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Abstract

Psychophysical and neurobiological evidence suggests that central and peripheral vision are 

specialized for different functions. This specialization of function might be expected to lead to 

differences in the large-scale functional interactions of early cortical areas that represent central 

and peripheral visual space. Here, we characterize differences in whole-brain functional 

connectivity among sectors in primary visual cortex (V1) corresponding to central, near-

peripheral, and far-peripheral vision during resting fixation. Importantly, our analyses reveal that 

eccentricity sectors in V1 have different functional connectivity with non-visual areas associated 

with large-scale brain networks. Regions associated with the fronto-parietal control network are 

most strongly connected with central sectors of V1, regions associated with the cingulo-opercular 

control network are most strongly connected with near-peripheral sectors of V1, and regions 

associated with the default mode and auditory networks are most strongly connected with far-

peripheral sectors of V1. Additional analyses suggest that similar patterns are present during eyes-

closed rest. These results suggest that different types of visual information may be prioritized by 

large-scale brain networks with distinct functional profiles, and provide insights into how the 

small-scale functional specialization within early visual regions such as V1 relates to the large-

scale organization of functionally distinct whole-brain networks.
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Introduction

In humans, primary visual cortex (Brodmann area 17; V1) contains representations of 

different visual eccentricities that gradually progress from central representations to far-

peripheral representations from posterior to anterior portions of the calcarine sulcus (Inouye 

1909; Fox et al., 1987; Engel et al., 1997). Central and peripheral vision, as well as their 

corresponding cortical representations in early visual areas like V1, V2, V3 and hV4, differ 

in many ways. Some of these differences arise simply from differences in retinal anatomy 

and physiology. For example, the central retina has a higher density of sensory receptors and 

ganglion cells than other portions of the retina, and therefore central vision has higher spatial 

acuity than peripheral vision (Wandell 1995; Anstis 1998). Central vision also depends on 

inputs from cones that respond to bright light only, whereas peripheral vision depends on 

inputs from rods that respond to bright and dim light (Aguilar and Stiles, 1954).

Following this low level distinction, central sectors of V1 respond only under bright viewing 

conditions, whereas peripheral sectors of V1 respond to a broader range of light levels 

(Hadjikhani and Tootell 2000). Importantly, some hierarchically higher visual areas such as 

V8 and MT+ show similar light-level dependent responses to stimuli, suggesting that retinal 

distinctions in cone and rod-mediated visual information remain embedded throughout the 

visual processing hierarchy (Hadjikhani and Tootell 2000). Biases for processing detailed 

visual objects (e.g. faces, words, and letters) in central vision, as well as biases for 

processing more integrated visual objects such as buildings in peripheral vision (Levy et al. 

2001; Hasson et al. 2002), further suggest that such early distinctions may have led to 

specializations for processing different types of information in central vs. peripheral vision.

Higher-order cognitive processes such as attention show similar retinotopic distinctions. For 

example, attention to the receptive fields of central V1 neurons decreases spatial summation, 

whereas attention to the receptive fields of peripheral V1 neurons increases spatial 

summation (Roberts et al., 2007). This suggests that while attention may enhance the fine-

grained analysis of detailed visual features in central vision, it may facilitate more integrated 

and/or holistic processing in the periphery. Evidence that attention to local features enhances 

activity in central portions of early visual areas (e.g. Sasaki et al., 2002) suggests that these 

effects are preserved at later stages of visual processing. This central-peripheral difference in 

attentional effects is corroborated by the observation that central visual attention enhances 

activity throughout the ventral visual processing stream, whereas peripheral visual attention 

enhances activity throughout the dorsal visual processing stream (Bressler et al., 2013). 

Central visual biases have also been documented for cognitive operations such as visual 

working memory (Yoo and Chong, 2012), spatial prioritization (Linnell and Humphreys, 

2004), and distractor inhibition (Chen and Treismann, 2008). Conversely, peripheral visual 

biases have been documented for cognitive operations such as cross-modal processing 

(Eckert et al., 2008; Cate et al., 2009; Gleiss and Kayser, 2013; Griffis et al., 2015a) and 

threat detection (Bayle et al., 2009; Gomez et al., 2011). Thus, basic differences between 

central and peripheral vision (and their cortical representations) appear to be reflected in 

higher cognitive operations.
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On the basis of these effects, one might expect that central and peripheral representations in 

early visual areas (such as V1) would interact differently with large-scale brain networks 

involved in the control of attention and other higher-order cognitive functions. Recent 

studies using functional connectivity, a measurement of correlated fluctuations in 

hemodynamic or neural activity, have carefully described networks of functionally 

connected brain regions that play distinct roles in cognitive control (Fox et al. 2005; 

Dosenbach et al. 2006, 2007). The fronto-parietal network includes regions such as the 

inferior parietal lobule (IPL), frontal eye fields (FEF), and dorsolateral prefrontal cortex 

(dlPFC), and is involved in moment-to-moment adaptations of attentional control 

(Dosenbach et al. 2008; Vincent et al. 2008; Ptak 2012; Hellyer et al. 2014). The cingulo-

opercular (or salience) network includes regions such as the anterior insula and dorsal 

anterior cingulate cortex (dACC), and is thought to be involved in tonic aspects of cognitive 

control such as maintaining task goals over time (Dosenbach et al. 2008; Dubis et al. 2014). 

The task-negative (or default mode) network includes regions such as the ventro-medial 

prefrontal cortex (vmPFC) and posterior cingulate cortex (PCC). Activity in this network is 

often suppressed during the performance of difficult tasks, and it may be involved in 

functions such as regulating emotional responses and monitoring external and internal 

environments when attention is not being actively directed towards a specific goal (Raichle 

et al. 2001; Dosenbach et al., 2007). Regions that form the foundations of these networks 

also interact with regions that are primarily associated with other networks, including early 

visual areas, to accomplish task goals (Ruff et al. 2006; Dosenbach et al. 2007; Spreng et al. 

2010; Simpson et al. 2011; Ebisch et al. 2013; Pooresmaeili et al. 2014; Griffis et al. 2015a).

Studies using functional connectivity to investigate the functional architecture of the early 

visual system indicate that functional connectivity within (Buckner and Yeo 2013) and 

among (Heinzle et al. 2011; Raemaekers et al. 2014; Arcaro et al. 2015; Genç et al. 2015; 

Striem-Amit et al. 2015) early visual areas follows retinotopic boundaries. Indeed, 

retinotopic patterns of functional connectivity in the early visual system have been 

documented in the absence of visual input (Heinzle et al. 2011; Raemaekers et al. 2014; 

Arcaro et al. 2015), during periods of fixation on static stimuli (Arcaro et al. 2015; Genç et 

al. 2015), during active visual stimulation (Arcaro et al. 2015; Genç et al. 2015), and even in 

congenitally blind individuals (Striem-Amit et al. 2015), indicating that ongoing signaling 

among hierarchical visual areas is strongly influenced by the topographic organization of 

early visual areas. However, it is unclear how the retinotopic organization of early visual 

areas influences their interactions with areas outside of the visual system.

The aim of the current study was to assess whether there are retinotopic effects on the 

functional connections between early visual cortex and areas outside of the visual system. 

Our rationale was that by characterizing differences in how regions that are specialized for 

different aspects of early visual processing (i.e. central vs. peripheral vision) interact with 

regions associated with other functional brain networks, we might better understand the 

types of information that are processed/prioritized by these networks. Ultimately, this may 

allow for a better understanding of the specific roles these networks play in cognition. Thus, 

in this study, we used BOLD fMRI data that were acquired during periods of resting fixation 

to examine whether portions of V1 that have distinct functions (i.e. represent different visual 
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eccentricities) differ in their functional connectivity with the rest of the brain during alert, 

eyes-open rest when no task is being performed and visual stimulation is fixed.

Methods

Participants

All participants were recruited through campus-wide advertisements. All protocols adhered 

to ethical standards as set and reviewed by the IRB at the University of Alabama at 

Birmingham. All participants provided a written consent prior to admission to the study. The 

dataset analyzed for this study consisted of fMRI data collected from periods of eyes-open 

resting fixation that were interleaved between blocks of visual and auditory attention tasks 

(Fair et al. 2007). This dataset allowed for the analysis of functional connectivity during 

eyes-open resting fixation, thus ensuring constant and controlled visual inputs while also 

acting as a constraint on cognitive state. Data used for the primary analyses were collected 

from twenty healthy right-handed participants (8 males, 12 females; mean age = 26). Data 

used for a supplemental analysis (Supplementary Material) on data from eyes closed rest 

were collected from 13 healthy right-handed participants (6 males, 7 females; mean age = 

23). All participants had normal hearing and normal or corrected-to-normal vision.

MRI Data Acquisition

All BOLD fMRI data were collected in a 3T Siemens Allegra fMRI scanner. For all 

participants, whole-brain BOLD-weighted images were obtained with a TR of 2s, TE of 30 

ms, and a voxel size of 3.75×3.75.×4 mm3. An anatomical MPRAGE scan of each 

participant's brain was acquired at the beginning of each session, producing an image with a 

voxel size of 1.0×1.0×1.1mm3. Fixation period data were obtained from rest block periods 

that were interleaved with visual and auditory attention task blocks in a mixed blocked/

event-related design (Visscher et al. 2003; Petersen and Dubis 2011). Scan sessions 

consisted of eight runs. Each run included 5 task blocks and 6 rest blocks. Task blocks lasted 

70s each. Rest blocks occurred at the beginning of each scan and following each task block, 

and lasted 24s each.

Task and stimulus details have been described in detail elsewhere (Elkhetali et al. 2015; 

Griffis et al. 2015b), and will only be briefly described here, as current analyses focus on the 

rest periods only. Task blocks consisted of unimodal and bimodal visual and auditory 

attention tasks. Visual stimuli consisted of centrally presented gray-scale horizontal gratings 

that varied sinusoidally in luminance over space (Gabor patches). Auditory stimuli consisted 

of tones that varied sinusoidally over time and in tone (ripple sounds) that were presented 

binaurally. During the rest blocks, participants fixated on a centrally located fixation cross.

To account for task effects, a general linear model (GLM) was applied to the data (Friston et 

al. 1995). Task block onsets and offsets were modeled using FIR regressors corresponding to 

14s (7 TRs) at the onset and offset of each block. Individual trials were modeled using FIR 

regressors corresponding to 24 s (12 TRs). Sustained block effects were modeled with a 

single boxcar regressor that started immediately after the task onset regressor and that ended 

at the end of the block. The data used in the functional connectivity analyses were obtained 
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following the removal of task effects from the BOLD time-series using a General Linear 

Model (GLM) (Fair et al. 2007), and are described more fully in the below sections. 

Participants’ eyes were monitored throughout each scan using an Eyelink 1000 fMRI eye 

tracking system (SR Research Ontario, Canada). Eye position was calibrated at the 

beginning of each scan, and was monitored throughout the course of the scan to ensure 

compliance with instructions.

General fMRI Preprocessing

All BOLD fMRI data were preprocessed using MATLAB scripts implementing functions 

provided in SPM8 (Statistical Parametric Mapping, The Wellcome Department of Imaging 

Neuroscience, University College London). The images were slice-time corrected, realigned 

and re-sliced, normalized to an EPI template using an affine transformation, re-sampled to 

2mm isotropic resolution, and then smoothed using a 5mm Gaussian kernel. Motion-

correction was applied using MATLAB scripts to minimize artifacts caused by movement: 

images in which a participant moved more than 0.5mm in one TR (2 s) were replaced with 

an interpolated image from adjacent images. Runs were excluded if mean movement across 

the run was greater than 3mm in any direction.

The residual BOLD time-courses from the rest blocks were extracted after fitting the GLM 

to avoid the introduction of task-related effects into the functional connectivity analyses 

(Fair et al. 2007). Along with the preprocessing steps already described, additional 

preprocessing steps were performed on the residual BOLD data to reduce spurious variance 

not associated with neural activity. These steps were implemented using MATLAB scripts to 

perform temporal band pass filtering (0.009 < f < 0.08 Hz), regression of motion parameters 

obtained during motion-artifact correction, rejection of volumes containing greater than 

0.5mm of motion per TR, and the regression of principal components of white matter and 

CSF signals. MATLAB scripts were also used to implement a motion-scrubbing algorithm 

developed by Power and colleagues (Power et al. 2012) according to recommendations for 

optimal motion scrubbing (Carp 2013) in order to control for additional potential movement-

related confounds. Following these steps, the data acquired during the rest blocks were 

extracted and concatenated into a single 4D volume. After these steps, participants had at 

least 11.2 minutes of rest block data, with an average of 16.47 minutes and a standard 

deviation of 2.20 minutes. It is worth noting that one of the original studies to define several 

of the intrinsic connectivity networks described in the introduction (i.e. cingulo-opercular, 

fronto-parietal, and task-negative networks) used a similar design to the current study (rest 

period concatenation), and so the use of this approach in the current study is consistent with 

the prior literature. In the Dosenbach et al. study, for 64 of 74 participants concatenated 

periods of resting fixation were taken from different interleaved task designs and were pre-

processed using similar spatial smoothing (6mm FWHM) to the current study (5mm 

FWHM) (Dosenbach et al. 2007).

V1 Eccentricity Sector Definitions

A total of 9 V1 eccentricity sector segments were hand drawn along the calcarine sulcus 

within the boundary of the Freesurfer fsaverage V1 label file as described in our previous 

publications (Griffis et al. 2015a; Burge et al. 2016), and the full segmentations are shown in 
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detail in Supplementary Figure 1. Each of the segmentations were constrained to a width of 

approximately 10mm as calculated with the plot_curv function in the Freesurfer tool 

tksurfer. Segmentations were created accordingly for both the left and right hemisphere and 

then transformed from the fsaverage space to each subject's Freesurfer anatomical space, 

giving subject-specific segmentations that are customized to fit each subject's calcarine 

sulcus. To avoid the potential for edge-of-brain artifacts at the occipital pole and to reduce 

the potential for signal contamination from regions adjacent to the anterior calcarine sulcus 

such as the posterior cingulate, the most posterior (1st) and most anterior (9th) segments 

were not included in further analyses. This resulted in seven seed regions that each spanned 

~10mm anterior-posterior (Figure 1A) as described in our previous publication (Griffis et al. 

2015a). The subject-specific labels were then transformed to the subject's 3-D space, and 

then finally transformed to MNI atlas space (Figure 1B). Homologous eccentricity sectors in 

the left and right hemispheres were combined to create a single V1 ROI for each eccentricity 

sector that spanned both hemispheres. This choice was motivated by evidence for strong 

inter-hemispheric correlations between homotopic visual areas (Arcaro et al. 2009; Heinzle 

et al. 2011; Raemaekers et al. 2014; Genç et al. 2015), and because we did not have any 

hypothesis regarding hemispheric contributions to the effect of eccentricity on the functional 

connectivity of V1.

To facilitate interpretation, the average eccentricity of each segment was estimated from the 

probabilistic retinotopy template developed by Benson and colleagues (Benson et al. 2012). 

Mean eccentricity estimates for each sector were 1.3°, 2.2°, 4.1°, 7.3°, 14.1°, 25.5°, and 

40.0° degrees visual angle (Figure 1). It is worth noting that although these eccentricity 

estimates are based on a probabilistic template, previously published validation of the 

template against real retinotopy suggests that the template provides similar accuracy to 

10-25 minutes of functional retinotopic mapping (Benson et al. 2012), and this is consistent 

with previous studies showing that the cortical anatomy is a reliable predictor of the location 

and retinotopic organization of V1 (Hinds et al. 2008, 2009). However, our main 

interpretations do not depend on these eccentricity values and rest only on the well accepted 

idea that there is a retinotopic map in V1 where more polar portions represent more central 

visual space.

While retinotopic localizers were performed during the first scan session as described in our 

previous publications (Elkhetali et al. 2015; Griffis et al. 2015b), they were not used to 

define the primary V1 regions of interest in the current study for several reasons. Primarily, 

the retinotopic localizers obtained for these participants only mapped to approximately 8° 

visual angle, whereas using the Freesurfer anatomical template enables the inclusion of the 

entirety of V1. Secondly, the use of the Freesurfer segmentation coupled with the retinotopic 

template allows for greater generalizability as it can be employed consistently across studies 

even when retinotopy is not acquired. Lastly, the inferences drawn from our analyses do not 

require the precise estimation of eccentricity values, as our inferences could equally be 

applied to specific anatomical sectors of V1 (e.g. the sector of the V1 label spanning the 

cortex ~10mm-20mm anterior to the posterior-most vertex) rather than to the corresponding 

eccentricity sectors (e.g. the sector of the V1 label with an estimated eccentricity of 1.3° 

visual angle according to the probabilistic template) without loss of generalizability. 

Nonetheless, because retinotopic mapping was performed on these participants, 
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supplemental analyses were performed using retinotopically defined calcarine sulcus regions 

of interest that were described in our previous publication (Griffis et al. 2015b) in order to 

provide a more complete characterization of the data and to demonstrate that our results do 

not differ substantially when alternate ROI definitions are employed.

Functional Connectivity Analyses

Subject-level correlation maps were obtained for each eccentricity sector by computing the 

Pearson's (linear) correlation between the mean BOLD time series extracted from each 

eccentricity sector seed region and the BOLD time series extracted from each voxel in the 

brain. The resulting correlation coefficient maps were converted to z-score maps using 

Fischer's r-to-z transform. In order to test the general hypothesis that mean levels of 

functional connectivity vary according to eccentricity sector, these subject-level correlation 

maps were entered into a one-way repeated measures analysis of variance (ANOVA) with a 

factor of eccentricity (7 levels; 1 for each eccentricity sector). The resulting F-contrast was 

intensity thresholded at a voxel-level p<0.001 (uncorrected) and cluster-thresholded at 

p<0.05 to correct for multiple comparisons across voxels using Gaussian random field 

theory correction as implemented in SPM8 (kcrit = 47 contiguous voxels to achieve FWE-

correction at p<0.05 for the whole brain).

In order to create descriptive graphs illustrating the effects of eccentricity for each of the 

surviving clusters (i.e. Figure 2B), a maximum of 3 ROIs (per surviving cluster) were 

defined as 5mm radius spheres centered on peak co-ordinates within each surviving cluster 

that were at least 30mm apart (some clusters had less than 3 ROIs because they did not 

contain 3 peaks with at least 30mm distance between them). Note that these criteria were 

used because they are the default criteria for reporting cluster peaks in the bspmview toolbox 

used for visualization (http://www.bobspunt.com/bspmview/). The resulting ROIs were 

masked using the thresholded F statistic image, and the mean connectivity values between 

each ROI and each V1 eccentricity sector were extracted from the subject-level correlation 

maps using the marsbar toolbox for SPM (www.marsbar.sourceforge.net). These values were 

used to create group-level descriptive plots illustrating the main effect of eccentricity on 

mean functional connectivity between V1 and the peaks of significant clusters identified by 

the ANOVA that are provided to show how connectivity with each region varies as a 

function of eccentricity sector.

Follow-up tests were performed using dependent samples t-contrasts to compare whole-

brain functional connectivity profiles between all pairs of eccentricity sectors. Bonferroni 

correction at the cluster level was used to correct for multiple comparisons across all 

contrasts. Each t-statistic image was intensity thresholded at p<0.001 (uncorrected) and 

cluster-thresholded at p<0.001 (kcrit = 91 contiguous voxels, FWE-corrected for the whole 

brain to control the FWEr at 0.05, adjusted by Bonferroni correction for all 21 two-tailed t-

contrasts). Because changes in functional connectivity were found to be consistently graded, 

with the most pronounced effects occurring at the estimated 1.3°, 7.3°, and 40.0° 

eccentricity sectors, as well as to enable more straight-forward reporting of the results, 

follow-up test results reported in the text were restricted to the comparisons among these 

sectors. Follow-up test results for the other eccentricity sectors are provided in 
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Supplementary Figures 2-7. All overlay images were created using the bspmview toolbox 

for SPM (http://www.bobspunt.com/bspmview/).

Results

The whole-brain repeated measures ANOVA revealed significant effects of eccentricity on 

functional connectivity between V1 and clusters that spanned a diverse set of brain regions, 

as shown in Figure 2. Importantly, the effects of eccentricity on the functional connectivity 

of V1 were found to extend well beyond the early visual system. The plots of mean 

functional connectivity strengths between each V1 eccentricity sector and each cluster peak 

ROI illustrate several distinct eccentricity-dependent patterns of functional connectivity 

exhibited by V1 (Figure 2B). Remarkably, a nearly linear decrease in functional connectivity 

strength from the 1.3° eccentricity sector to the 40.0° eccentricity sectors was observed 

between V1 and a set of clusters with peaks in bilateral IPL, bilateral lateral orbitofrontal 

gyri, the left posterior inferior temporal gyrus, and the right dorsal middle frontal gyrus 

(Figure 2B). Clusters with peaks in the right insula, right dACC, and left temporal pole 

showed increasing functional connectivity from the 1.3° eccentricity sector to the 7.3° 

eccentricity sector that decreased again in more far-peripheral sectors (Figure 2B). Clusters 

with peaks in the left superior temporal gyrus and bilateral supramarginal gyri showed 

nearly linear increases in functional connectivity from the 1.3° eccentricity sector to the 

40.0° eccentricity sector (Figure 2B). Clusters with peaks in the right middle temporal gyrus, 

left middle occipital gyrus, left medial orbitofrontal gyrus, and left superior frontal gyrus 

showed little effect of eccentricity on functional connectivity between the 1.3° to 7.3° 

eccentricity sectors, but sharply increased in the 14.0° and more far-peripheral eccentricity 

sectors (Figure 2B). These results support our hypothesis that the functional interactions of 

V1 and brain regions not associated with the early visual system depend on eccentricity, 

even when no task is being performed and visual inputs are constant.

To follow up on the repeated measures ANOVA, we compared the patterns of whole-brain 

functional connectivity between each pair of eccentricity sectors. As mentioned in the 

Methods section, only results for comparisons between the 1.3°, 7.3°, and 40.0° eccentricity 

sectors are reported here. Results from the comparisons of whole-brain functional 

connectivity between the 1.3°, 7.3°, and 40.0° eccentricity sectors are shown in Figure 3 

along with the whole-brain functional connectivity patterns observed for each sector, and the 

results from the other comparisons can be found in Supplementary Figures 2-7. Cluster peak 

locations and statistics are presented in Supplementary Tables 1-3 for each of the reported 

comparisons. The results of identical supplemental analyses using ROIs defined on 

functional retinotopy showed remarkably similar effects, although comparisons to the far-

periphery were not possible due to the limits of our retinotopic localizer (Supplemental 

Figure 8). Finally, additional supplemental analyses of data obtained from an independent 

sample of participants who were scanned during 10 minutes of eyes-closed rest suggest that, 

while much less robust, traces of many of the differences observed in the fixation data are 

also apparent during eyes-closed rest (Supplementary Figure 9). It is worth noting that some 

discrepancies between eyes-open fixation and eyes-closed rest are expected based on 

previously documented differences in the spontaneous activity and functional connectivity of 

visual cortex and other brain areas between eyes-open and eyes-closed resting states 
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(Bianciardi et al., 2009; Jao et al., 2013; McAvoy et al., 2012; Nir et al., 2006; Zou et al., 

2009).

Discussion

The functional connections of a given brain region describe how it shares information with 

the rest of the brain. Thus, regional patterns of connectivity are intricately tied to regional 

function (Felleman and Van Essen 1991). The findings reported here show that in V1, 

functional zones that represent different visual eccentricities show distinct functional 

connectivity patterns with regions not classically considered to be “visual” areas, including 

regions that are implicated in different aspects of higher-order cognitive control processes. 

Our results are relevant to the understanding of the neurobiological bases for differences in 

the function of central and peripheral vision, and provide important insights into how the 

functional specializations within regions of the brain involved in low-level information 

processing relate to the functional specializations of large-scale networks.

Our approach compared functional connections among anatomically defined sectors within 

V1. Functional connectivity, while distinct from structural connectivity, provides insight into 

how information is shared among brain regions and has played important roles in elucidating 

the organization of large-scale brain networks (Bartels and Zeki 2005; Power et al. 2011; 

Yeo et al. 2011; Park and Friston 2013) and in delineating distinct functional zones within 

brain regions (Johansen-Berg et al. 2004; O'Reilly et al. 2010; Uddin et al. 2010; Deen et al. 

2011; Dobromyslin et al. 2012; Mars et al. 2012; Buckner and Yeo 2013). Analyses of sub-

areal differences in functional connectivity profiles have been used to investigate functional 

sub-divisions of diverse cortical regions such as the insula (Deen et al. 2011), anterior 

cingulate cortex (Margulies et al. 2007), and inferior parietal cortex (Vincent et al. 2008; 

Uddin et al. 2010). As noted in the introduction, several recent studies have found 

eccentricity-dependent patterns of functional connectivity among early visual areas under 

various stimulus and rest conditions (Buckner and Yeo 2013;Heinzle et al. 2011; 

Raemaekers et al. 2014; Arcaro et al. 2015; Genç et al. 2015), as well as in the congenitally 

blind (Striem-Amit et al. 2015). A previous study by Yeo and colleagues (2011) reported 

relatively clean delineations of central and peripheral V1 during eyes-open fixation using a 

17-network parcellation scheme. In subsequent region of interest analyses, Yeo and 

colleagues (2011) also found that peripheral V1 showed stronger connectivity than central 

V1 to the dorsal posterior middle temporal/occipital cortex, which our analyses corroborate 

(Figure 2;Figure 3). In addition to corroborating the findings of Yeo and colleagues, our 

findings add to the literature by demonstrating that central and peripheral V1 differ in 

functional connectivity to a diverse set of brain regions. Specifically, our results show that 

regions associated with previously documented control networks show distinct eccentricity-

dependent patterns of functional connectivity with V1 during alert, resting fixation (Figure 

4). The implications of these findings and future directions are discussed below.

Regions with preferential connectivity to central V1

From a network-level perspective, many of the regions that showed preferential functional 

connectivity to central sectors in V1 (warm colors in Figure 3B, top row; Figure 4A, left 
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column) correspond to elements of a “task-positive” system that is comprised of several 

overlapping sub-systems (Serences et al. 2005; Dosenbach et al. 2006, 2007; Fair et al. 

2007; Vincent et al. 2008; Mantini et al. 2009) that are involved in the control of different 

aspects of externally-oriented attention and goal-directed behavior. Specifically, central 

sectors were most tightly coupled to a set of regions that strongly resembled the putative 

fronto-parietal control network (Dosenbach et al., 2007, 2008; Vincent et al., 2008; Leech et 

al., 2011; Power et al., 2011b, Yeo, 2013). Broadly, the fronto-parietal network includes 

regions in frontal and parietal cortex that are involved in initiating task-related processing, 

processing performance feedback, and adjusting sensory processing throughout task 

performance (Dosenbach et al. 2008). Fronto-parietal regions play a key role in goal-

directed cognitive functions such as visuo-spatial planning (Spreng et al., 2010), visual 

working memory (Rowe et al., 2005; Gazzaley et al., 2007; Bollinger et al., 2010), and 

selective visuo-spatial attention (Giesbrecht et al. 2003; Hahn et al. 2006; Szczepanski et al. 

2010; Liu et al. 2014).

While speculative, it is possible that intrinsic central visual advantages in visual processing, 

distracter inhibition, and detailed object recognition (Linnell and Humphreys 2004; Chen 

and Treisman 2008; Yoo and Chong 2012) might be related in part to an intrinsic bias of this 

network towards the fovea. This explanation is in line with a recent proposal regarding the 

roles of central and far-peripheral V1 in attentional control (Zhaoping, 2014). According to 

this proposal, far-peripheral vision is primarily involved in visual selection, whereas central 

vision is primarily involved in visual decoding. Thus, far-peripheral V1 may help to guide 

exogenous attention to a salient far-peripheral object in order to better recognize the object 

using central vision (Li, 2002). Behavioral work has shown that the influence of prior 

expectation on recognition is stronger in central than far-peripheral vision (Zhaoping, 2014), 

and that interindividual variability in visual search speed is related to differences in the size 

of central/near-peripheral portions of V1 (Verghese et al. 2014). Our data (Figure 4) leads to 

the suggestion that such effects might be due to a bias of fronto-parietal regions to 

information represented by central compared to far-peripheral portions of V1.

It is worth noting that our supplementary analysis of independent data collected during eyes-

closed rest suggests that the DLPFC, IPL, and several other fronto-parietal regions show 

preferential connectivity to central V1 even in the absence of retinal input (Supplementary 

Figure 9). This effect persisted despite the fact that overall functional connectivity between 

visual cortex and the rest of cortex was weaker during eyes closed rest. This suggests that 

the observed effects may reflect intrinsic biases of fronto-parietal connections toward central 

over peripheral V1.

This leads to a question of whether the observed retinotopic variations in connection 

strength may change with the participant's state. The brain's network architecture is 

strikingly similar during rest and during a range of tasks (Cole et al, 2014). However, 

changes in task state cause small but reliable deviations from the resting network structure 

(Cole et al, 2014). This phenomenon holds for visual cortical networks. A recent study of 

the task data from these participants examined background functional connectivity -- a 

measure of connectivity based on stimulus-independent BOLD fluctuations during active 

task performance -- in V1 during different attention conditions that featured identical stimuli 
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(Griffis et al., 2015a). In that study, we compared the strength of background connectivity 

between different eccentricity sectors in V1 and 37 regions associated with the fronto-

parietal, cingulo-opercular, and task-negative/default mode networks during two task 

conditions with identical stimuli: (1) attention to a centrally presented visual stimulus paired 

with a task-irrelevant auditory stimulus vs. (2) attention to an auditory stimulus paired with a 

task-irrelevant central visual stimulus. When attention was directed to the central visual 

stimulus, the left FEF and bilateral IPL showed a pronounced increase in the gradient of 

background connectivity with V1, such that connectivity decreased from central to far-

peripheral eccentricity sectors. Importantly, we found that this gradient was weak-to-absent 

during attention to the auditory stimulus, despite the presence of central visual stimulation in 

both conditions. This indicates that some fronto-parietal control regions modulate their 

ongoing interactions with different eccentricity sectors in V1 depending on whether the 

visual information represented by them is being actively attended. In the current work, we 

find that additional regions associated with the fronto-parietal network show selective 

connectivity with central eccentricity sectors in V1 when no task is being performed, 

suggesting that some regions associated with this network have a baseline bias towards 

central visual information. To determine the extent to which this bias reflects the 

prioritization of visual information at the locus of (passive or active) attention, future studies 

might examine how retinotopic patterns of fronto-parietal connectivity with V1 are affected 

by the covert direction of attention to peripheral vision.

Regions with stronger connectivity to near-peripheral V1

When compared to central eccentricity sectors, near-peripheral eccentricity sectors showed 

stronger functional connectivity with a set of regions that have been described as part of the 

cingulo-opercular (Dosenbach and Fair 2007) and salience networks (Fox et al. 2006; Cauda 

et al. 2011) (Figure 4). The potential reasons for preferential functional connectivity between 

near-peripheral V1 and the cingulo-opercular network are not clear, but previous 

observations suggest several possibilities. First, we note that this finding is consistent with 

the results of one of the first studies to characterize the functional connectivity of the 

cingulo-opercular network (Dosenbach et al., 2007). Using ROIs based on task-evoked 

activations, Dosenbach and colleagues (2007) found that a portion of V1 that partially 

overlaps with our near-peripheral ROI clustered into the cingulo-opercular network based on 

its functional connections (Dosenbach et al. 2007). Other studies have reported increases in 

functional connectivity between the anterior insula and near peripheral portions of the 

calcarine sulcus during visualization tasks (Ebisch et al. 2013). This suggests that top-down 

signals from the cingulo-opercular network may target near peripheral representations in V1 

during certain task conditions. Similar implications are suggested by findings that non-

perceptual task events evoke responses in near peripheral representations in V1 (Jack et al., 

2006), because robust responses are also observed in many cingulo-opercular regions during 

task transitions (Fox et al., 2005).

Second, clues relating the function of the cingulo-opercular network to near-peripheral 

vision may come from the literature examining the temporal patterns of control signals. 

Sustained signals from the cingulo-opercular network are related to the maintenance of task 

sets (Dosenbach et al. 2008; Nelson et al., 2010), though their precise function remains 
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unclear (Dubis et al. 2014). Recent work by our lab has demonstrated that sustained task-

driven responses occur in early visual areas including V1 (Elkhetali et al. 2015), but do not 

show the spatial specificity of cue-driven and stimulus-driven responses (Griffis et al. 

2015b). While we have interpreted these sustained V1 responses as reflecting ongoing task 

maintenance signals that are likely to have originated in the cingulo-opercular network, it is 

unclear why this network would show preferential connectivity to the near-periphery of V1 

during fixation. It is worth noting that our previous analysis of how background connectivity 

between V1 and control regions is modulated by task demands did not find evidence for 

task-driven changes in retinotopic connectivity patterns between V1 and cingulo-opercular 

regions (Griffis et al., 2015a), suggesting that attentional factors may not strongly influence 

the retinotopic biases of this network.

Third, some regions associated with the cingulo-opercular network play a role in the control 

of eye-movements, providing further clues as to why this network might show a bias in 

connectivity to near-peripheral sectors in V1. For example, the dACC and supplementary 

motor area (SMA) have been implicated in stop-signal inhibition related to over-riding 

automatic eye-movements and facilitating goal-directed eye-movements (Isoda and 

Hikosaka 2007). The dACC/SMA may increase inhibitory drive to visual areas during tasks 

requiring inhibitory over-rides of automatic visual processing (Duann et al. 2009), which 

may occur via via modulations of local GABAergic signaling (Zhang et al. 2014). Similarly, 

ventral attention regions in temporo-parietal cortex have been implicated in attentional re-

orienting and in the detection of salient stimuli (Geng and Mangun 2011; Beauchamp et al. 

2012; Daselaar et al. 2013). Thus, it is possible that preferential functional connectivity 

between near-peripheral V1 and these regions may be related to the ecological value of re-

orienting attention and making eye movements to stimuli and locations just outside of the 

zone of fixation (Zhaoping 2014).

Regions with preferential connectivity to far-peripheral V1

Far-peripheral eccentricity sectors showed stronger functional connectivity with many 

regions associated with the “default mode” network compared to central and near-peripheral 

eccentricity sectors (Figures 2-4). Notably, these regions often show deactivations during 

tasks that require active attention (Shulman et al. 1997; Mayer et al. 2010; Lin et al. 2011). 

Along these lines, occipital alpha power as measured with EEG relates to suppression of 

visual information (Foxe and Snyder 2011), and is also positively correlated with activity in 

regions of the default mode network (Mo et al. 2013). This suggests that the suppression of 

irrelevant visual information may be related to signals originating in “task negative” regions. 

It is therefore possible that our finding of preferential functional connectivity between far-

peripheral V1 and these regions during periods of central fixation may reflect a general 

suppression of far-peripheral visual processing during fixation on central locations. This 

explanation is consistent with evidence that the “task-negative” network shows increased 

interactions with nodes of other networks (including far-peripheral V1, see Figure 1B in de 

Pasquale et al., 2012) during periods of low within-network connectivity (de Pasquale et al. 

2012), and suggests that information processed by far-peripheral representations may 

potentially be suppressed from awareness during central fixation.
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Alternatively, rather than being ignored entirely, far-peripheral visual information may be 

transmitted to cortical areas that are specialized for the analysis of low-resolution visual 

information in order to enable ongoing environmental monitoring when attention is directed 

elsewhere. Studies from non-human primates indicate that homologues of the posterior 

cingulate cortex (areas 23 and 23v), a primary task-negative region and part of the default 

mode network, show anatomical connections specifically with far-peripheral representations 

in dorsal visual areas specialized for the processing of visual motion (MT+ and MST) 

(Palmer and Rosa 2006). Accordingly, functional MRI studies of human subjects have 

reported activity in the PCC in response to visual motion (Antal et al. 2008; Fischer et al. 

2012). Far-peripheral visual areas also show distinct anatomical (Clavagnier et al. 2004) and 

functional (Eckert et al. 2008) connectivity with auditory cortex (also shown in Figure 3), 

suggesting that far-peripheral vision may interact with other early sensory regions to monitor 

the environment for salient events. Consistent with a specialized role for far-peripheral 

vision in environmental monitoring and threat detection, threatening stimuli in far-peripheral 

vision are processed very quickly (~80ms) by medial PFC and the amygdala, although this 

effect is not observed for central stimulus presentations (Bayle et al. 2009). It is thus 

possible that strong connectivity between far-peripheral V1 and areas involved in fast 

alerting (auditory cortex, parahippocampal areas, medial frontal cortex; see Figures 2 and 3) 

may allow for the rapid localization and evaluation of threatening stimuli in the periphery 

and the execution of reactive motor responses.

Limitations and Future Directions

Our study has several limitations that should be discussed. First, the data utilized in our 

primary analyses are limited to eyes-open resting fixation periods that were taken from 

interleaved task data. While this approach has been shown to provide similar estimates of 

functional connectivity to purely eyes-open fixation data (Fair et al. 2007), and has been 

employed in influential studies that helped identify the fronto-parietal, cingulo-opercular, 

and task-negative intrinsic connectivity networks (e.g. Dosenbach et al. 2007), the 

possibility of residual task effects cannot be definitively excluded. However, the results of 

our supplementary analysis of independent eyes-closed resting state data indicate that 

retinotopic differences in functional connectivity between V1 and many of the regions 

identified in our primary analysis are present during eyes-closed rest (Supplementary Figure 

9). This suggests that the observed effects during resting fixation could not be entirely driven 

by residual task effects, central fixation, or visual inputs. Nonetheless, future studies should 

(using within-subjects measures) explicitly address whether eccentricity-dependent patterns 

of functional connectivity change between eyes-open and eyes-closed resting states, as this 

question was beyond the scope of the current study.

In addition, because our previous study showed that background functional connectivity 

between V1 and several fronto-parietal control regions is modulated in an eccentricity-

dependent manner by visual attention (Griffis et al. 2015a), it is possible that similar effects 

might occur for fixation compared to other eyes-open conditions such as covert attention to 

the periphery, but this cannot be addressed by the current study. Thus, future studies should 

also address whether eccentricity-dependent patterns of functional connectivity differ 
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between eyes-open contexts without explicit stimulation, such as between periods of central 

fixation and periods of covert attention to the periphery.

Lastly, it is worth noting that there is the possibility that the functional connectivity of far 

peripheral V1 is influenced by its proximity to task-negative regions such as the posterior 

cingulate. We consider this unlikely primarily due to our use of a conservative smoothing 

kernel (5mm FWHM) and our discarding of the most anterior V1 label segment to reduce 

the likelihood of this effect. We also consider this unlikely because much of the posterior 

cingulate actually showed stronger connectivity to the 25.0° sector than to the 40.0° sector, 

which is more anterior and closer to the posterior cingulate (Supplementary Figure 7). In 

addition, our supplementary analyses using retinotopically defined ROIs provide support for 

our general conclusion that functional connectivity between V1 and large-scale networks 

depends on eccentricity during resting fixation (Supplementary Figure 8), although they only 

extended to roughly 8° visual angle, and thus could not corroborate the effects for far-

peripheral V1.

Conclusions

In summary, our data support the notion of functional specialization within early visual 

areas. Our findings highlight important distinctions in the long-range interactions of 

different eccentricity sectors in V1, and provide insights about the relationship between 

functional specializations at small and large scales in the brain. This approach serves as a 

model for using functional connectivity of regions with known functions to help delineate 

and identify the functional role of interactions between higher-order brain networks and 

sensory regions.

Supplementary Material

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

• Functional connectivity of human V1 varies among eccentricity sectors.

• Central sectors are more strongly connected to fronto-parietal networks.

• Early peripheral sectors are more strongly connected to cingulo-opercular 

networks.

• Far peripheral sectors are more strongly connected to task negative networks.

• Results provide evidence for distinct connectivity profiles within V1.
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Figure 1. 
V1 Eccentricity Sectors. A. The Freesurfer fsaverage V1 label is shown in dark blue overlaid 

on an inflated cortical surface (left), and 7 colored V1 eccentricity sectors obtained from the 

fsaverage brain are shown overlaid on an inflated cortical surface template (right). Note that 

the 7 eccentricity sectors were obtained after discarding the most anterior and most posterior 

segments from the Freesurfer V1 label. Mean eccentricity estimates for each sector are 1.3°, 

2.2°, 4.1°, 7.3°, 14.0°, 25.5°, and 40.0°. Red colors correspond to more central sectors, and 

blue colors correspond to more far-peripheral sectors. B. Color-coded eccentricity sectors 

obtained from the fsaverage brain are shown overlaid on an axial slice from an anatomical 

template brain (far left), and color-coded eccentricity sectors from 4 example subjects are 

shown overlaid on axial slices from the corresponding skull-stripped normalized T1-

weighted scans. This figure shows that our eccentricity sectors map cleanly onto individual-

subject anatomy. Note: all 9 segmentations are shown on the flattened fsaverage surface in 

Supplementary Figure 1.
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Figure 2. 
ANOVA Results. A. Regions showing significant effects of eccentricity on functional 

connectivity with V1 are shown on an inflated cortical surface reconstruction. B. Plots 

illustrating the mean and within-subjects standard error of functional connectivity strength 

(Fischer z-score units) between cluster peaks and each V1 eccentricity sector. Statistical 

maps were intensity thresholded at p<0.001 (uncorrected) and cluster thresholded at 47 

contiguous voxels to control the FWE rate at 0.05. Peak coordinates are given in MNI space. 

ROIs correspond to 5mm radius spheres centered on cluster peaks obtained from the 
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ANOVA. ROIs were created for a maximum of 3 peaks with minimum distances of 30mm 

for each cluster. Plots are ordered according to the general pattern of V1 connectivity in that 

ROI.
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Figure 3. 
Functional connectivity profiles and follow-up test results for central, near-peripheral, and 

far-peripheral eccentricity sectors. A. Z-transformed correlation maps are displayed for 

central (top), near-peripheral (middle), and far-peripheral (bottom) eccentricity sectors. To 

allow for clear visualization, correlation maps are thresholded to include only clusters of at 

least 100 voxels with correlations that survive voxel-wise False Discovery Rate correction at 

0.001. Note that statistical inferences are not being drawn from these maps, and they are 

simply intended to illustrate the overall patterns of functional connectivity for each ROI 
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assessed in the follow-up tests. B. Follow-up test showing regions with stronger connectivity 

for central (warm colors) vs. near-peripheral (cool colors) eccentricity sectors (top), regions 

with stronger connectivity for central (warm colors) vs. far-peripheral (cool colors) 

eccentricity sectors (middle), and regions with stronger connectivity for near-peripheral 

(warm colors) vs. far-peripheral (cool colors) eccentricity sectors (bottom). Statistical maps 

shown in (B) were intensity thresholded at p<0.001 (uncorrected) and cluster thresholded at 

91 contiguous voxels to control the FWE rate across all pair-wise comparisons at p<0.05. 

Inferences regarding differences in functional connectivity are based on the maps shown in 

(B).
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Figure 4. 
Summary of eccentricity-dependent functional connectivity patterns and their similarity to 

control networks. The left-hand column shows regions with connectivity patterns selective 

for central, near-peripheral and far-peripheral V1 (taken from Figure 3). Plots illustrate 

eccentricity-dependent connectivity patterns observed for core regions associated with the 

fronto-parietal, cingulo-opercular, and task-negative/default mode networks (taken from 

Figure 2). The right-hand column illustrates previously documented spatial patterns for the 

fronto-parietal, cingulo opercular, and task-negative/default mode networks (figure modified 

from (Yeo et al. 2011)). Note that the regions showing preferential connectivity to central V1 

resemble the fronto-parietal network, regions showing preferential connectivity to near-

peripheral V1 resemble the cingulo-opercular network, and regions showing preferential 

connectivity to far-peripheral V1 resemble the task negative/default mode network. A. 

Regions showing stronger functional connectivity to the 1.3° (central) eccentricity sector 

than to the other sectors are color-coded in shades of red. Darkest red indicates regions that 

showed stronger connectivity to the 1.3° sector than to both the 7.3° and 40.0° sectors. 

Lighter red indicates regions that showed stronger connectivity to the 1.3° compared to the 

40.0° sector, but did not differ between the 1.3° and 7.3° sectors. Lightest red indicates 

regions that showed stronger connectivity to the 1.3° sector compared to the 7.3° sector, but 
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did not differ between the 1.3° and 40.0° sectors. B. Regions showing stronger functional 

connectivity to the 7.3° (near-peripheral) eccentricity sector than to the other sectors. 

Darkest orange indicates regions that showed stronger connectivity to the 7.3° sector than to 

both the 1.3° and 40.0° sectors. Lighter orange indicates regions that showed stronger 

connectivity to the 7.3° sector compared to the 40.0° sector, but that did not differ between 

the 7.3° and 1.3° sectors. Lightest orange indicates regions that showed stronger 

connectivity to the 7.3° sector compared to the 1.3° sector, but did not differ between the 

7.3° sector and the 40.0° sector. C. Regions showing stronger functional connectivity to the 

40.0° (far-peripheral) eccentricity sector than to the other sectors. Darkest blue indicates 

regions that showed stronger connectivity to the 40.0° sector compared to both the 1.3° and 

7.3° sectors. Lighter blue indicates regions that showed stronger connectivity to the 40.0° 

sector than to the 7.3° sector, but did not differ between the 40.0° sector and the 1.3° sector. 

Lightest blue indicates regions that showed stronger connectivity to the 40.0° sector 

compared to the 1.3° sector, but that did not differ between the 40.0° sector and the 7.3° 

sector. Note that this figure is intended to provide a qualitative illustration of the spatial 

similarities between the results of our quantitative analysis of eccentricity-dependent 

differences in functional connectivity and previously described control networks, and does 

not include quantitative information beyond that included in Figures 2 and 3.
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