values differed in sign, a 

value of zero was assigned instead). For example, if the z-values at voxel [1,1,1] for Sample 

1 and Sample 2 were 1.6 and 1.9, respectively, the value of voxel [1,1,1] in the conjunction 

map would be the Sample 1 value (1.6). The conjunction maps were then thresholded in the 

manner described above (using the same masks), except 1-tailed tests were used given that 

all effects in both samples were in the positive direction.

Connectivity Comparisons

In order to determine whether the DLPFC clusters had differential patterns of connectivity, 

three fixed-effects, voxel-wise paired t-tests were conducted that compared the β's 

corresponding to connectivity between one DLPFC cluster and a voxel to the β's 

corresponding to connectivity between another DLPFC cluster and that voxel. These 

analyses used the PPI analyses in which the variance associated with the other two DLPFC 

clusters had been partialled out, in order to maximize the specificity of the findings. These 

analyses were thresholded in the manner described above. One-tailed tests were used for 

comparisons in which a specific a priori directional difference was hypothesized. 

Additionally, masks of medial (cluster threshold = 663 mm3) and lateral (cluster threshold = 

663 mm3) OFC were used for the comparison between the DLPFC cluster associated with 

only approach and the cluster associated only with avoidance.

Moderation of PPI Connectivity by Temperamental Motivation

Computation of Approach and Avoidance Temperament scores—Approach and 

avoidance factor scores were computed using the methods reported in Spielberg, Heller, et 

al. (2011), Spielberg, Miller, et al. (2011), and Spielberg et al. (2012). Specifically, the 

questionnaire scales were used as indicators in confirmatory factor analysis using SPSS's 

AMOS. Two latent factors were modeled, with Behavioral Activation, Extraversion, and 

Positive Temperament used as indicators for approach temperament and Behavioral 

Inhibition, Neuroticism, and Negative Temperament used as indicators for avoidance 

temperament. Maximum likelihood estimation was used, and the two latent factors were 

allowed to co-vary freely. Factor scores were extracted with the regression method to use as 

measures of approach and avoidance temperament. These procedures closely follow those 

established by Elliot and Thrash (2002), who also observed the factor structure observed in 

the present study and found these factors to be linked systematically to approach and 

avoidance goal pursuit.

Data analysis—In order to assess moderation of PPI connectivity by temperamental 

motivation, the PPI β-maps computed earlier were entered as dependent variables in a 

higher-level regression. Approach and avoidance factor scores were entered as predictors of 

PPI connectivity with the left DLPFC cluster associated only with approach and the right 

DLPFC cluster associated only with avoidance. Given that the left DLPFC cluster associated 

with both approach and avoidance is hypothesized to be involved in processes independent 

of motivational direction, the sum of the approach and avoidance factors scores was used to 

predict PPI connectivity for this cluster. Participant age and gender were included as 
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covariates of no interest to account for error variance. These analyses were thresholded in 

the manner described above.

Approach temperament was hypothesized to be associated with increased connectivity 

between the approach-related left DLPFC cluster and network nodes; avoidance 

temperament was hypothesized to be associated with increased connectivity between the 

avoidance-related right DLPFC cluster and network nodes; and the approach/avoidance sum 

score was hypothesized to be associated with increased connectivity between the approach/

avoidance-related left DLPFC cluster and network nodes. Given these a priori directional 

hypotheses, 1-tailed tests were used for these comparisons. In order to provide more specific 

tests, masks of anterior-medial (cluster threshold = 663mm3) and right agranular/lateral OFC 

(cluster threshold = 624mm3) were used for moderation by approach temperament of the left 

DLPFC cluster associated only with approach, given that these areas exhibited consistent 

connectivity with this DLPFC cluster. Similarly, masks of anterior-medial and lateral OFC 

were used for moderation by avoidance temperament of the right DLPFC cluster associated 

only with avoidance.

Results

Sample 1

Table 1 lists brain regions that evidenced stronger positive correlations with activation in a 

DLPFC cluster during incongruent than congruent conditions. No clusters emerged in which 

the opposite pattern held. Table 1 also provides correlations between the identified brain 

regions and activation in this DLPFC cluster for each condition. All clusters exhibited larger 

positive correlations with DLPFC activation during incongruent blocks than during 

congruent blocks.

Approach temperament cluster in left DLPFC—The first set of analyses used the left 

DLPFC region found to be selectively associated with approach temperament in Spielberg, 

Miller, et al. (2011) as a seed cluster. Three clusters emerged in OFC (Figure 1A), one each 

in right agranular/lateral OFC, in left agranular OFC/posterior-middle OFC, and in medial-

anterior OFC. One cluster emerged in cingulate located in dorsal ACC (dACC)/genual ACC 

(gACC)/subgenual ACC/paracingulate gyrus (Figure 1B). Two clusters emerged in bilateral 

amygdala (Figure 1C).Three clusters emerged in BG (Figure 1D), two in bilateral putamen/

globus pallidus and one in right caudate. All clusters remained significant when only the 

unique variance associated with the seed cluster was used, indicating that these findings are 

not due to variance shared with other seed clusters.

Avoidance temperament cluster in right DLPFC—The second set of analyses used 

the right DLPFC region found to be selectively associated with avoidance temperament in 

Spielberg, Miller, et al. (2011) as a seed cluster. As illustrated in Figure 1E, two clusters 

emerged in OFC, one in left agranular and posterior-middle OFC, and one in medial-anterior 

OFC/frontal pole. Two clusters emerged in cingulate (Figure 1F). One large cluster was 

located in dACC/gACC/subgenual ACC/paracingulate gyrus, with the other in posterior 

cingulate (PCC), extending into precuneus. One cluster emerged in left amygdala (Figure 

1G) and three in BG (Figure 1H). One cluster was located in right nucleus accumbens/
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putamen/globus pallidus, one in left putamen, and one in right caudate. With the exception 

of the amygdala cluster, all clusters remained significant when only the unique variance 

associated with the seed cluster was tested, indicating that these findings are not due to 

variance shared with the other DLPFC seed clusters.

Overlapping approach and avoidance cluster in left DLPFC—The third set of 

analyses used the left DLPFC region found to be associated with both approach and 

avoidance temperament in Spielberg, Miller, et al. (2011) as a seed cluster. As illustrated in 

Figure 1I, two clusters emerged in OFC. One cluster was located in right agranular OFC 

extending into inferior frontal gyrus (IFG) and insula, and the second cluster was located in 

right anterior-middle OFC. Three clusters emerged in cingulate, as illustrated in Figure 1J. 

One large cluster was located in dACC/gACC/paracingulate gyrus. Two clusters emerged in 

PCC, one of which extended into precuneus. One cluster emerged in left amygdala (Figure 

1K) and two in BG (Figure 1L). One cluster was located in right putamen/globus pallidus, 

and the other cluster was located in right caudate. With the exception of the putamen/globus 

pallidus cluster, all clusters remained significant when only the unique variance associated 

with the seed cluster was used, indicating that these findings are not due to the variance 

shared with other DLPFC seed clusters.

Sample 2

Table 2 lists brain regions that evidenced stronger positive correlations with a DLPFC 

cluster during the incongruent condition than congruent condition in the independent 

replication sample. No clusters emerged in which the opposite pattern held. Table 2 also 

provides the correlations between the identified brain regions and activation in this DLPFC 

cluster for each condition (incongruent, congruent). All clusters exhibited larger positive 

correlations with DLPFC activation during incongruent blocks than during congruent 

blocks.

Approach temperament cluster in left DLPFC—Replicating the findings for Sample 

1, clusters were observed in right agranular/lateral OFC and medial-anterior OFC (Figure 

2A), dACC/paracingulate gyrus and gACC (Figure 2B), right amygdala (Figure 2C), and 

bilateral putamen/globus pallidus and right caudate (Figure 2D). The Sample 1 clusters 

observed in left agranular OFC cluster and subgenual ACC were not replicated. 

Additionally, a cluster emerged in PCC, which was not evident in the Sample 1 analyses.

Several of the clusters observed in the Sample 2 did not remain significant when only the 

unique variance associated with the DLPFC seed cluster was used. These included the 

clusters in subgenual ACC and right caudate. Additionally, the clusters in medial-anterior 

OFC and PCC did not remain significant, although these clusters were evident when an 

individual z-threshold of p = 0.05 (corrected for multiple comparisons) was used, suggesting 

that these effects are present, albeit weak.

Avoidance temperament cluster in right DLPFC—Replicating the findings for 

Sample 1, clusters were observed in left agranular OFC and medial anterior OFC/frontal 

pole (Figure 2E), ACC/gACC/paracingulate gyrus and PCC/precuneus (Figure 2F), and left 
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putamen and right putamen/globus pallidus (Figure 2G). The Sample 1 clusters observed in 

subgenual ACC, left amygdala, and right caudate were not replicated. Additionally, clusters 

emerged in right agranular OFC, left caudate, and left nucleus accumbens, which were not 

evident in the Sample 1 analyses. With the exception of the clusters in right putamen/globus 

pallidus and left caudate, all clusters remained significant when only the unique variance 

associated with the DLPFC seed cluster was used.

Left DLPFC associated with both approach and avoidance temperament—All 

regions observed in Sample 1 were replicated. Specifically, clusters were observed in right 

anterior-middle OFC and right agranular OFC/IFG/insula (Figure 2H), dACC/gACC/

paracingulate/PCC/precuneus (Figure 2I), left amygdala (Figure 2J), and right putamen/

globus pallidus and right caudate (Figure 2K). Additionally, clusters emerged in left 

anterior-middle OFC, left agranular OFC/IFG/insula, right amygdala, left putamen/globus 

pallidus, and left caudate, which were not evident in the Sample 1 analyses. All clusters 

remained significant when only the unique variance associated with the DLPFC cluster was 

used.

Conjunction Analysis

Table 3 lists brain regions that evidenced significant effects across both samples in the 

conjunction analysis.

Approach temperament cluster in left DLPFC—Clusters were observed in right 

agranular/lateral/OFC, dACC/paracingulate, right amygdala, left putamen/globus pallidus, 

and right putamen. Although clusters in medial-anterior OFC and right caudate were 

observed in both samples, they did not overlap enough to survive the conjunction analysis.

Avoidance temperament cluster in right DLPFC—Clusters were observed in left 

agranular OFC, dACC/gACC/paracingulate, PCC/precuneus, and right putamen/globus 

pallidus. Although clusters in medial-anterior OFC/frontal pole and left putamen were 

observed in both samples, they did not overlap enough to survive the conjunction analysis.

Left DLPFC associated with both approach and avoidance temperament—
Clusters were observed in right agranular OFC/IFG/insula, dACC/gACC/paracingulate, 

PCC/precuneus, left amygdala, and right putamen/globus pallidus/caudate. Although a 

cluster in right anterior-middle OFC was observed in both samples, it did not overlap 

enough to survive the conjunction analysis.

Combined Sample

Connectivity comparisons—Table 4 lists regions exhibiting differential task condition-

dependent connectivity with DLPFC clusters. Both DLPFC clusters associated only with 

one type of motivation exhibited stronger condition-dependent connectivity with anterior-

medial OFC than did the DLPFC cluster associated with both temperament types. 

Additionally, the cluster associated only with approach exhibited greater condition-

dependent connectivity with left agranular/posterior-middle OFC than did the cluster 

associated with both temperament types. The cluster associated only with avoidance 
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exhibited greater condition-dependent connectivity with left lateral OFC than did the cluster 

associated with both temperament types. Finally, the cluster associated with only approach 

exhibited greater condition-dependent connectivity with anterior-medial OFC than did the 

cluster associated with only avoidance.

The DLPFC cluster associated with both temperament types exhibited stronger condition-

dependent connectivity with dACC/gACC/paracingulate than did either of the other DLPFC 

clusters. The cluster associated with both temperament types exhibited more condition-

dependent connectivity with PCC than the cluster associated only with approach. However, 

the opposite pattern held for the cluster associated with only avoidance, with this cluster 

exhibiting greater condition-dependent connectivity with PCC/precuneus than did the cluster 

associated with both temperament types (although these clusters did not overlap).

With regard to BG, the cluster associated with both temperament types exhibited greater 

condition-dependent connectivity with right caudate than both of the other DLPFC clusters. 

No other differences emerged in BG.

Moderation of PPI connectivity by temperamental motivation—Table 5 lists 

regions in which motivational temperament factor scores moderated task condition-

dependent connectivity with DLPFC clusters. The approach/avoidance sum score was 

associated with increased condition-dependent connectivity between left agranular 

OFC/IFG/insula and the left DLPFC cluster associated with both approach and avoidance.

The approach temperament score was associated with increased condition-dependent 

connectivity between the left DLPFC cluster associated only with approach and both right 

lateral OFC and left putamen/globus pallidus. Additionally, the approach temperament score 

was associated with increased connectivity between the left DLPFC cluster associated only 

with approach and anterior-medial OFC, although this cluster did not survive cluster 

thresholding. The avoidance temperament score did not significantly moderate condition-

dependent connectivity with the left DLPFC cluster associated only with approach.

The avoidance temperament score was associated with increased condition-dependent 

connectivity between the right DLPFC cluster associated only with avoidance and both 

anterior-medial OFC/frontal pole and left agranular/lateral OFC. Unexpectedly, the 

approach temperament score was associated with decreased condition-dependent 

connectivity between the right DLPFC cluster associated only with avoidance and medial 

dACC/gACC/paracingulate, right amygdala, and right putamen/NAc.

Discussion

Across two independent samples, present findings supported the hypothesis that activity in 

regions of DLPFC associated with trait approach and avoidance motivation would exhibit 

greater positive correlations with activity in orbitofrontal cortex, anterior cingulate, 

amygdala, and basal ganglia when goal maintenance was challenged. Although there were 

differences in findings across samples, conjunction analyses revealed a consistent set of 

regions that exhibited connectivity with each DLPFC cluster.
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As hypothesized, when goal maintenance was challenged, all three DLFPC clusters 

exhibited increased connectivity with the area of ACC thought to be involved in maintaining 

the average value of actions (Rushworth & Behrens, 2008). The fact that this area of ACC 

exhibited increased connectivity with all three DLPFC clusters when goal maintenance was 

challenged suggests that it plays a central role in maintaining goal pursuit. In addition to this 

cingulate area, PCC and gACC consistently showed increased connectivity with the right 

DLPFC cluster and the left DLPFC cluster associated with both temperament types. Buckner 

and Carroll (2007) proposed that these areas of cingulate use past memories to generate 

potential future scenarios (termed prospection), aiding in the prediction of future events.

Prospection is essential to goal pursuit, because a representation of each potential outcome, 

based on past experience, is needed to evaluate the predicted value of that outcome. The 

ability to incorporate motivationally relevant information into anticipatory processing when 

considering a potential outcome will make that option seem more attractive (or unattractive 

if the outcome is unpleasant). Research suggests that PCC is involved in the incorporation of 

emotional and motivational aspects of memories into imagined scenarios (Maddock, 1999). 

This hypothesized role for PCC has been supported by several studies, including one that 

found more PCC activation when participants considered approach- and avoidance-related 

goals (Johnson et al., 2006). Additionally, a recent study found that PCC activation was 

associated with imagining potential future outcomes, and activation in PCC predicted both 

the reported value of a delayed reward option and the choice of this delayed reward over a 

smaller but less delayed reward (Peters & Buchel, 2010). In summary, present findings 

suggest that DLPFC engages several areas of cingulate associated with different predictive 

functions to determine the best course of action.

Also in line with present hypotheses, both left DLPFC clusters consistently exhibited 

increased connectivity with amygdala when goal maintenance was challenged. This suggests 

that DLPFC receives information from amygdala, likely along with agranular OFC/insula, 

about what stimulus features are salient and/or biasing which stimulus features are 

considered goal-relevant during the incongruent condition (biasing of stimulus features is 

not needed during the congruent condition).

All three DLPFC clusters consistently exhibited increased connectivity with regions of BG 

when goal maintenance was challenged, supporting present hypotheses. These included 

areas of putamen that research suggests influence action selection and preparation 

(Tremblay, Worbe, & Hollerman, 2009), providing a means by which DLPFC may 

influence behavior. Finally, present findings supported the hypothesis that all three DLPFC 

clusters would exhibit increased connectivity with regions of OFC when goal maintenance 

was challenged. Furthermore, the pattern of connections between DLPFC and OFC that 

survived the conjunction analyses is consistent with the parcellation of OFC observed in 

Wager et al. (2008). Specifically, in the present study, left DLPFC was consistently 

connected to right lateral OFC, which Wager et al. found to be associated with pleasant 

valence, and right DLPFC was consistently connected to left lateral OFC, which Wager et 

al. found to be associated with unpleasant valence. However, it is important to note that, 

when looking beyond just those clusters surviving the conjunction analyses, the findings of 

the present study are less consistent with the pattern observed in Wager et al. For example, 
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right DLPFC was associated with bilateral agranular OFC in Sample 2, rather than just left 

OFC.

These findings provide support for the hypothesis that regions of DLFPC thought to be 

involved in the integration of motivational and executive processes (Spielberg, Miller, et al., 

2011; Spielberg et al., 2012) are part of a neural network involved in goal pursuit. 

Importantly, present findings indicate that each of the DLPFC clusters examined had an 

independent relationship with OFC, cingulate, amygdala, and BG (with the exception of the 

right DLPFC cluster associated with avoidance temperament and amygdala), given that 

these findings remained when only the unique variance associated with each cluster was 

used.

The fact that each DLPFC cluster was independently associated with the other brain regions 

in the network suggests that these regions of DLPFC play distinct roles in goal pursuit. This 

hypothesis was supported by analyses examining differential connectivity between DLPFC 

clusters and assessing moderation of connectivity by motivational temperament. For 

example, present findings suggest that network processing associated with the left and right 

DLPFC clusters related to approach and avoidance motivation, respectively, may be specific 

to the particular type of goal related to that cluster (i.e., approach or avoidance goals). 

Specifically, the left DLPFC cluster associated only with approach exhibited stronger 

connectivity with anterior-medial OFC than both of the other DLPFC clusters, and the 

approach temperament factor score was associated with increased connectivity between this 

DLPFC cluster and anterior-medial and right-lateral OFC (although the cluster in anterior-

medial OFC did not survive cluster thresholding). These findings suggest that this DLPFC 

cluster has a specific role in the selection of approach goals based on stimulus reward values 

received from OFC and/or that this DLPFC cluster differentially modulates value 

information in these regions of OFC based on current goals.

Similarly, the right DLPFC cluster associated only with Avoidance Temperament exhibited 

stronger connectivity with left lateral OFC (a region associated with the maintenance of 

punishment stimulus value; O'Doherty, 2007) than the cluster associated with both 

temperament types, and the avoidance temperament score was associated with increased 

connectivity between this cluster and left lateral/agranular OFC. These findings suggest that 

this DLPFC cluster has a specific role in the selection of avoidance goals based on stimulus 

punishment values received from left lateral OFC and/or that this DLPFC cluster 

differentially modulates value information in this region of OFC.

Finally, the DLPFC cluster associated with both temperament types exhibited stronger 

connectivity with dACC/gACC/paracingulate than did the other DLPFC clusters, indicating 

that this DLPFC cluster has a specific role in the selection of appropriate action strategies. 

This hypothesis is also supported by the fact that this DLPFC cluster exhibited stronger 

connectivity with right caudate than did the other DLPFC clusters, given research suggesting 

that this caudate area is associated with action selection and preparation (Tremblay, Worbe, 

& Hollerman, 2009). In contrast, the left DLPFC cluster associated with both temperament 

types exhibited weaker connectivity with several areas of OFC (including anterior-middle 

OFC) than did the other clusters, suggesting that this DLPFC cluster is less involved in the 
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selection of goals based on stimulus value and/or that this DLPFC cluster is not involved in 

the modulation of stimulus value information. This finding supports the hypothesis that this 

DLPFC cluster is involved in motivational processes that are independent of motivational 

direction. This may seem inconsistent with the present finding that the approach/avoidance 

sum score was associated with increased connectivity between this DLPFC cluster and left 

agranular OFC/IFG/insula. However, research implicates agranular OFC, along with 

adjacent anterior insula, in parsing the most salient stimuli for current goals from all internal 

and external stimuli (e.g., Seeley, et al., 2007), rather than the maintenance of stimulus 

value. Therefore, this DLPFC cluster may be receiving information about salience from this 

area and/or biasing what is identified as salient.

Unexpectedly, the Approach Temperament factor score was associated with decreased 

connectivity between the right DLPFC cluster associated with avoidance and a number of 

regions, including right amygdala. Although unexpected, these findings are consistent with 

previous conceptualizations of approach and avoidance motivational systems that posit 

mutual inhibition between the systems (e.g., Tomarken & Keener, 1998). Additionally, this 

finding provides insight into why the right DLPFC cluster exhibited a weak and inconsistent 

relationship with amygdala in the present study. Specifically, present findings suggest that 

there is a relationship between these regions only when Approach Temperament is low.

An important general consideration for the present study is whether the color-word Stroop is 

potentially differentially relevant for approach or avoidance motivation. Specifically, it is 

possible that the particular processes isolated by the task contrast (ignoring color 

information that conflicts with the goal) are more central to, or heavily recruited by, one of 

the motivational systems. One possibility is that inhibiting incorrect responses is more 

relevant to the avoidance motivational system, given that ensuring that unwanted outcomes 

do not occur is a central aspect of this system (Elliot & Covington, 2001). Avoidance may 

be active (engaging in behavior that prevents the undesired outcome from occurring), and/or 

it may involve inhibition of behavior until enough information is gained to appropriately 

guide responses (as in conceptualizations of the Behavioral Inhibition System; Gray, 1994). 

Therefore, inhibitory processes may be more often engaged as part of the avoidance system.

Alternatively, it is possible that the task used in the present study may be more relevant to 

the approach motivational system. Specifically, research suggests that inhibition of incorrect 

responses by PFC is accomplished by the up-regulation of appropriate responses (through 

excitation of the neurons involved in the correct behavior), rather than the down-regulation 

of inappropriate responses (through inhibition of the neurons involved in the incorrect 

behavior; e.g., the top-down excitatory model; Herd, Banich, & O'Reilly, 2006; Miller & 

Cohen, 2001; see Berkman & Lieberman, 2009, for a discussion of this model in the context 

of goal pursuit). Given that obtaining a desired state is the central focus of approach 

motivation, it seems plausible that brain regions involved in the up-regulation of behavior 

related to obtaining a desired state will be engaged more often as part of the approach 

motivational system.

In summary, it appears that a case could be made that the task used in the present study is 

more relevant for either of the motivational systems. Future research may be able to tease 
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this apart by employing task manipulations that differentially engage one motivational 

system (e.g., engage state approach or avoidance motivation by giving rewards or 

punishments). For example, if connectivity patterns were found to be similar for approach 

motivation when state rewards were given (potentially changing in strength, but not in the 

pattern of connections), but differed for avoidance motivation when state punishments were 

given, this could indicate that the task is more relevant for approach motivation.

Strengths & Limitations

The present study benefited from the use of two independent samples that are each quite 

large for the fMRI literature. Additionally, an empirically based method was used to identify 

seed clusters involved in the integration of motivational and executive processes, which is 

likely to be a vital function for efficient goal pursuit. Limitations include the connectivity 

analysis method, which was correlational and cannot determine the presence or direction of 

causality. In addition, although there was a great deal of consistency in findings across the 

two samples, confirmed by the conjunction analyses, there were regions that emerged in one 

sample only or in non-overlapping locations. This may indicate that effects in these areas are 

weak. Alternatively, this may reflect real differences between the samples, which varied in 

several ways, including average age. Future research should examine whether connectivity 

with DLPFC is dependent on factors such as age. Another limitation of the present study is 

that it examined only a subset of regions that may be involved in approach/avoidance goal 

pursuit, based on research indicating these regions are important for the specific aspect of 

approach/avoidance goal pursuit examined here. Future research should expand the network 

to include other relevant regions, perhaps depending on the specific aspect of goal pursuit 

examined.

Finally, although the large sample size is a strength of the present study, the use of this 

sample allowed us to identify effects that were relatively small in size. Specifically, although 

effect sizes for the initial PPI analyses were in the medium range (Cohen's d = .46-.65, see 

Tables 1 & 2), effect sizes were smaller for the connectivity comparisons between DLPFC 

clusters (Cohen's d = .18-.31, see Table 4) and the moderation of PPI by trait approach/

avoidance (ΔR2 = .05-.11, see Table 5). It is widely understood that small effects can have a 

meaningful impact on functioning. For example, these effects may exert a consistent effect 

on extended goal pursuit, in which case effects that are small at a given moment may 

accumulate over time, resulting in substantial differences over longer time scales. However, 

the degree to which these effects accumulate over time is not yet known.

The present study provides evidence for a network of brain regions instantiating approach 

and avoidance motivation and related goal pursuit. Distinct areas of DLPFC associated with 

the integration of motivational and executive processes exhibited increased connectivity 

with OFC, ACC, amygdala, and BG when goal maintenance was challenged, supporting the 

hypothesis that these areas are part of a network supporting key aspects of approach and 

avoidance goal pursuit. Identification of this network moves research on the neural 

mechanisms of approach and avoidance motivation beyond a focus on single brain regions, 

paving the way for an understanding of the more complex processes involved in approach 

and avoidance motivation.
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Figure 1. 
Areas exhibiting condition dependent correlations with DLPFC clusters in sample 1. R = 

right. x, y, and z = coordinates in MNI 2009a space. A–D = clusters exhibiting greater 

connectivity with the left DLPFC cluster associated with approach temperament. E–H = 

clusters exhibiting greater connectivity with the right DLPFC cluster associated with 

avoidance temperament. I–L = clusters exhibiting greater connectivity with the left DLPFC 

cluster associated with approach and avoidance temperament.
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Figure 2. 
Areas exhibiting condition dependent correlations with DLPFC clusters in sample 2. R = 

right. x, y, and z = coordinates in MNI 2009a space. A–D =clusters exhibiting greater 

connectivity with the left DLPFC cluster associated with approach temperament. E–G = 

clusters exhibiting greater connectivity with the right DLPFC cluster associated with 

avoidance temperament. H–K = clusters exhibiting greater connectivity with the left DLPFC 

cluster associated with approach and avoidance temperament.
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