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Abstract

The amygdala is one of the most extensively studied human brain regions and undisputedly plays a 

central role in many psychiatric disorders. However, an outstanding question is whether 

connectivity of amygdala subregions, specifically the centromedial (CM), laterobasal (LB) and 

superficial (SF) nuclei, are modulated by brain state (i.e., task vs. rest). Here, using a multimodal 

approach, we directly compared meta-analytic connectivity modeling (MACM) and specific co-

activation likelihood estimation (SCALE)-derived estimates of CM, LB and SF task-based co-

activation to the functional connectivity of these nuclei as assessed by resting state fmri (rs-fmri). 

Finally, using a preexisting resting state functional connectivity-derived cortical parcellation, we 

examined both MACM and rs-fmri amygdala subregion connectivity with 17 large-scale networks, 

to explicitly address how the amygdala interacts with other large-scale neural networks. Analyses 

revealed strong differentiation of CM, LB and SF connectivity patterns with other brain regions, 

both in task-dependent and task-independent contexts. All three regions, however, showed 

convergent connectivity with the right ventrolateral prefrontal cortex (VLPFC) that was not driven 

by high base rate levels of activation. Similar patterns of connectivity across rs-fmri and MACM 

were observed for each subregion, suggesting a similar network architecture of amygdala 

connectivity with the rest of the brain across tasks and resting state for each subregion, that may be 

modified in the context of specific task demands. These findings support animal models that posit 

a parallel model of amygdala functioning, but importantly, also modify this position to suggest 

integrative processing in the amygdala.
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Introduction

In animals, a plethora of anatomical tracing (Adhikari et al. 2015; Carmichael and Price 

1995; Cho et al. 2013; Fudge and Haber 2000; Ghashghaei et al. 2007; McDonald et al. 

1996; Price et al. 1987), single cell recording (Faber et al. 2001; Mosher et al. 2010; Paré 

and Collins 2000) and lesion studies (Balleine et al. 2003; Cardinal et al. 2002; Killcross et 

al. 1997) have implicated the amygdala in emotional learning and memory processes, most 

notably, fear conditioning (LeDoux 2000; Maren 2001). However, over the last decade, 

evidence from human neuroimaging studies has lead to a broadened view of amygdala 

function that conceptualizes the region as a ‘node’ for detecting change in the environment. 

In line with this view, the amygdala’s role is to evaluate the behavioral salience and 

motivational properties of sensory stimuli, as well as to subsequently generate appropriate 

emotional, autonomic and motor responses through connections with hypothalamic, 

thalamic and cortical brain regions (Sander et al. 2003). In the context of emotion regulation, 

connections between the amygdala and hypothalamic, thalamic and cortical brain regions are 

proposed to support rapid, often termed ‘automatic’ regulation of emotional behavior 

(Phelps and LeDoux 2005; Phillips et al. 2008).

Parcellation studies of the human amygdala have reliably shown that three major groups of 

nuclei may be distinguished on the basis of their histological features (Amunts et al. 2005), 

but also in-vivo based on structural (Solano-Castiella et al. 2011) and functional (Bzdok et 

al. 2013) connectivity patterns. Importantly, human connectivity-based parcellations of the 

amygdala show good concordance with cytoarchitectonic parcellations of the amygdala 

(Amunts et al. 2005). These nuclei, namely the centromedial (CM), laterobasal (LB) and 

superficial (SF) nuclei broadly resemble the microanatomy and connectivity of amygdala 

nuclei across mammalian species (McDonald 1998). Specifically, work done predominantly 

in monkeys and rodents have shown that the LB nuclei receive afferents from sensory 

cortical regions including the visual and auditory cortices and subcortical regions including 

the thalamus and hippocampus, but also dorsal and ventral medial parts of the PFC including 

the orbitofrontal cortex (OFC) (Adhikari et al. 2015; Amaral and Price 1984; Balleine and 

Killcross 2006; Cho et al. 2013; Ghashghaei et al. 2007; McDonald et al. 1996; Price 2006). 

These connections, which have also been observed in human neuroimaging studies (Bzdok 

et al. 2013), are consistent with a role of the LB nuclei in associative learning processes such 

as fear conditioning and reward-related learning (e.g., instrumental conditioning), and the 

integration of this information with self-relevant cognition (Bzdok et al. 2013).

The CM nuclei, which have classically been viewed as the major output region of the 

amygdaloid complex (McDonald 1998; Sah et al. 2003) are best known for being a 

generator of behavioral, autonomic and motor responses. Animal studies have shown dense 

connections between the CM nuclei and brainstem, hypothalamic and basal forebrain 
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regions (Fudge and Haber 2000; Ghashghaei et al. 2007; Sah et al. 2003). These findings 

have been corroborated by human neuroimaging studies and provide support for a role of the 

CM nuclei in motor behavior and response preparation in humans (Bzdok et al. 2013). 

Furthermore, influential animal models of amygdala functioning have proposed that the 

processing of emotional information and subsequent initiation of responses in the amygdala 

occurs in a serial (point-to-point) manner between LB and CM nuclei; that is, that pathways 

containing sensory information converge and integrate in LB nuclei and then proceed to the 

CM nuclei for the initiation of various responses (LeDoux 2000). Under the assumptions of 

this model, amygdala subregions would be expected to show a convergent pattern of 

connectivity with other brain regions. This serial model of amygdala processing has 

however, recently been challenged in favor of a parallel view of amygdala functioning 

(Balleine and Killcross 2006). Based on lesion studies in rodents, the parallel model 

proposes that the LB and CM nuclei work in parallel to mediate distinct aspects of incentive 

processing both in appetitive (i.e., reward) and aversive (i.e., punishment) contexts, and 

suggests that the LB and CM nuclei are independent nodes of key importance involved in 

emotional learning (Balleine 2005; Balleine and Killcross 2006). In contrast to a serial 

model of amygdala functioning, a parallel model of amygdala functioning would be 

expected to yield divergent patterns of CM and LB connectivity with other brain regions.

The SF nuclei, which are the least well characterized of the amygdala nuclei (McDonald 

1998; Sah et al. 2003) are located adjacent to the LB nuclei and laterally to the CM nuclei 

(Price et al. 1987; Sah et al. 2003). SF nuclei have extensive bilateral connections with 

olfactory cortex, insular cortex, ventral striatum/nucleus accumbens and hippocampus/

parahippocampal gyrus (Sah et al. 2003; Ubeda-Banon et al. 2007). These connections are 

consistent with the notion that the SF nuclei are involved in the detection of emotionally 

salient stimuli and the processing of socially relevant information including olfactory and 

emotional stimuli. In humans, an additional role of the SF nuclei in social cognition has been 

proposed, owing to strong connections between the SF nuclei and the anterior insula and 

inferior frontal gyrus (IFG) (Bzdok et al. 2013).

Recently, there has been increasing interest in understanding the functional organization of 

the human brain, in particular functional connectivity of widespread canonical networks 

during un-constrained (“resting state”) cognition (van den Heuvel and Hulshoff Pol 2010). 

An investigation of resting state amygdala connectivity that focused on the CM, LB and SF 

nuclei reported on distinct differences in amygdala connectivity with large scale networks 

that broadly resemble the aforementioned anatomical connections of the amygdala nuclei in 

rodents (Roy et al. 2009). Specifically, the LB nuclei were functionally connected with 

medial prefrontal cortical regions including the ventromedial PFC, superior frontal gyrus 

and the anterior cingulate cortex, and temporal regions including the hippocampus, 

parahippocampal gyrus and superior temporal gyrus. In contrast, the CM nuclei showed 

functional connectivity with striatal regions (nucleus accumbens extending to caudate), the 

thalamus, cerebellum and motor cortex. The SF nuclei were functionally connected with 

predominantly ‘limbic’ regions including the cingulate gyrus extending from dorsal ACC to 

subgenual ACC and the striatum as well as the ventromedial PFC.
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A complimentary approach to studying resting state patterns of brain connectivity is 

provided by meta-analytic connectivity modeling (Fox et al. 2014; Laird et al. 2013). This 

approach to functional connectivity determines, using activation likelihood estimation 

(ALE), the co-occurrence of significant activations between every voxel in the brain and a 

‘seed region’, across a database of neuroimaging experiments (Eickhoff et al. 2009). That is, 

MACM provides a complimentary method to understand the interactions of a given brain 

region within a co-activation framework, and provides a unifying account of functional 

connectivity (Cole et al. 2014; Eickhoff et al. 2015; Liu and Duyn 2013; Reid et al. 2016). In 

a previous MACM study (Bzdok et al. 2013), patterns of amygdala functional connectivity 

for the CM, LB and SF nuclei were broadly similar to the resting state fMRI (rs-fMRI) 

patterns of connectivity reported by Roy et al (2009). For example, in both studies, LB seeds 

showed connectivity with the ventromedial PFC. However, there were also some important 

differences. Most strikingly, was an apparent dissociation in connectivity of the amygdala 

nuclei with lateral compared to medial divisions of the PFC that was not observed in Roy et 

al (2009). Specifically, the CM and SF nuclei showed connectivity with bilateral 

ventrolateral prefrontal cortex (VLPFC); in contrast, the LB nuclei showed connectivity 

predominantly with bilateral medial PFC regions including the dorsal and ventral medial 

PFC (Bzdok et al. 2013). Furthermore, whereas the CM nuclei were connected to a region of 

the VLPFC proper, connectivity of the SF nuclei was with the more opercular region of the 

VLPFC, extending into the bilateral insula. Notably, in Roy et al (2009), functional 

connectivity with lateral prefrontal regions including the VLPFC, was largely absent for CM 

and LB nuclei and weak for the SF nuclei.

Taken together, the studies highlight outstanding questions regarding the functional 

connectivity of the amygdala. In particular, it is unclear if amygdala subregion connectivity 

with other brain regions including the VLPFC, changes as a function of different brain states 

(i.e. rest vs. task-based contexts), and if amygdala subregions are differentially modulated by 

brain state. The VLPFC, encompassing BA 45 (pars triangularis) and 47 (pars orbitalis) 

(Neubert et al. 2014; Petrides and Pandya 2002) is particularly relevant. First, it is a key 

neural region implicated in top-down voluntary regulation of emotional processing in the 

amygdala (Phillips et al. 2008), which, as shown by animal studies, is thought to be 

mediated by direct connections between the VLPFC and (predominantly LB) amygdala 

nuclei (Ghashghaei et al. 2007; see Ray and Zald 2012 for review). Second, in humans, 

altered amygdala-VLPFC connectivity has been found in several psychiatric disorders (Cha 

et al. 2016; Etkin et al. 2009) and is central to neurobiological models of Bipolar Disorder 

(BD) (Chase and Phillips 2016; Phillips and Swartz 2014). However, whether abnormalities 

in amygdala-VLPFC connectivity are subregion specific is less clear, as studies of amygdala 

connectivity typically examine the amygdala as a unitary structure, thus overlooking 

important distinct differences in connectivity between the CM, LB and SF amygdala nuclei.

Combining MACM and rs-fmri approaches provides the means to advance our 

understanding about amygdala brain functioning by identifying a core set of brain regions 

that are consistently functionally connected to the amygdala, independent of brain state. 

However, to date, no studies have directly compared amygdala connectivity patterns using 

these approaches. Addressing these outstanding questions about amygdala connectivity is 

also pertinent in the context of theories of human brain organization; that is, in 
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understanding how the amygdala interacts with other large-scale neural networks, and 

whether connectivity changes as a function of different brain states. Sophisticated models of 

brain connectivity that examine properties of information exchange across hierarchies of 

modularity in the brain have reported that the amygdala shows a high degree of 

embeddedness (Ye et al. 2015). Specifically, the amygdala shows high nodal efficiency and a 

slower decay rate of information exchange compared to other regions (Ye et al. 2015). 

Taking this view, the amygdala may show a varying degree of connectivity with several 

large-scale networks, as opposed to ‘belonging’ to a particular network (e.g., the default 

mode network; DMN, salience network; SN) that is influenced by changes in brain state. 

Systematically investigating and directly comparing task-dependent and task-independent 

connectivity of the amygdala is therefore a necessary step towards clarifying the role of the 

amygdala in the realm of brain network connectivity.

The primary aim of this study was to provide two conceptual replications by integrating the 

methods of Bzdok et al (2013) and Roy et al (2009), and extend upon this work by 

integrating a third modified MACM approach. This approach, called specific co-activation 

likelihood estimation (SCALE) accounts for base rate levels of activation for any given 

target region and is therefore less susceptible to the bias of particular regions that have a 

higher frequency of activation across studies (Langner et al. 2014). To test whether 

amygdala functioning more strongly reflects parallel (i.e., divergent) or serial (i.e., 

convergent) processing, shared variance of amygdala subregion time series needs to be 

modeled (Mumford et al. 2015). Our study, which sits apart from Bzdok et al (2013) and 

Roy et al (2009) by using an integrated approach, is therefore less biased toward detecting 

either divergent patterns of connectivity that occurs when time series are othogonalized (Roy 

et al. 2009) or convergent patterns of connectivity that are more likely to occur when 

machine learning-based approaches are used (Bzdok et al. 2013). A secondary aim was to 

explicitly test how the amygdala interacts with large-scale neural networks. Using a resting 

state functional connectivity-derived cortical parcellation (Yeo et al. 2011) we examined 

amygdala subregion connectivity with 17 large-scale networks (Yeo et al. 2011). In line with 

a parallel view of amygdala functioning (Balleine and Killcross 2006), our primary 

hypothesis was that the amygdala subregions would show distinct, independent patterns of 

functional connectivity. We also hypothesized that rs-fmri and MACM-derived patterns of 

functional connectivity would be different for the amygdala subregions, suggesting that 

context is critical, and that the amygdala subregions would be differentially context-

dependent. Finally, in line with the idea of the amygdala showing a high degree of 

embeddedness, we predicted that all subregions of the amygdala would show positive and 

negative correlations with 17 large-scale neural networks, and that there would be subregion 

differences in connectivity with particular networks (e.g., DMN).

Methods

Volumes of interest (VOI)

The amygdala sub-region VOIs used for our analysis were derived from a histological 

definition of the amygdala using the SPM Anatomy toolbox (Eickhoff et al. 2006; Eickhoff 

et al. 2005; Figure 1). The 3 sub-divisions of the amygdala, namely the CM, LB and SF 
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nuclei, have been previously cytoarchitectonically mapped in ten human postmortem brains, 

3D reconstructed and mapped to MNI (Montreal Neurological Institute) space (Amunts et al. 

2005). The resulting “maximum probability map” (MPM) represents the most likely 

anatomical structure at each voxel of the reference space and hence provides a discrete 

representation of microanatomically defined areas in standard space. Importantly, these 

amygdala sub-regions have also been identified by connectivity-based parcellation of the 

human amygdala, showing spatial continuity and localization consistent with the 

cytoarchitectonically defined nuclei (Bzdok et al. 2013). The number of voxels in each of the 

three (bilateral) amygdala VOIs were as follows: CM nuclei = 68 voxels, LB nuclei = 688 

voxels, SF nuclei = 138 voxels.

Data sources

BrainMap database—The MACM analysis used data derived from the BrainMap 

database (www.brainmap.org; Fox and Lancaster 2002; Laird et al. 2011). From this 

database, studies reporting fMRI and PET experiments in stereotaxic space from “normal 

mapping” studies in healthy participants, without interventions or group comparisons, were 

included. At the time of this study, the database contained approximately 67,620 peaks 

(coordinates) from 7,737 experiments reporting on 27,234 unique subjects.

Rockland sample—For the rs-fmri analysis, data were used from the Enhanced Nathan 

Kline Institute “Rockland” sample, available online via the International Neuroimaging Data 

sharing initiative (http://fcon_1000.projects.nitrc.org/indi/pro/nki.html). The sample 

consisted of 200 healthy subjects (76 M, 120 F), aged 20–50 (mean ± SD: 39.8 ± 15.06). 

This sample was chosen as it is a representative (adult lifetime) sample, and should thus 

provide results that can be assumed to be representative of the general population.

Functional connectivity analyses

Meta-analytic connectivity mapping (MACM)—Experiments were retrieved from the 

BrainMap database using procedures detailed in previous studies (see Bzdok et al. 2013 for 

detailed information). Briefly, experiments were identified in BrainMap that reported at least 

one focus of activation at or within the vicinity of the respective VOI. We included studies 

reporting fMRI and positron emission tomography (PET) experiments in stereotaxic space 

from “normal mapping” studies in healthy participants without interventions or group 

comparisons. The number of studies retrieved from the database for each of the three VOI’s 

were as follows: CM nuclei = 106 studies, LB nuclei = 313 studies, SF nuclei = 193 studies.

Following this, a coordinate-based meta-analysis was performed generating a brain-wide co-

activation profile for each voxel in the VOI. The brain-wide co-activation pattern for each 

individual seed voxel was computed by activation likelihood estimation (Eickhoff et al. 

2009; Turkeltaub et al. 2002) meta-analysis over the experiments that were associated with 

that particular voxel, to identify areas of converging activity across these experiments. The 

key idea behind ALE is to treat the foci reported in the associated experiments not as single 

points, but as centers for 3D Gaussian probability distributions that reflect the spatial 

uncertainty associated with neuroimaging results. In short, an ALE score for each voxel of 

the brain is computed that describes the co-activation probability of each particular location 
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in the brain with the current seed voxel. Significance of these co-activation probabilities is 

then computed by comparison with an analytical null distribution as described in Eickhoff et 

al (2012). The p values of each ALE score are then given by the proportion of equal or 

higher values under the null distribution. Following current recommendations (Eickhoff et 

al. 2016), ALE maps were thresholded at cluster-level p<.05, FWE corrected for multiple 

comparisons using a voxel-level height threshold of p<.001.

Specific co-activation likelihood estimation (SCALE)—In contrast to the 

conventional MACM algorithm, the modified MACM algorithm uses empirically derived 

voxel distributions that reflect the base rate of activation observed in a given voxel (Langner 

et al. 2014). This is thought to lead to more specific findings, by virtue of reducing over or 

underestimation of significant convergence. In order to best illustrate the distinction between 

MACM and SCALE, consider the example of the anterior insula. Given that this region is 

frequently activated across neuroimaging experiments, a high ALE score (reflecting co-

activation with the amygdala) would be expected by the structure of the database. 

Comparing this against a global null-distribution, as done with MACM, would most likely 

give a significant finding in that region. In contrast, a region that does not show a high 

frequency of activation across neuroimaging experiments, but that is co-activated with the 

amygdala, would likely be associated with a medium ALE score. However, when comparing 

this against the null-distribution, this would likely yield a non-significant result. In SCALE, 

inference is permutation-based, whereby the probability of activation at each voxel is 

compared against a null-distribution. Here, the null-distribution reflects the inherent bias 

arising from the non-stationary likelihood of activation across the brain, by drawing random 

locations from the structure of the database and computing the ALE as for the real data. This 

process is repeated 2500 times to yield an empirical null-distribution of expected 

convergence at each voxel of the brain given the number of experiments activating the seed, 

having accounted for a priori activation at that voxel. Statistical inference (at a posterior 

probability of P>.999 for exceedance of the a priori likelihood) was then performed in order 

to identify those regions, where the convergence among the co-activations was above what 

could be explained by the structure of the BrainMap database. Here, due to the lack of a 

global null-distribution that is required to set a cluster-level FWE correction, the 

implementation of a cluster-level FWE correction is not possible.

It should be emphasized that both approaches (MACM and SCALE) have their own merits, 

and one is not necessarily better than the other. Rather, they are founded on different 

concepts of what significant co-activation means, and provide answers to different, but 

equally valid, neurobiological questions. Specifically, the conventional MACM approach is 

designed to yield co-activation patterns of a seed region, under the assumption of equal 

chances of spatial convergence for every grey matter voxel in the brain. The MACM 

approach therefore allows one to answer questions about what regions in general, show co-

activation with a seed region.

In contrast, SCALE provides an increased level of specificity, by using an empirically-

derived voxel distribution and is therefore comparing the pattern of co-activation for a given 

seed region, to what is expected. This approach allows one to answer questions about what 

brain regions specifically co-activate with a given seed region. In summary, SCALE is a 
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complimentary approach to the conventional MACM approach, and together, they provide a 

comprehensive picture of amygdala functional connectivity.

Resting state functional connectivity—We also delineated the task independent 

resting-state functional connectivity pattern of each of the CM, LB and SF nuclei using the 

NKI/Rockland sample described above. During the resting state scans subjects were 

instructed to keep their eyes closed and to think about nothing in particular but not to fall 

asleep (which was confirmed by post-scan debriefing). For each subject 260 resting state 

EPI images were acquired on a Siemens TimTrio 3T scanner using blood-oxygen-level-

dependent (BOLD) contrast (gradient-echo EPI pulse sequence, TR = 2.5s, TE = 30ms, flip 

angle = 80°, in plane resolution = 3.0 × 3.0mm2, 38 axial slices (3.0 mm thickness) covering 

the entire brain). The first four scans were excluded from further processing analysis using 

SPM8 to allow for magnet saturation. The remaining EPI images were first corrected for 

movement artifacts by affine registration using a two pass procedure in which the images 

were first aligned to the initial volumes and subsequently to the mean after the first pass. The 

obtained mean EPI of each subject was then spatially normalized to the MNI single subject 

template using the ‘unified segmentation’ approach (Ashburner and Friston 2005). The 

ensuing deformation was applied to the individual EPI volumes. To improve signal-to-noise 

ratio and compensate for residual anatomical variations images were smoothed with a 5-mm 

Full Width Half Maximum (FWHM) Gaussian kernel.

Based on previous evaluations (Satterthwaite et al. 2012), variance that was explained by the 

six motion parameters derived from the realignment step, their first derivative and their 

quadratic terms (i.e., a 24 parameter regression model), as well as the mean time-series’ of 

WM/CSF (based on the SPM8 segmentation) was regressed out for each subject. After 

confound regression, the resulting residual timeseries were band pass filtered between 0.01 

and 0.08Hz, as the majority of the power of the rsfMRI BOLD signal is present at these 

frequencies (Baria et al. 2013).

Subject-specific time courses were extracted from each of the amygdala VOIs (left and right 

CM, LB and SF nuclei) by computing the first eigenvariate of the time-series’ of those 

voxels within the respective masks, whose grey matter probability was above the median 

across all voxels in the VOI. Linear (Pearson) correlation coefficients between the time 

series of the seed regions and all other gray matter voxels in the brain were computed to 

quantify rs-fMRI connectivity. Signal extraction for each of the left and right CM, LB and 

SF nuclei were done in separate models, resulting in 6 1st level models for each participant. 

These voxel-wise correlation coefficients were then transformed into Fisher’s Z-scores and 

tested for consistency in a flexible factorial model across subjects. For 2nd level analyses, the 

main effect of connectivity for each of the left and right amygdala nuclei, as well as planned 

contrasts between the amygdala nuclei, were tested using the standard SPM8 

implementations with the appropriate non-sphericity correction. Consistent with our MACM 

analyses, results were thresholded at cluster-level p<.05, FWE corrected for multiple 

comparisons using a voxel-level height threshold of p<.001.

Comparisons between rs-fmri, MACM and SCALE—Given the primary aim of our 

study, additional analyses were performed to investigate the similarity between: a) MACM 
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and rs-fmri and b) SCALE and rs-fmri. For these analyses, thresholded rs-fmri Z-score maps 

were masked using the thresholded maps from the MACM and SCALE analyses 

respectively. By doing so, inference was performed only within the regions identified as co-

activated by a MACM analysis using the corresponding subregion as a seed. A cluster was 

reported as significant in Table 1 if a FWE-corrected voxelwise threshold of p<0.05 was 

reached (corrected for voxels within the MACM mask rather than the whole brain).

Network analysis

To explicitly examine how the amygdala interacts with other large-scale networks in the 

brain, we compared the analyses of MACM and rs-fmri amygdala connectivity with 17 

large-scale networks, derived from a whole brain cortical parcellation of intrinsic network 

connectivity (Yeo et al. 2011). These included networks commonly examined in the 

literature: frontoparietal/control, dorsal attention, default mode, salience, limbic (cortical 

regions only), visual, temporoparietal and somatomotor networks. Detailed information 

including the regions contained in each network, along with the MNI coordinates of the 

clusters are reported in Yeo et al (2011) and Yeo et al (2015). For this analysis, we used the 

voxel-wise whole-brain rs-fmri statistical T map for each amygdala seed, from our rs-fmri 

analysis. We extracted the average T-value across voxels in each network. A Bonferrroni 

(p<.05 FWE) correction was then applied (minimum T statistic >4.9). For MACM, in order 

to render the maps comparable to rs-fmri, in spite of the fact that ALE scores scale with the 

number of experiments (Eickhoff et al., 2016), we normalized all MACM maps to a sum of 

one.

Results

MACM and SCALE co-activations

Individual MACM analyses for each of the amygdala subregions revealed that, despite some 

convergence of co-activation across all three subregions, the CM, LB and SF nuclei showed 

distinct patterns of co-activation with the rest of the brain, across studies in the BrainMap 

database (Table 1; Fig. 2). The CM nuclei showed co-activation with bilateral VLPFC and 

middle temporal lobe regions. The LB nuclei showed co-activation with more medial PFC 

regions including bilateral dorsal and ventral medial PFC, superior medial gyrus, and 

orbitofrontal gyrus as well as the right supplementary motor area (SMA). The SF nuclei 

showed co-activation with bilateral operculum extending into the insula, VLPFC, nucleus 

accumbens extending into the ventral putamen and the thalamus. Direct comparisons of the 

MACM connectivity maps largely revealed significant differences in co-activation between 

the subregions in regions identified by the initial subregion analysis described above (Table 

1; see Supplementary Fig. 1). SCALE analyses yielded smaller, more circumscribed clusters 

of co-activation for each of the amygdala subregions. The spatial localization of the cluster 

peaks were, however, largely similar to MACM (Table 1; Fig. 2). For the CM seeds, co-

activation with the right VLPFC remained; in contrast, co-activation with the left VLPFC 

did not. For the LB seeds, co-activation with dorsal and ventral medial PFC remained, 

although co-activation was stronger for the ventral medial PFC. For the SF seeds, co-

activation with bilateral operculum and insula did not remain after base rate correcting, 
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however co-activation with the right VLPFC remained. Co-activation between the right SF 

seed and bilateral nucleus accumbens also remained.

Conjunction Analysis

A conjunction analysis of the MACM images for the left and right CM, LB and SF nuclei 

was conducted, to test for regions that were co-activated with all six amygdala subregions. 

This analysis revealed that all six amygdala subregions were co-activated with a cluster in 

the right VLPFC region of the IFG (specifically, pars triangularis corresponding to BA 45) 

and the bilateral fusiform gyrus. Importantly, the right VLPFC cluster remained when a 

conjunction analysis of the base rate corrected (i.e., SCALE) images was performed; 

however the bilateral fusiform gyrus did not.

To confirm a direct relationship between the right VLPFC and amygdala, we performed a 

MACM analysis (as above) using an empirically-derived ROI of the right VLPFC that was 

co-activated in our MACM and rs-fmri analyses (MNI coordinates: x= 52, y = 32, z = 6). 

These analyses, using the same statistical thresholding as described in our main analyses 

above, revealed that the right VLPFC is co-activated with the bilateral amygdala (P<.05, 

FWE, cluster-wise corrected; see Supplementary Fig. 3).

Additional MACM Analyses

We performed an additional MACM analysis, to ascertain if amygdala-right VLPFC co-

activation was being driven by studies examining the processing and regulation of emotional 

information. To do this, we computed a contrast of all “emotion” vs. “non-emotion” studies 

in the BrainMap database. It is important to note that “emotion” comprises one of several 

behavioral domains (BD) into which studies are categorized for the purposes of 

classification in the BrainMap database. Studies within each BD can be further categorized 

into paradigm classes (PC) (e.g., passive viewing, emotion induction, emotion regulation). 

“Non-emotion” refers to all other BD’s including cognition, action, perception and 

interoception. For the purposes of this manuscript, here we focus on the contrast of all 

emotion studies vs. non-emotion studies. Statistical thresholding was kept consistent with 

our MACM analyses described above. These analyses revealed that for all amygdala 

subregions, co-activation in the right VLPFC was greater for emotion compared to non-

emotion studies (Fig. 4a). In addition, all subregions showed co-activation in bilateral (albeit 

stronger for the left) ventral putamen and nucleus accumbens that was greater for emotion 

compared to non-emotion studies (see Supplementary Fig. 4). Interestingly, the inverse of 

this contrast (non-emotion > emotion) was associated with co-activation of the left VLPFC 

for the LB and SF seeds (Fig. 4b). Conjunction analyses demonstrating areas of common co-

activation between emotion and non-emotion studies revealed co-activation with the bilateral 

fusiform gyrus for all amygdala sub-regions (Fig. 5). In addition, the LB seeds showed co-

activation with the left VLPFC and bilateral ventromedial PFC (Fig. 5; left VLPFC not 

shown).

Resting state functional connectivity of the amygdala

The rs-fmri analysis revealed larger, more spatially wide-spread maps of functional 

connectivity for each amygdala subregion (Fig. 3; p<.05 FWE cluster-wise corrected). 
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Analysis of each amygdala seed region revealed that, in general, all subregions showed 

positive functional connectivity with the hippocampus/parahippocampal gyrus, caudate and 

putamen, anterior cingulate cortex (although stronger connectivity was seen between the SF 

seeds and the posterior cingulate cortex/precuneus), the insula, VLPFC, dorsal and ventral 

medial PFC (Fig. 3; also see Supplementary Table 1). In contrast, all amygdala subregions 

showed negative functional connectivity with the superior and inferior lateral occipital 

cortex, dorsolateral PFC (DLPFC) and orbitofrontal cortex. In addition, the SF seeds also 

showed negative functional connectivity with inferior temporal regions. We also performed 

pairwise contrasts between the left and right hemispheres for each amygdala subregion (see 

Supplementary Fig. 2). This analysis revealed differential connectivity in the ipsilateral 

hemisphere for each of the seeds. Specifically, the left CM, LB and SF seeds showed greater 

functional connectivity with left hemisphere regions compared to the right CM, LB and SF 

seeds, and vice versa. There were no regions of positive connectivity in one hemisphere that 

were negatively correlated in the contralateral hemisphere.

Comparisons between MACM, SCALE and rs-fmri

To test whether patterns of amygdala subregion rs-fmri connectivity were similar to MACM 

and SCALE, we examined rs-fmri positive and negative correlations with each amygdala 

subregion, masked by the MACM findings for the respective subregion (Table 1). The 

analyses showed that, in general, regions identified by the MACM and SCALE analyses also 

showed voxels with positive resting correlations with the corresponding amygdala 

subregion. For all amygdala subregions, co-activation and positive resting correlations were 

seen for bilateral hippocampus/parahippocampal gyrus, caudate and putamen, the insula, 

fusiform gyrus and the IFG. For SCALE the results were similar, although there were fewer 

clusters showing a positive correlation with rs-fmri, due to the smaller number of clusters 

identified by the SCALE analysis. Notably, co-activation with the right VLPFC, the bilateral 

dorsal and ventral medial PFC, and nucleus accumbens - regions that showed distinct co-

activation with the CM, LB and SF seeds respectively - were all positively correlated with 

the respective seed during rest. There was however, an exception. Co-activation of the lateral 

occipital cortex that was identified by the MACM analysis for all amygdala subregions (but 

more strongly for the CM and LB seeds), showed negative connectivity with resting BOLD 

in the corresponding region.

Network Analysis

The results from this analysis are shown in Supplementary Fig. 5. As predicted, all 

amygdala subregions showed connectivity with 17 large-scale neural networks, during rest 

and task-based contexts. Significant positive correlations were seen with ventral 

somatomotor (left LB and SF nuclei), limbic cortical (LB nuclei), temporoparietal (left LB 

and SF nuclei) and default mode networks (SF nuclei) (all p<.05, FWE corrected). 

Significant negative correlations were seen with visual (CM nuclei) and frontoparietal/

control networks (LB and SF nuclei). There were no statistically significant subregion 

differences in connectivity with individual networks. Qualitatively, however, subregion and 

hemispheric differences in connectivity emerged for the visual and default mode networks. 

Compared to the CM seeds, LB and SF seeds showed less negative connectivity with the 

visual networks. Similarly, the LB and SF seeds showed greater positive connectivity with 
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temporal lobe regions of the DMN (ICN 15), and hemispheric differences for all amygdala 

subregions emerged for the ventromedial PFC and posterior cingulate cortex (PCC) nodes of 

the DMN (ICN 17). For MACM, all amygdala subregions showed the greatest co-activation 

with ventral somatomotor, salience/ventral attention, temporoparietal and DMN networks. 

Qualitatively, when comparing MACM and rs-fmri, overall, networks that showed strong 

positive correlations with the amygdala during rest, also showed high co-activation with the 

amygdala during tasks. There were, however, some differences. The most notable was for 

visual networks. Here, all amygdala subregions showed negative rs-fmri connectivity with 

visual networks; in contrast all subregions showed positive task based co-activation with 

visual networks (Supplementary Fig. 5). This is in line with our rs-fmri and MACM findings 

(see Results). In addition, whereas all amygdala sub-regions showed negative rs-fmri 

connectivity with a dorsal attention network (ICN 5), all subregions showed positive task-

based co-activation with this network.

Discussion

In the present study, we employed a multimodal approach to examine and compare rs-fmri 

and task-dependent amygdala subregion functional connectivity, to address outstanding 

questions about how the amygdala interacts with other brain regions, and more broadly, 

large-scale networks. Our results, which are in line with the work of Bzdok et al (2013) and 

Roy et al (2009), provide convergent evidence of a parallel model of amygdala functioning. 

This was evidenced by strong differentiation of CM, LB and SF connectivity with other 

brain regions, both in task-dependent and task-independent contexts. Importantly however, 

our results also modify this position, by showing evidence of convergence between the CM, 

LB and SF nuclei, in the right VLPFC. Finally our observation of similar rs-fmri and task-

dependent functional connectivity profiles for each amygdala subregion suggests a similar 

network architecture of amygdala connectivity with the rest of the brain across both tasks 

and resting state, that may be modified in the context of specific task demands. Our finding 

of amygdala-right VLPFC co-activation that was greater in the context of emotion (vs. non-

emotion) studies provides empirical support for this proposition.

Subregion differences in amygdala connectivity: Replication of previous findings and 
comparisons with other studies

In line with our hypothesis, we found strong differentiation of CM, LB and SF co-activation 

profiles with other brain regions. Whereas the CM nuclei were co-activated with bilateral 

VLPFC (albeit stronger for the right), the LB nuclei were co-activated with more medial 

regions of the PFC including the bilateral dorsal and ventral medial PFC. Finally, the SF 

nuclei showed co-activation with the bilateral operculum extending into the insula and the 

nucleus accumbens. These findings largely replicate the work of Bzdok et al (2013), who 

also showed strong task-based differentiation of amygdala nuclei functional connectivity, 

particularly with medial and lateral parts of the PFC. Our results also largely support the 

findings of Roy et al (2009) who showed distinct resting-state functional connectivity 

patterns of amygdala subregions. Functional specialization of amygdala subregions has been 

shown to emerge during development, with relatively undifferentiated CM and LB resting-

state connectivity characteristic of childhood, becoming increasingly differentiated by early 
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adulthood (Qin et al. 2012). Functional specialization of amygdala subregions has also been 

demonstrated in previous investigations of amygdala connectivity that have used data-driven 

rs-fmri connectivity-based (Mishra et al. 2014), as well as probabilistic tractography-based 

(Bach et al. 2011) parcellations of the human amygdala. Whilst direct comparisons are not 

possible, these methods yield similar brain-wide connectivity patterns for each of the 

amygdala subregions to those reported in the present manuscript.

Our findings also broadly map on to known anatomical connections of the amygdala in 

monkeys, cats and rodents (Ghashghaei et al. 2007; McDonald 1998; Musil and Olson 

1988). Work done predominantly in rodents and monkeys has shown that the LB nuclei are a 

major target of afferent projections from medial divisions of the PFC including the 

ventromedial PFC, subgenual ACC and OFC (Carmichael and Price 1995; Ghashghaei et al. 

2007; McDonald 1998; Stefanacci and Amaral 2002). In turn, efferent projections from the 

LB nuclei target medial PFC regions, with the heaviest projections to the posterior OFC, 

anterior insula and anterior cingulate cortex (mainly subgenual ACC but also anterior mid 

cingulate cortex; aMCC) (Öngur and Price 2000). These brain regions develop early and 

cytoarchitecturally lack a well-defined granular cortical layer IV (i.e., they are agranular and 

dysgranular) (Carmichael and Price 1994). In humans, these connections are thought to 

underlie top-down control of emotion (Ochsner and Gross 2005; Phan et al. 2002; Phillips et 

al. 2008). The CM and SF nuclei also receive input from the medial PFC, although to a 

lesser extent (Stefanacci and Amaral 2002), consistent with our observations. In line with 

(Bzdok et al. 2013), all amygdala regions showed connectivity with the ventral striatum, 

however this was greater for the SF nuclei (see Supplementary material Figure 1). These 

findings provide support for parallel, independent processing in the amygdala and speak to 

the importance of examining amygdala subregions separately rather than treating the 

amygdala as a unitary structure, to better understand amygdala functional specialization.

Amygdala-Right VLPFC connectivity

Perhaps the most striking finding of the present study was convergent co-activation and rs-

fmri functional connectivity between all amygdala subregions and the right VLPFC, 

specifically in pars triangularis (BA 45). This was confirmed by a formal conjunction 

analysis (see Results). Importantly, whilst we also observed co-activation between all 

amygdala subregions and the bilateral fusiform gyrus, this effect was accounted for by high 

rates of activation, evidenced by a lack of this region in our conjunction analysis of SCALE 

images. In contrast, amygdala co-activation with the right VLPFC was not driven by base 

rate levels of activation in the right VLPFC (Table 1). As stated previously, an earlier 

MACM investigation also reported amygdala connectivity with the VLPFC, however a 

resting state investigation of amygdala connectivity showed largely absent connectivity 

between these two regions (Roy et al. 2009). This is the first study to demonstrate 

convergent activity between the CM, LB and SF amygdala nuclei in the right VLPFC using 

an integrated approach, and provides support for rodent studies that suggest an integrative/

serial model of amygdala functioning. Interestingly, this region of the IFG is one whose 

rodent/human homology is not well understood. Based on studies predominantly in 

monkeys, the VLPFC component of the IFG comprises BA 45 (pars triangularis) and 47 

(pars orbitalis) (Neubert et al. 2014; Petrides and Pandya 2002). Reasonable homology 

Kerestes et al. Page 13

Neuroimage. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between the human and monkey VLPFC has been found, with posterior lateral area 12 in the 

macaque and rhesus monkeys showing architectonic characteristics similar to BA 47 in 

humans (Ghashghaei et al. 2007; Neubert et al. 2014; Petrides and Pandya 2002). Lateral 

regions of the PFC including the VLPFC but also the DLPFC have sparse projections to the 

amygdala in comparison to medial PFC regions (Ghashghaei et al. 2007; Stefanacci and 

Amaral 2002). Lateral PFC regions develop late and are characterized by a well-defined 

granular cortical layer IV (Barbas and Pandya 1989).

Animal studies have shown that, in contrast to the DLPFC, the VLPFC receives modest 

projections from the LB nuclei, but has dense projections to the amygdala (Ghashghaei et al. 

2007). This suggests that the VLPFC has a direct role in emotion regulatory processes. Our 

results provide empirical support for this. Firstly, our findings confirmed a direct 

relationship between the amygdala and right VLPFC. Secondly, we showed that although 

amygdala-right VLPFC co-activation appeared to be insensitive to brain state (i.e. task vs. 

rest), pronounced differences emerged when comparing emotion to non-emotion studies, 

where amygdala-right VLPFC co-activation was driven by studies that employed emotional 

processing paradigms. Taken together, our findings suggest that there is a common network 

architecture of amygdala connectivity that is preserved across brain states, but is modified as 

necessary, in the context of specific task demands (see Cole et al. 2014; Reid et al. 2016). 

Finally, we also found laterality effects in the VLPFC in the context of emotion vs. non-

studies. Specifically, the right and left VLPFC were co-activated to a greater extent by 

emotion and non-emotion studies, respectively. Both the left and right VLPFC play a critical 

role in voluntary emotion regulation subprocesses including cognitive control processes such 

as cognitive reappraisal (Buhle et al. 2013; Vincent et al. 2008). There is, however, some 

evidence to show that right lateral regions of the PFC, especially the VLPFC, are more 

involved in the selection and/or inhibition of various kinds of responses, particularly when 

cognitive alterations of subjective emotion are involved (e.g., coping with the subjective 

feeling of being distracted) (Dolcos and McCarthy 2006; Iordan et al. 2013; Ochsner et al. 

2002). Although it is beyond the scope of this paper to explicitly test this, it is possible that 

recruitment of the right VLPFC and/or the magnitude of amygdala-right VLPFC co-

activation may depend on the type of emotion paradigm being used (e.g., fear processing vs. 

cognitive reappraisal of emotion). These remain plausible hypotheses for future testing.

Our findings also have implications for understanding altered functioning of the VLPFC and 

amygdala in psychiatric disorders. Indeed, altered activation and connectivity of the VLPFC 

is proposed to play a central role in the pathophysiology of Bipolar Disorder (BD). For 

example, reduced VLPFC activation and concomitant elevated amygdala activation during 

emotion processing tasks has been consistently reported in BD (Phillips and Swartz 2014). 

Furthermore, BD patients exhibit abnormally elevated functional connectivity between the 

amygdala and VLPFC during both rest and emotional processing (Chase and Phillips 2016). 

Elevated amygdala-VLPFC connectivity has also been reported in unaffected offspring at 

risk for BD (Manelis et al. 2015) and unaffected first-degree relatives (Dima et al. 2016). 

However, directionality of this effect has not been consistent, with some evidence of reduced 

right VLPFC-amygdala connectivity in healthy offspring of BD parents (Ladouceur et al. 

2013). Together, these data point towards an altered amygdala-VLPFC relationship as a 

possible endophenotype of bipolar disorder (Chase and Phillips 2016). Our present findings 
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provide further insights into the nature of this relationship. First, the VLPFC appears to 

show relatively consistent connectivity with each of the three amygdala subregions and 

across modality, confirming a central role for this region in regulating the amygdala as a 

whole. Second, the relationship of the ventromedial PFC with the amygdala is relatively 

specific for the LB subregion, implying that the regular observations of altered medial PFC-

amygdala connectivity in BD (Chase and Phillips 2016) relate to the LB amygdala rather 

than the other subregions (but see Liu et al 2013). Overall, these findings point to the 

importance of examining amygdala subregions separately to delineate, with greater 

specificity, the nature of amygdala-VLPFC alterations in psychiatric disorders.

Amygdala connectivity with large-scale neural networks

An outstanding question in the literature is how the amygdala interacts with other large-scale 

neural networks. Mainly informed by rs-fmri studies, the amygdala is often considered a part 

of the DMN, mainly owing to connections (both anatomical as discussed above, but also 

functional connections) between the LB nuclei and the medial PFC (Andrews-Hanna et al. 

2010; Buckner et al. 2008). The amygdala has also been suggested to be a part of the SN 

(Seeley et al. 2007), playing a central role in salience detection and emotional processing, 

and due to its connectional organization with key regions implicated in social cognition, is 

considered a hub region, anchoring large-scale networks that play a central role in social 

behaviors (Bickart et al. 2014). Most undisputedly, is the amygdala’s involvement in an 

emotion regulation network where it is involved in detecting the salience of environmental 

stimuli and the generation of affective arousal (Phillips et al. 2008). Connections between 

the amygdala and nodes in these neural networks are most often attributed to the LB nuclei. 

Here, we explicitly examined amygdala subregion connectivity with 17 large-scale neural 

networks during rest and task-based contexts. These networks broadly correspond to major 

networks discussed in the literature including the aforementioned DMN and salience 

networks. Our results provide direct evidence for our a priori hypothesis; that is that the 

amygdala is a highly embedded region, showing a diffuse pattern of integration with 

particular large-scale neural networks, during rest and task-based contexts. However, when 

interpreting the findings, we recognize the importance of distinguishing the statistically 

significant results from the more qualitative findings. Whereas the former can be used to 

directly support our a priori hypothesis, the latter can merely be used to provoke future 

research hypotheses about amygdala connectivity. Specifically, significant positive 

correlations were seen with networks including cortical limbic regions, ventral somatomotor 

regions, as well as nodes in the salience and temporoparietal networks. From an evolutionary 

point of view, connectivity with these networks, particularly limbic cortical regions that 

develop earlier evolutionarily, would allow for a high degree of integration of emotional 

information, which, in turn, would require diffuse and efficient access to other brain 

networks. Qualitatively, whilst distinct subregion differences were not observed for many 

networks, the LB and SF seeds showed greater connectivity with temporal lobe regions of 

the DMN compared to CM seeds. In addition, hemispheric differences were seen for the 

ventromedial PFC and posterior cingulate cortex nodes of the DMN, with left hemisphere 

amygdala subregions showing greater connectivity than the corresponding right hemisphere 

subregion. These results may suggest that LB and SF nuclei are more strongly connected to 

hub regions of the DMN compared to the CM nuclei, which, instead, show stronger 
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connectivity with more primitive motor and visual regions, consistent with animal studies. 

However this discussion is speculative and these ideas remain plausible hypotheses for 

future testing in both healthy and psychiatric populations. In summary, our results suggest 

that the amygdala exhibits both diffuse connectivity with particular large-scale neural 

networks, allowing for efficient communication across the brain and integration of 

information, as well as specific connectivity with core regions including the bilateral 

fusiform gyrus and right VLPFC. It is plausible that the fusiform gyrus and right VLPFC 

may facilitate connectivity between the amygdala and particular neural networks, but this 

remains to be tested in future work.

There are some limitations of the present study. Firstly, the small size of our VOI and 

resolution of imaging studies within the BrainMap database makes it difficult to distinguish 

the amygdala from other nearby regions. However, our VOI is based on well-defined 

cytoarchitectonic probability maps of the human amygdala that have been previously 

published (Amunts et al. 2005) and used in a previous MACM investigation of amygdala co-

activation (Bzdok et al. 2013). Furthermore, the ALE method employed in the present study, 

is based on activation peaks of functional clusters as opposed to the 3D shape of the BOLD 

signal, and is therefore not affected by spatial smoothing that is applied in neuroimaging 

studies. Good concordance is also seen between the neuroimaging data-derived and 

cytoarchitectonic-derived subregions of the amygdala (see Bzdok et al. 2013) and we are 

therefore confident in the spatial resolution of the VOI in the present study. In addition, 

whilst sex was included as a covariate of no interest in the rs-fmri analyses, we did not have 

sufficient information (e.g., menstrual cycle phase, hormone levels) to thoroughly test for 

sexual dimorphism effects in our rs-fmri analyses. Indeed, sex differences in rs-fmri 

amygdala connectivity with brain regions including the IFG as well as different regulatory 

effects of cortisol on amygdala connectivity have been reported in healthy adults (Kogler et 

al. 2016). Finally, like many previous studies, we used conventional methods for our rs-fmri 

connectivity analysis. These are based on stationary correlations between brain regions and 

do not take into account potential non-stationary (dynamic) functional connectivity patterns 

(Chang and Glover 2010), that may actually be dominated by brief instances of spontaneous 

co-activation of brain regions (Liu and Duyn 2013). These findings, along with other studies 

(Karahanoglu and Van De Ville 2015; Liu et al. 2013) provide further support for co-

activation being a unifying account of functional connectivity, and will pave the way for 

future studies examining dynamic amygdala functional connectivity with the rest of the 

brain.

In summary, we employed a multi-modal approach to identify brain regions functionally 

interacting with the CM, LB and SF amygdala nuclei during rest and task-based contexts, to 

ascertain if amygdala connectivity was influenced by brain state, and if this differed across 

amygdala subregions. We extended upon this further to examine diffuse amygdala 

connectivity with 17 large-scale neural networks. Our primary results provide support for a 

parallel model of amygdala functioning, with distinct subregion co-activation and 

connectivity patterns likely to reflect the functional specialization of this region. However, 

we also provide evidence of convergent processing between the CM, LB and SF amygdala 

nuclei in the right VLPFC. We propose that the right VLPFC is a core region consistently 

interacting with the amygdala, that connectivity between these two regions in highly 
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selective, and that connectivity between them may change as a function of task demands. 

Our findings also provide support for the idea that the amygdala is a highly embedded region 

that interacts with many large-scale brain networks. Future studies examining amygdala-

right VLPFC temporal dynamic functional connectivity will provide valuable insight into the 

nature of amygdala connectivity with the right VLPFC and how such connectivity varies 

across both individuals and brain states.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We directly compare task-based and resting state patterns of amygdala 

connectivity

• Amygdala subregions show distinct connectivity patterns

• All amygdala subregions show connectivity with the right VLPFC

• The amygdala interacts with many large-scale neural networks
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Fig. 1. 
The amygdala seed regions: Green = Left centromedial (x= −22, y= −4, z= −16), Red = 

Right centromedial (x= 24, y= −12, z= −14), Blue = Left laterobasal (x= −26, y= −4, z= 

−34), Violet = Right laterobasal (x= 30, y= −2, z= −34), Yellow = Left superficial (x= −16, 

y= −10, z= −20), Cyan = Right superficial (x= 18, y= −6, z= −20). Seeds were created with 

the SPM Anatomy Toolbox, registered to MNI space and sampled to 2mm voxel resolution.
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Fig. 2. 
Meta-analytic connectivity modeling (MACM) of each of the centromedial, laterobasal and 

superficial amygdala subregions without (A) and with (B) base rate correction (SCALE). 

Results are shown at p<.001 with a p<.05 FWE cluster-wise correction. Data obtained from 
BrainMap database.
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Fig. 3. 
Rs-fmri connectivity of each of the centromedial (CM), laterobasal (LB) and superficial (SF) 

amygdala subregions. Red= regions positively correlated with each amygdala subregion. 

Blue= regions negatively correlated with each amygdala subregion. A = Left CM, B = Right 

CM, C = Left LB, D = Right LB, E = Left SF, F = Right SF. To highlight differences in 

amygdala subregion connectivity, results are shown at voxel-level p<.05 FWE corrected. 

Data obtained from the NKI/Rockland rs-fmri dataset.
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Fig. 4. 
Contrast of emotion vs. non-emotion meta-analytic connectivity modeling (MACM) co-

activation maps, illustrating a dissociation in co-activation between the right and left VLPFC 

for emotion (a) vs. non-emotion (b) studies. Results are shown at p<.001 with a p<.05 FWE 

cluster-wise correction. Data obtained from BrainMap database.
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Fig. 5. 
Meta-analytic connectivity modeling (MACM) maps illustrating areas of conjunction 

between emotion and non-emotion studies for each of the centromedial, laterobasal and 

superficial nuclei. Results are shown at p<.001 with a p<.05 FWE cluster-wise correction. 

Data obtained from BrainMap database.

Kerestes et al. Page 27

Neuroimage. Author manuscript; available in PMC 2018 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 28

Ta
b

le
 1

R
eg

io
ns

 s
ho

w
in

g 
co

-a
ct

iv
at

io
n 

w
ith

 e
ac

h 
of

 th
e 

am
yg

da
la

 s
ub

re
gi

on
s,

 f
ro

m
 th

e 
M

A
C

M
 a

nd
 S

C
A

L
E

 a
na

ly
se

s.
 “

rs
-f

m
ri

 c
or

re
la

tio
n”

 d
en

ot
es

 th
e 

pr
es

en
ce

 o
f 

a 
si

gn
if

ic
an

t p
os

iti
ve

 o
r 

ne
ga

tiv
e 

co
rr

el
at

io
n 

of
 lo

w
 

fr
eq

ue
nc

y 
B

O
L

D
 o

f 
th

e 
co

rr
es

po
nd

in
g 

am
yg

da
la

 s
ub

re
gi

on
 in

 a
 g

iv
en

 M
A

C
M

 o
r 

SC
A

L
E

 c
lu

st
er

 (
‘c

on
ve

rg
en

t a
ct

iv
at

io
n’

).
 C

lu
st

er
 s

iz
e,

 p
ro

vi
de

d 
in

 p
ar

en
th

es
es

, w
er

e 
si

gn
if

ic
an

t a
t p

<
.0

5 
FW

E
 c

or
re

ct
ed

 

(c
or

re
ct

ed
 f

or
 v

ox
el

s 
w

ith
in

 th
e 

m
as

k 
ra

th
er

 th
an

 th
e 

w
ho

le
 b

ra
in

).
 M

A
C

M
 c

on
tr

as
t d

en
ot

es
 th

e 
pr

es
en

ce
 o

f 
a 

si
gn

if
ic

an
t d

if
fe

re
nc

e 
in

 th
e 

m
od

el
ed

 a
ct

iv
at

io
n 

sc
or

es
 in

 te
rm

s 
of

 c
on

tr
as

ts
 (

>
: m

od
el

ed
 a

ct
iv

at
io

n 

in
 r

eg
io

n 
A

 is
 g

re
at

er
 th

an
 B

) 
an

d 
co

nj
un

ct
io

ns
 (

=
: r

eg
io

ns
 A

 a
nd

 B
 b

ot
h 

co
ac

tiv
at

e 
th

e 
cl

us
te

r)
.

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

L
ef

t C
en

tr
om

ed
ia

l (
C

M
)

L
ef

t a
m

yg
da

la
 (

C
M

/L
B

/S
F)

−
22

 −
6 

−
14

12
99

8.
87

Po
si

tiv
e 

(1
13

2)
87

.5
0

=
R

ig
ht

 C
M

 (
10

27
)

=
L

ef
t L

B
 (

12
16

)
=

R
ig

ht
 L

B
 (

12
03

)
=

L
ef

t S
F 

(1
19

9)
=

R
ig

ht
 S

F 
(1

03
7)

-
12

55
8.

50
Po

si
tiv

e 
(1

06
4)

87
.5

L
ef

t h
ip

po
ca

m
pu

s/
pa

ra
hi

pp
oc

am
pa

l g
yr

us
Po

si
tiv

e 
(1

13
2)

>
 R

ig
ht

 C
M

 (
71

6)
>

 R
ig

ht
 S

F 
(7

57
)

Po
si

tiv
e 

(1
06

4)

R
ig

ht
 a

m
yg

da
la

 (
C

M
/L

B
/S

F)
24

 −
4 

−
14

12
05

8.
50

Po
si

tiv
e 

(1
01

9)
20

.7
7

=
R

ig
ht

 C
M

 (
10

90
)

=
L

ef
t L

B
 (

10
67

)
=

R
ig

ht
 L

B
 (

11
56

)
=

L
ef

t S
F 

(1
15

6)
=

R
ig

ht
 S

F 
(1

11
2)

-
12

05
8.

31
Po

si
tiv

e 
(9

51
)

20
.7

7

R
ig

ht
 h

ip
po

ca
m

pu
s/

pa
ra

hi
pp

oc
am

pa
l g

yr
us

Po
si

tiv
e 

(1
01

9)
36

 −
34

 −
16

62
8.

15
N

on
e

R
ig

ht
 p

ut
am

en
N

on
e

L
ef

t f
us

if
or

m
 g

yr
us

−
42

 −
58

 −
18

77
5

6.
95

Po
si

tiv
e 

(6
6)

=
R

ig
ht

 C
M

 (
30

5)
=

R
ig

ht
 L

B
 (

46
8)

=
L

ef
t S

F 
(3

08
)

>
 R

ig
ht

 S
F 

(1
15

)
>

 R
ig

ht
 C

M
 (

16
2)

-
25

0
8.

19
N

on
e

L
ef

t i
nf

er
io

r 
oc

ci
pi

ta
l g

yr
us

N
eg

at
iv

e 
(1

99
)

7.
91

>
 R

ig
ht

 C
M

 (
16

2)
>

 L
ef

t S
F 

(2
64

)
>

 R
ig

ht
 S

F 
(7

8)

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 tr
ia

ng
ul

ar
is

)
−

46
 2

0 
20

49
4

4.
98

Po
si

tiv
e 

(1
38

)
6.

69

=
R

ig
ht

 C
M

 (
82

)
=

L
ef

t L
B

 (
35

3)
>

 R
ig

ht
 L

B
 (

19
1)

>
 L

ef
t S

F 
(1

42
)

>
 R

ig
ht

 S
F 

(6
6)

L
ef

t i
ns

ul
a

=
L

ef
t R

M
 (

16
7)

=
L

ef
t S

F 
(1

86
)

=
R

ig
ht

 S
F 

(1
67

)

R
ig

ht
 f

us
if

or
m

 g
yr

us
42

 −
52

 −
20

36
4

7.
32

N
on

e

=
R

ig
ht

 C
M

 (
16

6)
=

R
ig

ht
 L

B
 (

19
6)

=
L

ef
t S

F 
(1

52
)

=
R

ig
ht

 S
F 

(2
53

)
-

25
7

8.
19

N
on

e

R
ig

ht
 in

fe
ri

or
 te

m
po

ra
l g

yr
us

>
 L

ef
t S

F 
(2

82
)

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

50
 −

66
 −

2
31

9
5.

47
N

eg
at

iv
e 

(2
48

)
6.

92

=
R

ig
ht

 L
B

 (
19

2)
=

L
ef

t S
F 

(1
11

)
=

R
ig

ht
 S

F 
(1

22
)

R
ig

ht
 in

fe
ri

or
 o

cc
ip

ita
l g

yr
us

N
eg

at
iv

e 
(2

48
)

6.
18

>
 R

ig
ht

 S
F 

(4
4)

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 tr

ia
ng

ul
ar

is
)

56
 3

2 
6

13
6

5.
32

Po
si

tiv
e 

(8
7)

7.
74

=
R

ig
ht

 L
B

 (
63

)
=

L
ef

t S
F 

(1
02

)
>

 R
ig

ht
 S

F 
(8

3)
-

11
5

8.
17

Po
si

tiv
e 

(6
6)

7.
27

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 tr
ia

ng
ul

ar
is

)
−

50
 2

2 
−

6
12

4
3.

95
Po

si
tiv

e 
(6

8)
5.

23

>
 R

ig
ht

 C
M

 (
24

)
>

 R
ig

ht
 L

B
 (

74
)

=
L

ef
t S

F 
(1

08
)

Neuroimage. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 29

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

>
 R

ig
ht

 S
F 

(2
7)

L
ef

t c
er

eb
el

lu
m

 (
−

6 
−

80
 −

38
)

58
8.

15
N

on
e

R
ig

ht
 C

en
tr

om
ed

ia
l (

C
M

)

R
ig

ht
 a

m
yg

da
la

 (
C

M
/L

B
/S

F)
24

 −
4 

−
14

14
38

8.
69

Po
si

tiv
e 

(1
27

9)
87

.2
2

=
L

ef
t C

M
 (

10
90

)
=

L
ef

t L
B

 (
11

74
)

=
R

ig
ht

 L
B

 (
13

22
)

=
L

ef
t S

F 
(1

19
5)

=
R

ig
ht

 S
F 

(1
20

7)
-

13
92

8.
41

Po
si

tiv
e 

(1
20

7)
87

.2
2

R
ig

ht
 h

ip
po

ca
m

pu
s/

pa
ra

hi
pp

oc
am

pa
l g

yr
us

Po
si

tiv
e 

(1
27

9)

>
 L

ef
t C

M
 (

78
2)

>
R

ig
ht

 L
B

 (
63

3)
>

 L
ef

t S
F 

(7
33

)
>

 R
ig

ht
 S

F 
(6

17
)

R
ig

ht
 c

au
da

te
 n

uc
le

us
Po

si
tiv

e 
(1

27
9)

>
 L

ef
t C

M
 (

49
)

=
R

ig
ht

 L
B

 (
13

22
)

L
ef

t a
m

yg
da

la
 (

C
M

/L
B

/S
F)

−
22

 −
6 

−
14

11
28

8.
46

Po
si

tiv
e 

(9
73

)
19

.4
2

=
L

ef
t L

B
 (

10
90

)
=

R
ig

ht
 L

B
 (

10
95

)
=

L
ef

t S
F 

(1
09

0)
=

R
ig

ht
 S

F 
(1

00
2)

-
10

83
8.

29
Po

si
tiv

e 
(9

09
)

19
.4

2

L
ef

t h
ip

po
ca

m
pu

s/
pa

ra
hi

pp
oc

am
pa

l g
yr

us
Po

si
tiv

e 
(9

73
)

>
 L

ef
t C

M
 (

34
)

>
R

ig
ht

 L
B

 (
33

3)

L
ef

t f
us

if
or

m
 g

yr
us

−
42

 −
56

 −
20

33
8

5.
38

N
on

e

=
L

ef
t L

B
 (

30
2)

>
R

ig
ht

 L
B

 (
12

3)
=

R
ig

ht
 L

B
 (

25
5)

=
L

ef
t S

F 
(1

95
)

=
R

ig
ht

 S
F 

(2
29

)

L
ef

t i
nf

er
io

r 
oc

ci
pi

ta
l g

yr
us

N
eg

at
iv

e 
(7

7)
4.

57

R
ig

ht
 f

us
if

or
m

 g
yr

us
40

 −
48

 −
22

18
2

5.
85

N
on

e

=
L

ef
t L

B
 (

13
9)

>
R

ig
ht

 L
B

 (
12

4)
=

R
ig

ht
 L

B
 (

14
3)

=
L

ef
t S

F 
(1

27
)

=
R

ig
ht

 S
F 

(1
57

)
-

94
8.

17
N

on
e

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 e
xt

 in
to

 p
re

ce
nt

ra
l g

yr
us

50
 2

0 
29

18
1

5.
06

Po
si

tiv
e 

(4
7)

4.
87

>
 L

ef
t C

M
 (

10
3)

>
 L

ef
t L

B
 (

12
6)

>
R

ig
ht

 L
B

 (
62

)
>

 L
ef

t S
F 

(1
60

)
>

 R
ig

ht
 S

F 
(8

5)
=

R
ig

ht
 S

F 
(6

8)

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 tr

ia
ng

ul
ar

is
)

50
 3

0 
4

15
4

5.
19

Po
si

tiv
e 

(9
7)

7.
64

>
 L

ef
t C

M
 (

12
2)

>
 L

ef
t L

B
 (

12
9)

=
R

ig
ht

 L
B

 (
73

)
>

 L
ef

t S
F 

(1
22

)
=

R
ig

ht
 S

F 
(8

8)
-

71
8.

17
Po

si
tiv

e 
(6

6)
7.

64

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 o
pe

rc
ul

ar
is

)
−

44
 2

0 
22

11
6

5.
18

N
on

e

=
R

ig
ht

 L
B

 (
71

)
>

 L
ef

t S
F 

(5
0)

=
R

ig
ht

 S
F 

(7
3)

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

50
 −

64
 2

11
0

4.
33

N
on

e

>
 L

ef
t L

B
 (

62
)

>
R

ig
ht

 L
B

 (
63

)
=

L
ef

t S
F 

(8
4)

L
ef

t L
at

er
ob

as
al

 (L
B

)

L
ef

t a
m

yg
da

la
 (

C
M

/L
B

/S
F)

−
22

 −
6 

−
20

60
41

9.
11

Po
si

tiv
e 

(4
05

5)
69

.0
3

=
L

ef
t C

M
 (

10
90

)
=

R
ig

ht
 L

B
 (

39
57

)
=

L
ef

t S
F 

(1
66

6)
=

R
ig

ht
 S

F 
(2

74
6)

-
71

07
8.

62
Po

si
tiv

e 
(2

57
0)

69
.0

3

L
ef

t h
ip

po
ca

m
pu

s/
pa

ra
hi

pp
oc

am
pa

l g
yr

us
Po

si
tiv

e 
(4

05
5)

>
 L

ef
t C

M
 (

12
93

)
>

 R
ig

ht
 C

M
 (

12
56

)
>

 R
ig

ht
 L

B
 (

16
00

)
>

 L
ef

t S
F 

(1
17

3)
>

 R
ig

ht
 S

F 
(1

57
1)

8.
39

Po
si

tiv
e 

(2
57

0)

Neuroimage. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 30

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

L
ef

t c
au

da
te

Po
si

tiv
e 

(4
05

5)
>

 R
ig

ht
 L

B
 (

32
)

Po
si

tiv
e 

(9
3)

10
.4

1

R
ig

ht
 c

au
da

te
Po

si
tiv

e 
(4

05
5)

N
on

e

R
ig

ht
 a

m
yg

da
la

 (
C

M
/L

B
/S

F)
Po

si
tiv

e 
(4

05
5)

=
L

ef
t C

M
 (

10
67

)
=

R
ig

ht
 L

B
 (

39
57

)
=

L
ef

t S
F 

(1
37

2)

R
ig

ht
 h

ip
po

ca
m

pu
s/

pa
ra

hi
pp

oc
am

pa
l g

yr
us

Po
si

tiv
e 

(4
05

5)

>
 L

ef
t C

M
 (

49
1)

=
R

ig
ht

 C
M

 (
11

74
)

=
R

ig
ht

 L
B

 (
39

57
)

>
 L

ef
t S

F 
(3

37
)

>
 R

ig
ht

 S
F 

(4
10

)
=

R
ig

ht
 S

F 
(2

74
6)

-
50

8.
16

Po
si

tiv
e 

(4
1)

5.
41

L
ef

t f
us

if
or

m
 g

yr
us

Po
si

tiv
e 

(4
05

5)

=
L

ef
t C

M
 (

69
9)

=
R

ig
ht

 C
M

 (
30

2)
>

 R
ig

ht
 L

B
 (

27
1)

=
L

ef
t S

F 
(3

13
)

=
R

ig
ht

 S
F 

(4
28

)
>

 R
ig

ht
 S

F 
(7

6)
-

24
0

8.
22

Po
si

tiv
e 

(2
22

)
8.

80

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 tr
ia

ng
ul

ar
is

)
−

44
 3

0 
8

96
2

6.
04

Po
si

tiv
e 

(4
80

)
7.

12

>
 L

ef
t C

M
 (

26
)

=
R

ig
ht

 C
M

 (
95

)
=

R
ig

ht
 L

B
 (

53
2)

>
 R

ig
ht

 L
B

 (
12

1)
>

 R
ig

ht
 S

F 
(3

1)

L
ef

t i
ns

ul
a

=
L

ef
t S

F 
(5

04
)

R
ig

ht
 f

us
if

or
m

 g
yr

us
42

 −
54

 −
20

83
2

6.
16

Po
si

tiv
e 

(1
17

)
7.

10

=
R

ig
ht

 C
M

 (
13

9)
=

R
ig

ht
 L

B
 (

44
6)

=
L

ef
t S

F 
(1

29
)

-
89

8.
20

Po
si

tiv
e 

(2
3)

5.
98

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

N
on

e
>

 R
ig

ht
 L

B
 (

50
)

=
L

ef
t S

F 
(1

31
)

-
13

6
8.

20
N

on
e

R
ig

ht
 in

fe
ri

or
 o

cc
ip

ita
l g

yr
us

N
on

e

>
 R

ig
ht

 L
B

 (
69

)
>

 L
ef

t S
F 

(7
2)

>
 R

ig
ht

 S
F 

(1
5)

-
57

8.
19

N
on

e

R
ig

ht
 in

fe
ri

or
 te

m
po

ra
l g

yr
us

>
 L

ef
t S

F 
(5

2)

R
ig

ht
 f

ro
nt

al
 m

ed
ia

l c
or

te
x,

 v
en

tr
al

2 
48

 −
16

34
7

5.
71

Po
si

tiv
e 

(7
0)

8.
12

>
 L

ef
t C

M
 (

13
2)

>
 R

ig
ht

 C
M

 (
93

)
=

R
ig

ht
 L

B
 (

17
9)

>
 L

ef
t S

F 
(5

8)
>

 R
ig

ht
 S

F 
(2

3)
-

23
7

8.
20

Po
si

tiv
e 

(6
7)

7.
87

L
ef

t f
ro

nt
al

 m
ed

ia
l c

or
te

x,
 d

or
sa

l
−

4 
56

 1
4

19
8

5.
01

Po
si

tiv
e 

(1
12

)
7.

79

>
 R

ig
ht

 L
B

 (
11

7)
>

 L
ef

t S
F 

(2
4)

>
 R

ig
ht

 S
F 

(5
6)

-
22

9
8.

19
Po

si
tiv

e 
(9

1)
7.

38

L
ef

t l
at

er
al

 o
cc

ip
ita

l g
yr

us
−

46
 −

72
 2

2
19

0
5.

92
N

eg
at

iv
e 

(1
11

)
5.

90

>
 R

ig
ht

 L
B

 (
13

6)
>

 L
ef

t S
F 

(1
48

)
>

 R
ig

ht
 S

F 
(9

8)
-

20
7

8.
20

N
eg

at
iv

e 
(9

8)
5.

79

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 tr

ia
ng

ul
ar

is
)

52
 3

2 
6

18
0

5.
02

Po
si

tiv
e 

(1
67

)
8.

05
=

R
ig

ht
 L

B
 (

11
1)

=
L

ef
t S

F 
(1

18
)

-
10

7
8.

19
Po

si
tiv

e 
(8

8)
7.

94

L
ef

t t
ha

la
m

us
−

8 
−

12
 2

14
9

4.
9

N
on

e
=

L
ef

t L
B

 (
11

3)

R
ig

ht
 m

ed
ia

l t
em

po
ra

l p
ol

e 
(4

2 
16

 −
38

)
11

9
8.

16
N

on
e

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

 (
46

 −
70

 2
2)

97
8.

17
N

on
e

L
ef

t c
er

eb
el

lu
m

 (
−

6 
−

52
 −

42
)

54
8.

15
N

on
e

R
ig

ht
 L

at
er

ob
as

al
 (L

B
)

R
ig

ht
 h

ip
po

ca
m

pu
s/

pa
ra

hi
pp

oc
am

pa
l g

yr
us

24
, −

4,
 −

20
51

29
9.

07
Po

si
tiv

e 
(3

83
2)

62
.6

9

>
 L

ef
t C

M
 (

16
18

)
>

 R
ig

ht
 C

M
 (

11
59

)
>

 L
ef

t L
B

 (
20

10
)

>
 L

ef
t S

F 
(1

50
6)

=
L

ef
t C

M
 (

11
56

)
-

66
32

8.
60

Po
si

tiv
e 

(2
77

1)
62

.6
9

Neuroimage. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 31

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

>
 R

ig
ht

 S
F 

(1
29

7)

R
ig

ht
 a

m
yg

da
la

 (
C

M
/L

B
/S

F)
Po

si
tiv

e 
(3

83
2)

=
R

ig
ht

 C
M

 (
13

22
)

=
L

ef
t L

B
 (

39
57

)
=

L
ef

t S
F 

(1
63

5)
=

R
ig

ht
 S

F 
(3

07
4)

L
ef

t a
m

yg
da

la
 (

C
M

/L
B

/S
F)

Po
si

tiv
e 

(3
83

2)

=
L

ef
t C

M
 (

12
03

)
=

R
ig

ht
 C

M
 (

10
95

)
=

 L
ef

t L
B

 (
39

57
)

=
L

ef
t S

F 
(1

51
0)

R
ig

ht
 c

au
da

te
 n

uc
le

us
Po

si
tiv

e 
(3

83
2)

=
R

ig
ht

 C
M

 (
13

22
)

L
ef

t h
ip

po
ca

m
pu

s/
pa

ra
hi

pp
oc

am
pa

l g
yr

us
Po

si
tiv

e 
(3

83
2)

>
 L

ef
t C

M
 (

32
4)

>
 L

ef
t S

F 
(3

86
)

>
 R

ig
ht

 S
F 

(7
43

)
-

15
5

8.
18

Po
si

tiv
e 

(1
06

)
7.

96

L
ef

t i
ns

ul
a

−
36

 2
2 

2
87

1
6.

82
Po

si
tiv

e 
(1

5)
6.

17

=
L

ef
t C

M
 (

16
7)

=
L

ef
t L

B
 (

53
2)

>
 L

ef
t L

B
 (

74
)

=
L

ef
t S

F 
(3

82
)

=
R

ig
ht

 S
F 

(3
05

)

L
ef

t p
re

ce
nt

ra
l g

yr
us

N
on

e
>

 L
ef

t S
F 

(1
5)

=
R

ig
ht

 S
F 

(1
55

)

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
Po

si
tiv

e 
(2

34
)

=
L

ef
t L

B
 (

53
2)

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 tr

ia
ng

ul
ar

is
)

50
 3

0 
4

70
5

5.
65

Po
si

tiv
e 

(2
18

)
7.

12

=
R

ig
ht

 C
M

 (
73

)
=

L
ef

t L
B

 (
11

1)
=

L
ef

t S
F 

(7
9)

=
R

ig
ht

 S
F 

(9
8)

-
12

3
8.

19
Po

si
tiv

e 
(1

12
)

7.
12

R
ig

ht
 f

us
if

or
m

 g
yr

us
42

 −
46

 −
22

67
5

6.
3

Po
si

tiv
e 

(2
05

)
8.

25

=
L

ef
t C

M
 (

19
6)

=
R

ig
ht

 C
M

 (
14

3)
=

L
ef

t L
B

 (
44

6)
=

L
ef

t S
F 

(1
08

)
=

R
ig

ht
 S

F 
(4

20
)

-
13

8
8.

20
Po

si
tiv

e 
(1

09
)

8.
25

R
ig

ht
 in

fe
ri

or
 te

m
po

ra
l g

yr
us

N
on

e
>

 L
ef

t S
F 

(3
7)

Po
si

tiv
e 

(1
09

)

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

N
on

e
=

L
ef

t C
M

 (
19

2)
=

L
ef

t S
F 

(9
8)

60
 −

10
 −

18
69

8.
16

Po
si

tiv
e 

(6
8)

9.
48

R
ig

ht
 in

fe
ri

or
 o

cc
ip

ita
l g

yr
us

N
on

e
>

 L
ef

t L
B

 (
11

1)

L
ef

t i
nf

er
io

r 
te

m
po

ra
l g

yr
us

−
44

 -
66

 −
6

66
9

5.
00

N
on

e

=
L

ef
t C

M
 (

46
8)

=
R

ig
ht

 C
M

 (
25

5)
=

L
ef

t L
B

 (
60

0)
>

 L
ef

t S
F 

(1
9)

L
ef

t f
us

if
or

m
 g

yr
us

Po
si

tiv
e 

(2
18

)
8.

05

=
L

ef
t S

F 
(1

89
)

=
R

ig
ht

 S
F 

(3
23

)
>

 R
ig

ht
 S

F 
(3

1)

L
ef

t i
nf

er
io

r 
oc

ci
pi

ta
l g

yr
us

N
on

e

Fr
on

ta
l m

ed
ia

l c
or

te
x,

 v
en

tr
al

0 
44

 −
18

63
9

6.
02

Po
si

tiv
e 

(5
3)

6.
33

>
R

ig
ht

 C
M

 (
29

1)
=

L
ef

t L
B

 (
17

9)
>

 L
ef

t S
F 

(9
4)

>
 R

ig
ht

 S
F 

(3
04

)
-

33
2

8.
20

Po
si

tiv
e 

(3
1)

5.
83

L
ef

t m
id

 o
rb

ita
l g

yr
us

N
on

e
>

 L
ef

t C
M

 (
23

1)
>

 L
ef

t L
B

 (
83

)

R
ig

ht
 m

id
 o

rb
ita

l g
yr

us
N

on
e

>
 L

ef
t C

M
 (

12
2)

>
 L

ef
t S

F 
(1

29
)

>
 R

ig
ht

 S
F 

(3
04

)
4 

54
 −

10
63

3.
35

N
on

e

L
ef

t s
up

er
io

r 
m

ed
ia

l g
yr

us
−

2 
20

 4
2

45
3

5.
68

N
on

e
>

 L
ef

t L
B

 (
12

6)
=

R
ig

ht
 S

F 
(8

0)
−

10
 5

4 
32

94
8.

17
Po

si
tiv

e 
(3

9)
6.

44

R
ig

ht
 p

os
te

ri
or

 m
ed

ia
l g

yr
us

>
 L

ef
t L

B
 (

41
)

>
 L

ef
t S

F 
(3

2)

Neuroimage. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 32

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

=
R

ig
ht

 S
F 

(6
0)

L
ef

t t
ha

la
m

us
−

10
 −

14
 4

33
0

5.
71

N
on

e
=

L
ef

t L
B

 (
11

3)

R
ig

ht
 th

al
am

us
Po

si
tiv

e 
(7

0)
6.

33
=

R
ig

ht
 S

F 
(1

06
)

R
ig

ht
 p

re
ce

nt
ra

l g
yr

us
 e

xt
 in

to
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

48
 8

 2
8

18
4

5.
2

N
on

e

=
R

ig
ht

 C
M

 (
10

3)
>

 L
ef

t S
F 

(3
1)

=
R

ig
ht

 S
F 

(7
9)

L
ef

t S
up

er
fi

ci
al

 (S
F)

L
ef

t a
m

yg
da

la
 (

C
M

/L
B

/S
F)

−
20

 −
4 

−
16

18
96

8.
97

Po
si

tiv
e 

(1
48

3)
66

.2
3

=
L

ef
t C

M
 (

11
99

)
=

R
ig

ht
 C

M
 (

10
90

)
=

L
ef

t L
B

 (
16

66
)

=
R

ig
ht

 L
B

 (
15

10
)

=
R

ig
ht

 S
F 

(1
37

0)
-

20
50

8.
55

Po
si

tiv
e 

(1
42

6)
66

.2
3

L
ef

t h
ip

po
ca

m
pu

s/
pa

ra
hi

pp
oc

am
pa

l g
yr

us
Po

si
tiv

e 
(1

48
3)

>
 L

ef
t C

M
 (

82
4)

>
 R

ig
ht

 C
M

 (
87

1)
>

 R
ig

ht
 L

B
 (

10
46

)
>

 R
ig

ht
 S

F 
(1

08
6)

L
ef

t c
au

da
te

Po
si

tiv
e 

(1
48

3)
=

R
ig

ht
 S

F 
(1

37
0)

L
ef

t p
ut

am
en

>
 L

ef
t L

B
 (

89
9)

R
ig

ht
 a

m
yg

da
la

 (
C

M
/L

B
/S

F)
22

 −
4 

−
16

17
97

8.
52

Po
si

tiv
e 

(1
38

7)
23

.0
5

=
L

ef
t C

M
 (

11
56

)
=

R
ig

ht
 C

M
 (

11
95

)
=

L
ef

t L
B

 (
13

72
)

=
R

ig
ht

 L
B

 (
16

35
)

=
R

ig
ht

 S
F 

(1
55

4)
-

21
08

8.
32

Po
si

tiv
e 

(1
40

0)
23

.0
5

R
ig

ht
 h

ip
po

ca
m

pu
s/

pa
ra

hi
pp

oc
am

pa
l g

yr
us

Po
si

tiv
e 

(1
38

7)

>
 L

ef
t C

M
 (

58
9)

>
 L

ef
t L

B
 (

81
9)

>
 R

ig
ht

 S
F 

(3
3)

38
 −

32
 −

14
8.

15
Po

si
tiv

e 
(2

3)
13

.0
9

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 o
pe

rc
ul

ar
is

) 
ex

t i
nt

o 
pa

rs
 tr

ia
ng

ul
ar

is
−

44
 2

6 
2

72
4

4.
98

Po
si

tiv
e 

(5
10

)
13

.1
1

>
 R

ig
ht

 C
M

 (
15

2)
>

 L
ef

t L
B

 (
43

)
>

 R
ig

ht
 L

B
 (

18
6)

>
R

ig
ht

 S
F 

(1
63

)

L
ef

t i
ns

ul
a

Po
si

tiv
e 

(2
3)

=
L

ef
t C

M
 (

18
6)

=
L

ef
t L

B
 (

50
4)

=
R

ig
ht

 L
B

 (
38

2)
=

R
ig

ht
 S

F 
(2

03
)

L
ef

t f
us

if
or

m
 g

yr
us

−
42

 −
56

 −
18

33
5

6.
40

Po
si

tiv
e 

(1
68

)
7.

30

=
L

ef
t C

M
 (

30
8)

=
R

ig
ht

 C
M

 (
19

5)
=

L
ef

t L
B

 (
31

3)
=

R
ig

ht
 L

B
 (

18
9)

=
R

ig
ht

 S
F 

(2
40

)

L
ef

t i
nf

er
io

r 
te

m
po

ra
l g

yr
us

Po
si

tiv
e 

(1
68

)
>

 R
ig

ht
 L

B
 (

35
)

-
69

8.
16

Po
si

tiv
e 

(4
4)

6.
11

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

50
 −

64
 0

20
3

5.
23

N
on

e

=
L

ef
t C

M
 (

11
1)

=
R

ig
ht

 C
M

 (
84

)
=

L
ef

t L
B

 (
13

1)
=

R
ig

ht
 L

B
 (

98
)

=
R

ig
ht

 S
F 

(5
3)

−
52

 −
64

 0
68

8.
17

N
on

e

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 o

rb
ita

lis
)

48
 2

4 
−

12
18

7
4.

31
N

on
e

>
 R

ig
ht

 C
M

 (
13

2)
>

 L
ef

t L
B

 (
14

2)
>

 R
ig

ht
 L

B
 (

40
)

R
ig

ht
 te

m
po

ra
l p

ol
e

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 tr

ia
ng

ul
ar

is
)

54
 3

2 
6

16
7

4.
68

Po
si

tiv
e 

(1
16

)
8.

57

=
L

ef
t C

M
 (

10
2)

=
L

ef
t L

B
 (

11
8)

=
R

ig
ht

 L
B

 (
79

)
-

75
8.

17
Po

si
tiv

e 
(6

0)
8.

3

R
ig

ht
 f

us
if

or
m

 g
yr

us
40

 −
50

 −
22

15
2

5.
95

Po
si

tiv
e 

(6
5)

5.
43

=
L

ef
t C

M
 (

15
2)

=
R

ig
ht

 C
M

 (
12

7)
=

L
ef

t L
B

 (
12

9)
=

R
ig

ht
 L

B
 (

10
8)

=
R

ig
ht

 S
F 

(1
43

)

Neuroimage. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 33

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

L
ef

t s
up

er
io

r 
m

ed
ia

l g
yr

us
 (

−
2 

62
 2

2)
19

8
8.

16
Po

si
tiv

e 
(2

7)
11

.9
4

L
ef

t s
up

er
io

r 
fr

on
ta

l g
yr

us
 (

−
12

 4
2 

52
)

56
8.

15
Po

si
tiv

e 
(2

5)
9.

56

L
ef

t s
up

er
io

r 
fr

on
ta

l g
yr

us
 (

−
14

 5
6 

32
)

52
8.

15
Po

si
tiv

e 
(2

9)
10

.2
1

R
ig

ht
 S

up
er

fi
ci

al
 (S

F)

R
ig

ht
 a

m
yg

da
la

 (
C

M
/L

B
/S

F)
20

 −
4 

−
16

50
61

8.
84

Po
si

tiv
e 

(3
50

5)
86

.2
7

=
L

ef
t C

M
 (

11
12

)
=

R
ig

ht
 C

M
 (

12
07

)
=

R
ig

ht
 L

B
 (

30
74

)
=

L
ef

t S
F 

(1
55

4)
-

37
03

8.
48

Po
si

tiv
e 

(2
58

0)
86

.2
7

L
ef

t a
m

yg
da

la
 (

C
M

/L
B

/S
F)

Po
si

tiv
e 

(3
50

5)

=
L

ef
t C

M
 (

10
37

)
=

L
ef

t S
F 

(1
37

0)
=

R
ig

ht
 C

M
 (

10
02

)
8.

33
Po

si
tiv

e 
(2

58
0)

L
ef

t h
ip

po
ca

m
pu

s/
pa

ra
hi

pp
oc

am
pa

l g
yr

us
Po

si
tiv

e 
(3

50
5)

>
 L

ef
t C

M
 (

10
9)

>
 R

ig
ht

 C
M

 (
40

)
>

 L
ef

t L
B

 (
29

)
8.

18
Po

si
tiv

e 
(2

58
0)

R
ig

ht
 c

au
da

te
Po

si
tiv

e 
(3

50
5)

>
 L

ef
t S

F 
(3

31
)

L
ef

t p
ut

am
en

 e
xt

 in
to

 n
uc

le
us

 a
cc

um
be

ns
Po

si
tiv

e 
(3

50
5)

>
 R

ig
ht

 C
M

 (
14

5)
>

 L
ef

t L
B

 (
10

64
)

>
 R

ig
ht

 L
B

 (
23

82
)

>
 L

ef
t S

F 
(1

18
3)

8.
18

Po
si

tiv
e 

(2
58

0)

R
ig

ht
 h

ip
po

ca
m

pu
s/

pa
ra

hi
pp

oc
am

pa
l g

yr
us

Po
si

tiv
e 

(3
50

5)

>
 L

ef
t C

M
 (

10
74

)
>

 R
ig

ht
 C

M
 (

66
1)

=
R

ig
ht

 L
B

 (
30

74
)

8.
18

Po
si

tiv
e 

(2
58

0)

L
ef

t t
ha

la
m

us
Po

si
tiv

e 
(3

50
5)

>
 L

ef
t S

F 
(3

31
)

R
ig

ht
 th

al
am

us
Po

si
tiv

e 
(3

50
5)

>
 L

ef
t C

M
 (

57
)

>
 L

ef
t L

B
 (

16
02

)
=

R
ig

ht
 L

B
 (

10
6)

L
ef

t i
ns

ul
a

Po
si

tiv
e 

(5
6)

=
L

ef
t C

M
 (

16
7)

=
R

ig
ht

 L
B

 (
30

5)
>

 R
ig

ht
 L

B
 (

65
)

=
L

ef
t S

F 
(2

03
)

>
 L

ef
t S

F 
(1

46
)

R
ig

ht
 f

us
if

or
m

 g
yr

us
40

 −
50

 −
22

54
1

6.
74

Po
si

tiv
e 

(8
1)

7.
23

=
L

ef
t C

M
 (

25
3)

=
R

ig
ht

 C
M

 (
15

7)
=

R
ig

ht
 L

B
 (

42
0)

>
 R

ig
ht

 L
B

 (
11

0)
=

L
ef

t S
F 

(1
43

)
-

11
5

8.
19

Po
si

tiv
e 

(4
3)

7.
19

R
ig

ht
 in

fe
ri

or
 o

cc
ip

ita
l c

or
te

x
N

on
e

>
 L

ef
t L

B
 (

72
)

R
ig

ht
 m

id
dl

e 
te

m
po

ra
l g

yr
us

N
on

e
=

L
ef

t C
M

 (
12

2)
>

 L
ef

t S
F 

(1
32

)

L
ef

t f
us

if
or

m
 g

yr
us

−
40

 −
58

 −
16

46
7

5.
87

N
on

e

=
L

ef
t C

M
 (

39
1)

=
R

ig
ht

 C
M

 (
22

9)
=

L
ef

t L
B

 (
42

8)
=

R
ig

ht
 L

B
 (

32
3)

=
L

ef
t S

F 
(2

40
)

L
ef

t I
nf

er
io

r 
oc

ci
pi

ta
l g

yr
us

N
on

e
=

L
ef

t L
B

 (
42

8)

R
ig

ht
 in

su
la

 e
xt

 in
to

 I
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 o
pe

rc
ul

ar
is

)
36

 2
0 

−
8

27
7

4.
64

Po
si

tiv
e 

(9
1)

6.
16

>
 R

ig
ht

 C
M

 (
80

)
>

 L
ef

t L
B

 (
70

)
=

R
ig

ht
 L

B
 (

23
9)

>
 R

ig
ht

 L
B

 (
46

)
>

 L
ef

t S
F 

(4
6)

L
ef

t i
nf

er
io

r 
fr

on
ta

l g
yr

us
 (

pa
rs

 o
pe

rc
ul

ar
is

)
−

44
 1

8 
24

24
0

5.
74

N
on

e

>
 L

ef
t C

M
 (

23
)

=
L

ef
t C

M
 (

76
)

=
R

ig
ht

 C
M

 (
73

)
>

 L
ef

t L
B

 (
41

)
=

R
ig

ht
 L

B
 (

15
5)

>
 R

ig
ht

 L
B

 (
85

)
>

 L
ef

t S
F 

(6
6)

Neuroimage. Author manuscript; available in PMC 2018 March 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Kerestes et al. Page 34

A
m

yg
da

la
 s

ub
-r

eg
io

n
P

ea
k 

vo
xe

l (
x,

 y
, z

)
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
-f

m
ri

 c
or

re
la

ti
on

T-
st

at
is

ti
c

M
A

C
M

 c
on

tr
as

t

SC
A

L
E

P
ea

k 
vo

xe
l (

x,
y,

z)
 if

 d
if

fe
re

nt
Si

ze
 (

vo
xe

ls
)

z-
sc

or
e

rs
fm

ri
 c

or
re

la
ti

on
T-

st
at

is
ti

c

>
 L

ef
t S

F 
(2

7)

R
ig

ht
 s

up
er

io
r 

fr
on

ta
l g

yr
us

2 
10

 5
4

23
6

4.
65

Po
si

tiv
e 

(1
5)

5.
69

>
 L

ef
t L

B
 (

12
7)

=
R

ig
ht

 L
B

 (
60

)
>

 R
ig

ht
 L

B
 (

35
)

>
 L

ef
t S

F 
(1

28
)

L
ef

t s
up

er
io

r 
fr

on
ta

l g
yr

us
=

R
ig

ht
 L

B
 (

80
)

R
ig

ht
 in

fe
ri

or
 f

ro
nt

al
 g

yr
us

 (
pa

rs
 tr

ia
ng

ul
ar

is
)

50
 3

0 
4

11
9

5.
63

Po
si

tiv
e 

(1
19

)
10

.3
5

>
 L

ef
t C

M
 (

43
)

=
R

ig
ht

 C
M

 (
88

)
>

 L
ef

t L
B

 (
53

)
=

R
ig

ht
 L

B
 (

98
)

>
 L

ef
t S

F 
(3

3)
-

71
8.

18
Po

si
tiv

e 
(7

1)
10

.3
5

R
ig

ht
 p

re
ce

nt
ra

l g
yr

us
46

 8
 3

0
11

0
4.

64
Po

si
tiv

e 
(3

9)
6.

81

=
R

ig
ht

 C
M

 (
68

)
>

 L
ef

t L
B

 (
41

)
=

R
ig

ht
 L

B
 (

79
)

>
 L

ef
t S

F 
(6

9)

Neuroimage. Author manuscript; available in PMC 2018 March 01.


	Abstract
	Introduction
	Methods
	Volumes of interest (VOI)
	Data sources
	BrainMap database
	Rockland sample

	Functional connectivity analyses
	Meta-analytic connectivity mapping (MACM)
	Specific co-activation likelihood estimation (SCALE)
	Resting state functional connectivity
	Comparisons between rs-fmri, MACM and SCALE

	Network analysis

	Results
	MACM and SCALE co-activations
	Conjunction Analysis
	Additional MACM Analyses
	Resting state functional connectivity of the amygdala
	Comparisons between MACM, SCALE and rs-fmri
	Network Analysis

	Discussion
	Subregion differences in amygdala connectivity: Replication of previous
findings and comparisons with other studies
	Amygdala-Right VLPFC connectivity
	Amygdala connectivity with large-scale neural networks

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Table 1

