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Abstract
■ Visual behavior is guided by memories from prior experi-

INTRODUCTION
Saccadic eye movements support the active exploration
of the visual environment by placing the high-acuity fovea on objects of interest. Saccades are guided by
bottom–up elements of the visual environment and by
top–down cognitive factors such as attention (Findlay,
2005) and working memory (Theeuwes, Belopolsky, &
Olivers, 2009). The additional guidance of saccades by
mnemonic information, typically conceptualized as
long-term memory, has been consistently documented
in both humans and macaques. For example, humans
and macaques make more gaze fixations on novel items
than on items that have been encountered (Ryan, Hannula,
& Cohen, 2007; Zola et al., 2000) and are quicker to fixate a
target within a scene on subsequent presentations of the
same scene (Chau, Murphy, Rosenbaum, Ryan, & Hoffman,
2011). Moreover, gaze is initially and preferentially directed
toward an area of a scene that has changed from a previous
presentation (Ryan & Cohen, 2004). These findings suggest
that memory of a previously viewed item or scene can
guide saccades for the purposes of extracting information
from the visual environment (Brockmole & Henderson,
2008; Castelhano & Henderson, 2007; Loftus & Mackworth,
1978; Parker, 1978). Consequently, eye tracking has been
widely used to probe the integrity of memory in multiple
populations. For example, individuals who have amnesia
following damage to the hippocampal system (HC) show
selective deficits in gaze patterns: Compared with healthy
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formation between the memory and visuo-oculomotor systems. We additionally show how the potential for directed
information flow from the hippocampus to oculomotor control
areas is exceptionally high. In particular, the dorsolateral pFC
and FEF—regions known to be responsible for the cognitive
control of saccades—are topologically well positioned to receive information from the hippocampus. Together with neuropsychological evidence of altered gaze patterns following
damage to the hippocampus, our findings suggest that a reconsideration of hippocampal involvement in oculomotor guidance
is needed. ■

individuals, memory for the relationships among items is
not evident in their visual behavior (Ryan, Althoff, Whitlow,
& Cohen, 2000), even over brief delays ( Warren, Duff,
Tranel, & Cohen, 2011; Ploner et al., 1999).
The neural instantiation of saccade guidance by attention (Bisley & Goldberg, 2010; Awh, Armstrong, & Moore,
2006; Corbetta, 1998) and working memory (Funahashi,
2015; Ikkai & Curtis, 2011; Johnston & Everling, 2008)
has been well established in human and nonhuman primates, indicating a highly overlapping frontoparietal network of regions responsible for integrating bottom–up
and top–down information for guiding visual behavior. Despite the wealth of behavioral evidence for the guidance of
saccades by mnemonic information and observations of
altered gaze patterns in amnesic individuals (for review,
see Meister & Buffalo, 2015; Hannula et al., 2010), the neural circuitry that supports memory-guided visual behavior
remains unknown. Much research is focused on the critical
role of HC and its extended system for the formation of
memories (Opitz, 2014; Rugg & Vilberg, 2013; Ranganath,
2010). Decades of research have, in parallel, led to a thorough understanding of the network of structures involved in
oculomotor control (Gaymard, 2012; Johnston & Everling,
2008; Sparks, 2002). However, no study has yet to explicitly examine the neural circuitry by which mnemonic representations influence the oculomotor system.
Given the extensive interconnections of the primate
brain, the task of determining how information may be routed from the HC to the oculomotor system is nontrivial. This
issue is complicated by the fact that no direct anatomical
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ence and knowledge of the visual scene. The hippocampal system (HC), in particular, has been implicated in the guidance of
saccades: Amnesic patients, following damage to the HC, exhibit selective deficits in their gaze patterns. However, the neural circuitry by which mnemonic representations influence the
oculomotor system remains unknown. We used a data-driven,
network-based approach on directed anatomical connectivity
from the macaque brain to reveal an extensive set of polysnaptic pathways spanning the extrastriate, posterior parietal and
prefrontal cortices that potentially mediate the exchange of in-

METHODS
Anatomical Connectivity Matrix
The CoCoMac database of anatomical tract tracing experiments in macaques (cocomac.g-node.org; Bakker, Wachtler,
& Diesmann, 2012; Kötter, 2004; Stephan et al., 2001) was
queried using previously described methods (Bezgin,
Vakorin, van Opstal, McIntosh, & Bakker, 2012). The result
was an anatomical connectivity matrix specifying both the
afferent and efferent connections of 75 ROIs (see Table 1
and Figure 1A). An additional comprehensive literature
search (limited to the Macaca genus) was performed,
and 47 connections were manually added to the matrix.
Most of these manual additions involved subregions of the
BG, medial temporal lobe, and the SC (Figure 1A, red). If
information about the connectivity between two regions
was not available in CoCoMac or after a thorough literature
search, the connection was considered to be absent.
The statistical significance of network measures can be
determined by comparing the observed measure to measures obtained from a set of null hypothesis networks that
preserve basic network characteristics that may have a large
influence on the measures themselves (Rubinov & Sporns,
2010). Using the randmio_dir_connected function from
the Brain Connectivity Toolbox (BCT; https://sites.google.
com/site/bctnet/), a null distribution of 1000 randomized
networks was created by randomly rewiring the connectivity matrix while preserving the in- and out-degree distribu-

tions (Maslov & Sneppen, 2002). All data analyses were
repeated on this set of null networks.

Data Analysis
Fruchterman–Reingold Layouts
The Fruchterman–Reingold layout (FRL) from the forcedirected graph drawing class of algorithms was applied to
the anatomical network (Fruchterman & Reingold, 1991).
Founded in physical principles, force-directed drawing algorithms ensure that vertices (i.e., ROIs) connected by
edges (i.e., connections) are drawn next to each other
while minimizing clustering. Initial positions of the vertices were randomized, resulting in variable layouts across
iterations. One thousand FRLs were therefore generated
to determine consistency between layouts. The resulting
FRLs translate the three-dimensional anatomical connectivity of the brain onto two-dimensional space and capture network symmetry where possible. One hundred
FRLs of each randomized network were additionally generated, for a total of 100,000 FRLs of null networks.

Stream Assignments
The extent to which the anatomical network could be
divided into oculomotor and nonoculomotor processing streams was assessed by employing a data-driven
approach previously described by Bezgin et al. (2014).
Briefly, the center of mass for each FRL was determined
and a vector was then rotated around the center of mass
in a stepwise fashion. At each step, a similarity measure was calculated based on the Mahalanobis distance
(Mahalanobis, 1936) between all points on one side of
the vector and each of the points on the other side.
The optimal stream separation was taken as the step at
which the mean distance was minimal. This method segregates the network based on connectional patterns,
such that the symmetry of connections within and across
streams is maximized. This symmetry does not impose a
prespecified number of regions to either stream (i.e., the
two clusters do not have to be equal in size) but instead
attempts to maximize the number of connections within
streams and minimize the number of connections across
streams.
A stream assignment index was computed to describe
the consistency of node assignments across the set of
FRLs. The assignment index for each node was determined relative to a reference node. For any given node:
Stream assignment index ¼ ð no: appearances in reference
node stream− no: appearances in opposite streamÞ=
total no: FRLs
The stream assignment index therefore ranged from −1 to 1
such that consistent assignment to the opposite or reference
streams approached −1 or 1, respectively.
Shen et al.
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connections are known to exist between the HC system
and the oculomotor structures that control saccade initiation (i.e., FEF and the superior colliculus [SC]) as reported
in the macaque literature (Stephan et al., 2001). A large
number of polysynaptic pathways therefore exist to potentially serve the flow of information from HC to oculomotor
structures. Knowledge of large-scale anatomical connectivity
in humans is additionally limited by the inability to infer the
directionality of fiber tracts from noninvasive diffusionweighted imaging techniques. One approach for addressing
these challenges is network analysis and the application of
graph theoretic tools (Bullmore & Sporns, 2009). For example, functionally specialized subnetworks can be inferred by
applying clustering-type algorithms on anatomical networks
(Shen et al., 2012; Chen, He, Rosa-neto, Germann, & Evans,
2008; Hilgetag, Burns, O’Neill, Scannell, & Young, 2000). Regions and pathways that support the integration of information can also be identified (van den Heuvel & Sporns, 2011;
Sporns, Honey, & Kötter, 2007) and, if directionality of
connections is known, the flow of information processing
can be inferred (Rubinov & Sporns, 2010). Here, we used
network analysis on a large-scale directed network representation of the macaque visual, oculomotor, and memory systems to determine (1) how information may be exchanged
between the memory and visuo-oculomotor systems and
(2) how mnemonic representations specifically from the
HC may directly guide the selection of saccade targets.

Table 1. ROIs and Their Abbreviations

Table 1. (continued )

Abbreviation

Abbreviation

Region

Region

Area 29

MSTl

Medial superior temporal area (lateral)

30

Area 30

MT

Middle temporal area

35

Area 35

PaS

Parasubiculum

36

Area 36

PCC

Posterior cingulate cortex

3a

Area 3a

oiPFC

Orbitoinferior prefrontal cortex

45

Area 45

olPFC

Orbitolateral prefrontal cortex

46

Area 46

omPFC

Orbitomedial prefrontal cortex

6

Area 6

vlPFC

Ventrolateral prefrontal cortex

7a

Area 7a

PHC

Parahippocampal cortex

7b

Area 7b

PIP

Posterior intraparietal area

9

Area 9

PITd

Posterior inferotemporal area (dorsal)

ACC

Anterior cingulate cortex

PITv

Posterior inferotemporal area (ventral)

AD

Anterodorsal nucleus

PO

Parietal-occipital area

AITd

Anterior inferotemporal area (dorsal)

Pro

Proisocortex

AITv

Anterior inferotemporal area (ventral)

PrS

Presubiculum

AM

Anteromedial nucleus

Pu

Putamen

AV

Anteroventral nucleus

Pul

Pulvinar

CA1

CA1 subfield of Ammon’s horn

S

Subiculum

CA3

CA3 subfield of Ammon’s horn

SCd

Cd

Caudate

Superior colliculus, intermediate and deep
layers

CITd

Central inferotemporal area (dorsal)

SCs

Superior colliculus, superficial layers

CITv

Central inferotemporal area (ventral)

SEF

Supplementary eye field

CL

Central lateral nucleus

SNc

Substantia nigra pars compacta

DG

Dentate gyrus

SNr

Substantia nigra pars reticulata

DP

Dorsal prelunate gyrus

STN

Subthalamic nucleus

ER

Entorhinal cortex

STPa

Superior temporal polysensory area (anterior)

FEF

Frontal eye field

STPp

Superior temporal polysensory area (posterior)

FST

Floor of superior temporal sulcus

TF

Temporal area TF

GPe

Globus pallidus, external

TH

Temporal area TH

GPi

Globus pallidus, internal

V1

Visual area 1

Id

Dysgranular insula

V2

Visual area 2

Ig

Granular insular cortex

V3

Visual area 3

LGN

Lateral geniculate nucleus

V3A

Visual area 3A

LIP

Lateral intraparietal area

V4

Visual area 4

MD

Mediodorsal nucleus

V4t

V4 transitional area

MDP

Medial dorsal parietal area

VIP

Ventral intraparietal area

MIP

Medial intraparietal area

VOT

Ventral occipitotemporal area

MSTd

Medial superior temporal area (dorsal)

VP

Ventral posterior area
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To quantify the connectivity of each node across
streams, the distance of each node from the symmetry
line was computed between the orthogonal projection
of each node to the split vector and normalized by the
maximal distance detected within each FRL. The resulting
distance values ranged from 0 to 1 in arbitrary units.
Modularity Partitioning
To validate the stream splitting approach, the connectivity matrix was additionally subjected to a more commonly used community detection algorithm (Blondel,

Guillaume, Lambiotte, & Lefebvre, 2008). Using the
community_louvain function from the BCT, modules
were detected by optimizing the resolution parameter
(gamma) to achieve the most consistent partitioning
having the highest modularity index (Q). This algorithm
subdivides the network into groups of nodes with maximal within-group connections and minimal betweengroup connections. Because the number of modules is
not specified a priori, this algorithm provides an alternative data-driven segregation of the network into local
communities for comparison with our stream separation
approach.

Shen et al.
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Figure 1. Oculo-memory anatomical network of the macaque. (A) Anatomical connectivity matrix consisting of 75 ROIs from visual, oculomotor, and
memory systems. White/red = present connection; black = absent connection. Additions from a manual literature review indicated in red. Node
ordering is the same as in Figure 2A. (B) An example FRL of the anatomical network, chosen for its characteristic layout (appearing 24 times out of
1000 FRLs). Dashed gray line depicts the maximum symmetry line that splits the network into two symmetric streams composed of regions
subserving (i) visual and oculomotor functions (bottom) and (ii) memory functions (top). See Table 1 for ROI names and their abbreviations.

Using the detected community structure, the participation coefficient (BCT function participation_coef ) of each
node was determined to describe the distribution of each
node’s connections to nodes in other modules (Guimerà &
Nunes Amaral, 2005). A coefficient approaching 1 indicates
that the connections are uniformly distributed to other
modules, whereas values close to 0 indicate that a node’s
connections are mostly within its own module.

RESULTS
Identifying Anatomical Networks that Support
Functional Systems
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Information Exchange between Memory and
Visuo-oculomotor Systems
The modularity metric Q was not ∼1, suggesting that, although the structural topology is organized in a way to
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We generated a matrix describing the anatomical connectivity of 75 ROIs by querying the CoCoMac database of macaque axonal tract-tracing studies (Bakker et al., 2012;
Stephan et al., 2001). The resulting matrix was a binary
and directed intrahemispheric network of cortical and subcortical ROIs known to serve visual, oculomotor, and memory functions (Figure 1A). The network had 1494 directed
connections, exhibiting 26.9% of all possible connections.
To determine the extent to which the topology of the
densely connected anatomical network supports the memory and oculomotor functions of interest, a data-driven approach was used to separate the anatomical network into
two functionally specialized streams (Bezgin et al., 2014).
First, the connectivity matrix was iteratively subjected to
a force-directed drawing algorithm to produce 1000 FRLs
(Fruchterman & Reingold, 1991). Using the FRL method,
the anatomical network is depicted as a graph, with ROIs
represented as vertices and the connections between them
as edges. The graph is treated as a physical system whereby
the vertices are initially placed randomly in 2-D space. Pairs
of vertices connected by edges are given both attractive
and repulsive forces, whereas vertices without connecting
edges are only repelled from one another. The system then
moves to a minimal energy state, resulting in a force-directed
layout. FRLs have the added advantage of maximized symmetry and consistent edge lengths. In the context of our
network, ROIs that are anatomically connected and especially those that have common connections with other
ROIs are pulled closer together whereas those that are
not connected and do not share common connections
are repelled further apart. Two layouts were consistently
detected, one of which is presented in Figure 1B. We took
advantage of the symmetry inherent in the FRLs to determine how the ROIs of our anatomical network would cluster into two groups (i.e., processing streams). Each FRL was
therefore subjected to a stream-splitting procedure that
maximized the symmetry of the graph as indicated by
the dashed lines in Figure 2. These examples illustrate
how ROIs were generally clustered into what we labeled
as either (1) a “visuo-oculomotor” stream composed of striate and extrastriate cortex, inferotemporal and intraparietal
areas, as well as FEF and SC (Figure 1B, bottom) or (2) a
“memory” stream composed of HC subregions, as well as

areas of the medial temporal lobe and pFC (Figure 1B,
top). To assess the consistency of these stream assignments, each ROI’s stream assignment index was quantified
relative to a reference ROI. In this case, we chose the intermediate and deep layers of SC (SCd) as the reference point
for the oculomotor stream because of its well-established
role in saccade initiation (Sparks, 2002). An index approaching 1 indicates a consistent assignment with the
SCd stream, whereas an index approaching −1 indicates
a consistent assignment with the other stream. Figure 2A
illustrates how most ROIs were assigned with high consistency to one or the other stream. As expected, the FEF, superficial layers of the SC, and lateral intraparietal area (LIP)
were consistently assigned to the same stream as SCd
(≥93.8% of FRLs). Similarly, the subregions of the HC (subiculum [S], CA1, CA3, dentate gyrus, and entorhinal cortex)
were consistently assigned to the opposite stream (≥93.4%
of FRLs), with S—considered the output of HC (Saunders
& Aggleton, 2007; Insausti & Muñoz, 2001; Barbas & Blatt,
1995)—at the most extreme end. Unexpectedly, dorsolateral prefrontal (dlPFC) Areas 9 and 46 as well as the ACC
were assigned with high consistency to the memory stream
(≥93% of FRLs). These areas are well established as functionally important for the cognitive control of saccades in a
number of neurophysiological studies (for a review, see
Johnston & Everling, 2008). Using FEF or S as the reference
nodes produced similar results (Figure 2B, C). It is possible
that the unexpected stream assignments of Areas 9/46 and
ACC were due to our approach that forced nodes of the
network to be assigned to one of two clusters rather than
based on true network organization. To test this possibility,
we further subjected our anatomical connectivity matrix to
an independent modularity partitioning that does not involve an a priori number of clusters (Meunier, Lambiotte,
& Bullmore, 2010; Rubinov & Sporns, 2010). Using this partitioning scheme, the network was divided into three modules and was significantly more modular than null models
(Q: 0.296 vs. Qnull: 0.2 ± 1.66 × 10−5; gamma: 0.80).
Two of the modules were well matched with the visuooculomotor and memory stream assignments (Figure 2;
green and light blue), with subregions of the BG grouped
into a module of their own (Figure 2, dark blue). These
results are consistent with the notion that the structural
network topology of the macaque is organized into functionally specialized subnetworks (Hilgetag et al., 2000).
Even without an a priori specification of number of clusters, Areas 9/46 and ACC were again grouped with regions
of the HC system. These results suggest that the dlPFC
and ACC, regions known to be involved in the cognitive
control of saccades (Johnston & Everling, 2008), are well
connected with the HC and broader medial temporal lobe.

Figure 2. Stream assignment
index and modularity
partitioning of the oculomemory network for reference
node set as SCd (A), FEF (B),
and S (C). ACC and Areas 9 and
46 of dlPFC were consistently
assigned to the stream opposite
to that of SCd/FEF (i.e.,
assigned to the memory
stream). The reference node is
not shown since by definition it
must have an assignment index
of +1. Colors denote
modularity partitions. See
Table 1 for ROI names and their
abbreviations.
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subserve the more specialized functions of memory and
visuo-oculomotor processing, the detected clusters are
highly interconnected. To determine which regions may
facilitate the exchange of information across streams, the
average distance between each node and the symmetry
line across all FRLs was computed. Nodes with more connections across streams would be pulled closer to the
other stream in an FRL than nodes with fewer connections
across streams. Figure 3A illustrates each node’s average
distance from the symmetry line on the macaque cortical
surface (see Figure 3B for subcortical structures). Using
the modular partitions described above, a complementary analysis was done by computing the participation
coefficient—a measure of intermodular connectivity—for

each node (Guimerà & Nunes Amaral, 2005). A node with
a high participation coefficient suggests that that node
may act as a hub to integrate information across modules
(Rubinov & Sporns, 2010). A node’s distance from the symmetry line in the FRL splitting procedure and its participation coefficient were well correlated (r = −0.67, p < .001),
suggesting that they provide a similar index of intermodular participation. Together, these two measures pointed toward a number of regions that interconnect the memory
and visuo-oculomotor systems (Figure 3C), which included
prefrontal regions (orbitolateral pFC, ventrolateral pFC
[vlPFC], Areas 6 and 45), posterior cingulate cortex, Area
7b, and the caudate. Of the oculomotor control regions,
FEF had a high participation coefficient (>mean ± 1 SD),
Shen et al.
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Area 46 had a short distance to the symmetry line, and supplementary eye field (SEF) had both (Figure 3C). These results suggest that FEF, dlPFC, and SEF are well positioned
to bridge information processing across the memory and
oculomotor subnetworks.

Information Flow from HC to the
Oculomotor System
Thus far, our findings suggest that information processing can occur across the memory and visuo-oculomotor
systems. That information processing, however, could
subserve various perceptual and cognitive functions aside
from memory or oculomotor control. To explicitly test
how representations from the HC system guide the selection of saccade targets, the anatomical connectivity arising from HC subregions was examined. We computed a
measure of directed reachability (“communicability”)
from each HC subregion to all other nodes in the network. Communicability is a generalized measure of shortest paths, taking into account both the direct and indirect
paths between any two nodes (Estrada & Hatano, 2008).
Communicability therefore expresses the potential for
information flow from one region to another. Figure 4A
illustrates how every oculomotor control area other than
SCd and area LIP have higher communicability with
subiculum—the output node of the HC—than expected
by chance. Area 46 and FEF are both within the top 10
regions that have the highest reachability from subiculum. FEF’s high communicability is surprising because
no monosynaptic connections exist between it and the
subiculum. Of note, the majority of highly reachable regions, including many with lower communicability than
FEF, are those that receive direct inputs from subiculum
(Figure 4A, thick lines). Except in the case of the dentate
gyrus, communicability from other HC subregions to the
oculomotor areas was similar (data not shown), suggest1778
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ing that the HC subregions all share common neighbors
and therefore common pathways to oculomotor structures. For the dentate gyrus, rank ordered communicability
was similar to other HC subregions but its communicability
to all regions was under chance levels, suggesting that the
HC’s direct and indirect output paths are mostly mediated
by subregions other than dentate gyrus.
Finally, we detected the shortest paths between the
subregions of the HC and the oculomotor control areas
FEF and SCd. FEF and SCd were chosen based on their
notable role in the direct control of saccade production
(Paré & Hanes, 2003; Hanes & Schall, 1996) as opposed
to other oculomotor areas that play a more modulatory
role (Curtis, Cole, Rao, & D’Esposito, 2005; Ito, Stuphorn,
Brown, & Schall, 2003; Stuphorn, Taylor, & Schall, 2000;
Gottlieb, Kusunoki, & Goldberg, 1998). With the exception
of the dentate gyrus, all HC subregions had a disynaptic
connection to either FEF and/or SCd (Figure 4B). Interestingly, over 94% (34/36) of those disynaptic connections
were to FEF, consistent with the finding that FEF has
higher communicability from HC subregions than SCd.
Together, these results show how regions known to be
responsible for the cognitive control of saccades (e.g.,
dlPFC, ACC, SEF), particularly FEF, are well positioned to
receive information from the HC.

DISCUSSION
By applying two independent clustering-type approaches
to the anatomical connectivity of the macaque brain, we
have identified an extensive network of regions whose
pathways may support the guidance of eye movements
by memory representations. Our findings suggest that the
anatomical architecture of the primate brain is organized
such that information can be potentially exchanged between the memory and visuo-oculomotor systems. Importantly, we have also shown that the potential for efficient
Volume 28, Number 11
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Figure 3. (A) Mean distance from symmetry line for each cortical node depicted on the F99 macaque cortical surface. (B) Mean distance for subcortical
distances. Those with notably short distances (<mean − 1 SD) depicted with black bars. (C) Distance from symmetry line is correlated with the
participation coefficient. Nodes falling in gray zones have a low distance (<mean ± 1 SD) or a high participation coefficient (>mean ± 1 SD) or both.

and directed information flow specifically from HC to the
oculomotor control areas is surprisingly high despite a lack
of monosynaptic connections. The collection of disynaptic
pathways that may support this directed information flow
converges, in particular, on the FEF.
The top–down guidance of saccades by prior knowledge
has been consistently documented in humans and macaques (e.g., Chau et al., 2011); consequently, eye tracking
has been used as a tool to probe the integrity of memory in
multiple populations (Hannula et al., 2010). In healthy individuals, visual behavior reveals memory for single items, as
well as memory for the arbitrary relations between objects,
temporal sequences, and spatial positions of elements within
a scene or event (see Hannula et al., 2010, for a review).
For instance, gaze fixations are directed to novel items and,
in particular, to more distinct regions of those items as compared with items that have been viewed (Althoff & Cohen,
1999). Gaze fixations are also biased toward previously studied associations, such as the preferential viewing of a target
face that had been paired with the presented background
scene amongst a set of distractor faces (Hannula, Ryan,
Tranel, & Cohen, 2007). Regions of a scene that have changed following a previous presentation also tend to attract
gaze fixations; for instance, in cases where an object has

moved in its spatial location (Ryan & Cohen, 2004; Ryan
et al., 2000) or a set of objects that have been presented
in the same spatial configuration but in a different temporal
order than previously studied (Rondina, Curtiss, Meltzer,
Barense, & Ryan, in press; see also Pathman & Ghetti, 2015).
These findings demonstrate how participants’ gaze fixations can be guided by memory for the particular spatial
and/or temporal relations among the elements of the scene.
Individuals who have amnesia because of damage to
the HC system exhibit altered gaze patterns. On the basis
of fixation patterns, some have suggested that the nature
of the impairment in amnesia is in relational memory (Ryan
et al., 2000; Althoff & Cohen, 1999) that occurs even over
brief delays ( Warren et al., 2011; Ploner et al., 1999).
Others have suggested that amnesia may result in impairments in item memory as well as in relational memory
(Smith & Squire, 2008; Smith, Hopkins, & Squire, 2006).
More recent evidence has suggested that the effects of
HC damage on oculomotor guidance that are suggestive
of item memory impairments may be dependent on task
conditions that actually reflect relational memory demands (Olsen et al., 2015). Regardless of the nature of
the memory formed by the HC system, it is evident that
HC representations are used online to guide saccades to
Shen et al.
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Figure 4. (A) Communicability from the subiculum to all other ROIs, rank ordered. Chance was computed as the maximum mean reachability from the
subiculum across 1000 null models. Thick lines indicate regions that receive monosynaptic input from subiculum. Oculomotor ROIs highlighted in red.
(B) The shortest paths between the subregions of HC and FEF and SCd. Node size is scaled for the number of shortest paths traversing each node.
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Some of the regions we extracted from our analysis have
been implicated in both memory and oculomotor functions. For example, dlPFC’s role in memory function is well
documented in humans (Penolazzi, Stramaccia, Braga,
Mondini, & Galfano, 2014; Long, Oztekin, & Badre, 2010;
Hayama & Rugg, 2009) and macaques (Osada et al.,
2015; Petrides, 1991), as is its role in the voluntary control
of saccades (Cameron, Riddle, & D’Esposito, 2015; Everling
& Johnston, 2013; Pierrot-Deseilligny, Müri, Nyffeler, &
Milea, 2005). dlPFC is well positioned to play a major role
in integrating information from HC with other task-relevant
signals to guide visual behavior, as it provides direct excitatory input to the intermediate layers of the SC (Johnston,
Koval, Lomber, & Everling, 2014). A similar argument can
be made for ACC given its role in oculomotor control
(Johnston, Levin, Koval, & Everling, 2007; Ito et al., 2003;
Gaymard et al., 1998; Paus, Petrides, Evans, & Meyer, 1993)
and in the signaling of conflicts in information processing
(e.g., between prior and novel information) in service of
action (Shenhav, Botvinick, & Cohen, 2013; Paus, 2001;
Meunier, Bachevalier, & Mishkin, 1997; Parker & Gaffan,
1997). However, much of the literature on the neural substrates of memory or oculomotor functions has been nonoverlapping and limited to region-based perspectives, which
renders the development of hypotheses difficult with respect to studying the neural basis of memory-guided visual
behavior. By adopting a network-based approach, we have
demonstrated that a more extensive set of potential pathways exist to support such behavior than previously considered (Meister & Buffalo, 2015; Micic et al., 2010). The
anatomical embedding of a region within a network only
provides a partial understanding of network communication. The additional consideration of functional dynamics
of the network in combination with its structural architecture can provide a more comprehensive understanding of
brain function (e.g., Mišić, Goñi, Betzel, Sporns, & McIntosh,
2014; Vlachos, Aertsen, & Kumar, 2012). Future studies of
functional connectivity and functional dynamics are therefore needed to gain a fuller understanding of information
exchange between the memory and oculomotor systems.
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