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Abstract

Brain stimulation is increasingly viewed as an effective approach to treat neuropsychiatric disease. The brain’s
organization in distributed networks suggests that the activity of a remote brain structure could be modulated by
stimulating cortical areas that strongly connect to the target. Most connections between cerebral areas are asymmetric, and a better understanding of the relative direction of information flow along connections could improve
the targeting of stimulation to influence deep brain structures. The hippocampus and amygdala, two deep-situated
structures that are crucial to memory and emotions, respectively, have been implicated in multiple neurological
and psychiatric disorders. We explored the directed connectivity between the hippocampus and amygdala and the
cerebral cortex in patients implanted with intracranial electrodes using corticocortical evoked potentials (CCEPs)
evoked by single-pulse electrical stimulation. The hippocampus and amygdala were connected with most of the
cortical mantle, either directly or indirectly, with the inferior temporal cortex being most directly connected.
Because CCEPs assess the directionality of connections, we could determine that incoming connections from
cortex to hippocampus were more direct than outgoing connections from hippocampus to cortex. We found a
similar, although smaller, tendency for connections between the amygdala and cortex. Our results support the
roles of the hippocampus and amygdala to be integrators of widespread cortical influence. These results can inform the targeting of noninvasive neurostimulation to influence hippocampus and amygdala function.
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Introduction

O

ur understanding of the organization of the human
brain has been transformed by recent progress in brain
mapping methodologies, together with the introduction of
graph theory providing a framework to analyze and interpret
data yielded by these techniques (Sporns, 2012). In this framework, distributed networks involving multiple cerebral structures perform the neural computations underlying cognition
and behavior. Neurological and psychiatric diseases are also
beginning to be conceived of in terms of network pathology

(Castellanos et al., 2013), and modulating the activity of
these networks through noninvasive brain stimulation is a
promising therapeutic avenue (Fregni and Pascual-Leone,
2007). Even structures buried deep in the brain, previously
thought to be inaccessible to transcranial magnetic or electrical stimulation, could potentially be targeted by delivering the
stimulation to cortical areas with which these structures are
strongly connected (Fox et al., 2014).
The hippocampus and amygdala, two structures of the medial temporal lobe, play key roles in declarative memory and
emotions, respectively, and have been implicated in many
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neurological and psychiatric diseases. The highly integrative
functions of these structures call for their embedding in distributed large-scale neural networks, including wide expanses of
cerebral cortex. Anatomical tracer studies in animals and functional magnetic resonance imaging (fMRI) and magnetic resonance tractography studies in humans indeed point toward
such an organization (Kahn et al., 2008; Lavenex and Amaral,
2000; LeDoux, 2007; Powell et al., 2004; Roy et al., 2009).
Although statistical models based on fMRI data can estimate
the direction of interactions within neural networks, there
remains debate regarding the interpretation of these metrics
(David et al., 2008; Friston et al., 2013; Smith et al., 2011;
Webb et al., 2013). Thus, the directed connectivity of the
hippocampus and amygdala with the cerebral cortex remains incompletely explored in the human brain.
This is an important issue in light of the therapeutic potential
of noninvasive brain stimulation, as not all neural connections
are reciprocal: detailed anatomical studies in primates reveal
that a considerable proportion of corticocortical projections
are either unidirectional (i.e., unreciprocated) or asymmetrical
in weight (Markov et al., 2013, 2014). Corticocortical evoked
potentials (CCEPs), the responses evoked at a distance from
focal electrical stimulation of the brain, probe the directed
connectivity of the human brain with high spatiotemporal resolution (Keller et al., 2014b). CCEP-based connectivity corresponds to functional connectivity based on resting fMRI
(Keller et al., 2011) and to structural connectivity assessed
by diffusion tensor imaging (Conner et al., 2011). Importantly,
CCEPs reveal the direction and weight of connections between cortical areas. Indeed, our laboratory recently reported
widespread connectional asymmetry in the human neocortex
using CCEPs (Entz et al., 2014; Keller et al., 2014a).
Here, using systematic CCEP mapping in a large cohort
of epilepsy patients implanted with intracranial electroencephalogram (iEEG) electrodes, we explore the connections
that the hippocampus and amygdala establish with the rest of
the cerebral cortex. Our results provide insight into the functional integration of these structures in the human brain’s
large-scale neuronal networks.
Methods
Patients

We included patients who were monitored with iEEG
electrodes (either combinations of subdural and depth electrodes or stereo-EEG depth electrodes; Ad-Tech, Racine,
WI, and Integra, Plainsboro, NJ; subdural electrodes: 3 mm
platinum disks with 10 mm interelectrode spacing; depth
electrodes: 2.5 mm platinum cylinders with 5 mm interelectrode spacing) at the North Shore-LIJ Health System between March 2010 and June 2014, had undergone singlepulse electrical stimulation, had at least a pair of neighboring
electrodes in the hippocampus or amygdala, and did not have
any overtly visible brain lesion, such as extensive cortical
dysplasia, tumor, or stroke. Twenty-one patients (10 women)
met the criteria: 9 had bilateral electrode implantations and 1
was later implanted again with subdural electrodes over one
hemisphere (Table 1). Electrodes were implanted for clinical
purposes only, without reference to this study. The study followed the guidelines of the Declaration of Helsinki and was
approved by the local institutional review board. Patients provided written informed consent.
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Table 1. Patient Characteristics
Seizure
onset zone

Implant
type

Hemisphere

L TO
L TM
L TP, R T, R F
L TM
L TL
L TL, L TM
L TM
R F DL, R T
R TM, L TM
L TM, R TM
R TM
R TL, L TL
L TM, L F
L TM, L TL
(same patient)
LT
RT
L TM
L TM
L TM
L F DM
L TM

Subdural
Subdural
Subdural
Subdural
Subdural
Subdural
Subdural
Subdural
Stereo-EEG
Stereo-EEG
Stereo-EEG
Stereo-EEG
Stereo-EEG
Stereo-EEG
Subdural
Stereo-EEG
Subdural
Stereo-EEG
Subdural
Subdural
Stereo-EEG
Subdural

L
L
L>R
L
L
L
L
R
Both
Both
Both
Both
Both
Both
L
L
R
Both
L
L
Both
L

Gender Age
F
F
M
F
M
F
F
M
F
M
M
F
M
M

22
25
15
40
60
36
25
22
49
52
35
19
42
25

M
M
M
M
F
F
F

40
30
41
45
34
20
48

T, temporal; F, frontal; P, parietal; O, occipital; M, medial; L, lateral; D, dorsal; EEG, electroencephalogram.

Electrode localization

Intracranial electrodes were localized using the iELVis toolbox (http://ielvis.pbworks.com; Groppe et al., 2017). In brief,
we coregistered high-resolution postimplantation computed
tomography (CT) and MRI scans with a preimplantation 3-T
MRI scan. We then identified intracranial electrodes on the
CT scan using BioImage Suite (http://bioimagesuite.org). We
used FreeSurfer (http://surfer.nmr.mgh.harvard.edu; Fischl,
2012) to segment the white matter and deep gray matter
structures, reconstruct the pial surface, parcellate the neocortex according to gyral anatomy, and register the pial surface of individual patients onto a standardized atlas (Desikan
et al., 2006). Depth electrodes located in the hippocampus or
amygdala provided the basis for patient selection. We excluded electrodes that were not located in the hippocampus,
amygdala, or cortical gray matter according to the Freesurfer
segmentation. The remaining electrodes were projected to
the pial surface. To graphically represent the location of the
bipolar stimulating and recording electrode pairs (cf. ‘‘CCEP
recordings’’ section) on the brain surface, we computed the
point lying halfway between the two electrodes (Euclidean
distance) and then projected that point to the pial surface.
Using intraoperative photographs as the gold standard, electrode localization was accurate to within 3 mm in most cases
(Dykstra et al., 2012; Groppe et al., 2017; Yang et al., 2012).
CCEP recordings

iEEG signals were referenced to a vertex screw or subdermal electrode, filtered (high-pass 0.1 Hz, low-pass 40% of
the sampling rate), digitized at 500–2000 Hz, and stored
for offline analysis by XLTEK EMU128FS or NeuroLink
IP 256 systems (Natus Medical, Inc., San Carlos, CA).
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We performed CCEP mapping as previously described
(Entz et al., 2014; Keller et al., 2011, 2014a). In brief, mapping was performed toward the end of the patients’ stay in
the epilepsy monitoring unit, when seizures had been observed and antiepileptic drugs had been reinstated. Patients
were awake during CCEP mapping. Single-pulse bipolar
electrical stimulation (20 biphasic pulses with each phase
lasting 200 lsec) was delivered at 0.5 or 1 Hz to pairs of
neighboring electrodes (S12 stimulator; Grass Technologies,
Warwick, RI). Our laboratory previously found no influence
of these two differing interstimulus intervals on CCEPs (Entz
et al., 2014; Keller et al., 2014a). All stimulations to the hippocampus or amygdala were delivered through depth electrodes that lay directly in those structures, as opposed to
subdural electrodes contacting the cortex of the medial temporal lobe.
Neuronal activation in response to electrical stimulation is
influenced by current density through the stimulation electrodes. Most of the stimulating current occurs at the electrode’s edge, at the interface with the insulator, meaning
that electrode perimeter, rather than surface, influences current density (Shannon, 1992). Here, subdural electrodes were
disks whose exposed surface had a diameter of 2.3 mm, corresponding to a perimeter of 7.2 mm, whereas depth electrodes were cylinders with a diameter of 1.12 mm, giving a
total perimeter (adding the upper and lower perimeters) of
7.04 mm. These two perimeters being almost identical, current intensity was the main determinant of current density
in subdural versus depth electrodes. Current intensity was
initially set to 10 mA for both subdural and depth electrodes;
after the first 10 patients, it was reduced to 4–5 mA in depth
electrodes to reduce the risk of triggering seizures. We compared our observations in those two patient subgroups to assess the impact of this change on our findings.
We performed all iEEG and CCEP analyses using custom
MATLAB scripts. We first converted iEEG recordings to
bipolar derivations identical to those used for stimulation.
One second iEEG epochs from 200 to +800 msec relative
to the electrical stimulus were baseline corrected ( 200 to
25 msec period) and averaged to yield the CCEP traces.
These traces were visually inspected, and derivations contaminated by stimulator artifacts or 60-Hz noise were rejected.
We then converted the mean voltage traces into t-scores by dividing them by the standard error of the mean at each time
point (Groppe et al., 2011).

We then used the largest peak of the absolute CCEP tscore (polarity was irrelevant because we used bipolar derivations) during the 10–50 msec period as the index of connectivity between the stimulating and recording sites; if no
peak was detected, the two sites were deemed not to be connected. We thus built square, weighted, directed adjacency
matrices of directed connectivity, with nodes representing bipolar derivations and edges peak CCEP t-scores. Finally, we
binarized these matrices by applying a threshold set at six
times the standard deviation (SD) of t-scores during the baseline period ( 200 to 25 msec). A similar criterion was developed by Keller and associates (2011), where it was found
to provide the best combination of sensitivity and specificity for identifying the well-established projection between
Broca’s and Wernicke’s areas. We also used more lenient
(4 SDs) or more stringent (8 SDs) thresholds to test the robustness of our observations.
Because we were interested in assessing the directed connectivity between two brain regions of interest (hippocampus
and amygdala) and the rest of the cerebral cortex, we used
path length as the basic metric of connectivity. The shortest
path length between two nodes is the minimal number of
edges that one must travel along to go from one node to
the other. Using the Brain Connectivity Toolbox (http://
brain-connectivity-toolbox.net; Rubinov and Sporns, 2010),
we computed the shortest incoming and outgoing path lengths
between the hippocampal or amygdalar nodes and all the
others. If a patient had more than one hippocampal or amygdalar node, we only retained the shortest path length at each
node throughout the rest of the brain. The approach to measuring path length from CCEPs is illustrated in Figures 1 and 2.
Note that absolute path lengths as derived from CCEPs
must be interpreted cautiously for two reasons. First, the
thresholding imposed on CCEPs to binarize the connectivity
matrices influences absolute path lengths, a more stringent
threshold artificially lengthening all paths and vice versa.
Second, because of the incomplete spatial sampling of the
brain by iEEG electrodes, it is possible that cortical areas
that seem to have very long path lengths would be found
to have more direct connectivity if the entire brain were sampled. This is an inherent limitation of using CCEPs for studying the global connectivity of the brain (David et al., 2013).
Here, to alleviate this limitation to some extent, we focus on
the differences between incoming and outgoing path lengths
between neocortical areas and the hippocampus or amygdala.

Deriving connectivity matrices from CCEPs

Statistical testing

CCEPs typically consist of a series of voltage deflections
of alternating polarity. Here, we focused on the earliest responses (10–50 msec poststimulus, the first 10 msec being
discarded because of stimulator artifact), thought to reflect
fast, oligosynaptic connections (Keller et al., 2011; 2014a,
b). We quantified the presence and magnitude of a CCEP response at a given derivation in the following manner: first,
we excluded recording sites that were within 10 mm (Euclidean distance) of the stimulating site; this and the fact that
we used bipolar derivations ensured that the observed responses reflected local activation to focal stimulation of a
distant site. Then, we excluded derivations that displayed
no zero crossing within the first 500 msec (a sign that the
stimulation artifact saturated the iEEG amplifier’s filters).

Because apparently unconnected nodes (nodes with infinite path length) likely reflect incomplete sampling of the
brain by our iEEG electrodes, rather than true absence of
connecting pathways (i.e., any two brain regions are most
likely connected to each other by some neuronal path, however complex), we discarded unconnected nodes in further
analyses. We compared incoming versus outgoing path
lengths across nodes using paired t-tests, with false discovery
rate (FDR) correction when performing multiple comparisons (Benjamini and Hochberg, 1995). We compared the
proportion of direct incoming versus outgoing connections
(nodes with a path length of 1) using McNemar’s test with
continuity correction for the v2 statistic. We assessed correlations using Pearson’s linear correlation coefficient.
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FIG. 1. Probing hippocampal–cortical connectivity with CCEPs. (A) Postimplant CT coregistered with and superimposed
onto preimplant magnetic resonance imaging (NB: the electrode artifacts on the CT are much larger than the electrodes themselves). Inset: pulses of electrical stimulation were delivered to the two distal-most electrodes, which lay in the hippocampus.
(B) Hippocampal stimulation evoked a cluster of above-threshold responses in the inferior temporal lobe (white electrodes).
Top inset: CCEP trace from an electrode pair with a significant, above-threshold response in the fusiform gyrus. Dashed horizontal lines depict the significance threshold (–6 standard deviations of the baseline t-score). The shaded area indicates the
time interval (+10 to +50 msec) during which we assessed whether the CCEP had crossed the threshold. Bottom inset: CCEP
trace from an electrode pair in the lateral occipital cortex that did not respond significantly to hippocampal stimulation. The
black triangle shows the stimulation (0 msec), the dashed horizontal lines and shaded area have the same meaning as already
mentioned. (C) Hippocampal response to stimulation of the inferior temporal gyrus [site highlighted in (B), top inset]. CT,
computed tomography; CCEP, corticocortical evoked potential.

To compare path length across distinct cortical regions,
we first ensured that both electrodes in the bipolar derivations (stimulating or recording) were in the same cortical region based on the FreeSurfer parcellation. Thus, we removed
from the connectivity matrices those nodes where the electrode pair straddled a boundary between regions before
computing the path lengths. We then performed a one-way
analysis of variance (ANOVA) on incoming or outgoing
path lengths across regions, followed by pair-wise Games–
Howell post hoc tests between all region pairs. Only cortical regions with at least six observations were retained.
The Games and Howell (1976) test can accommodate varying sample sizes and variances across groups, provided that
there are at least six observations per group. These analyses
should be considered exploratory because there was a large
heterogeneity in the extent to which individual patients contributed nodes to each cortical region and because path
lengths might not be independent across cortical regions in
a given patient.
Results

We used CCEPs to study the directed connectivity between the hippocampus and amygdala and the cerebral cortex. We collected data from 21 patients implanted with
iEEG electrodes (Table 1), encompassing 31 hippocampal
(20 in the left hemisphere, 11 in the right) and 31 amygdalar
nodes (20 left, 11 right), and 1851 nodes from other cortical
regions (1471 left, 380 right). As electrodes were implanted
based on clinical guidelines, there was greater sampling of

the left hemisphere due to the need for language mapping.
Patients implanted with stereo-EEG electrodes contributed
fewer electrode pairs than those with subdural implants
(average 20 [SD 14] vs. 108 [SD 47] per patient) as iEEG
electrodes that lay in the white matter were excluded
based on the FreeSurfer parcellation. Coverage was densest
on the gyral crowns of the temporal lobe and the frontal
convexity and sparser within the sulci, the parietal, and occipital lobes, the insula, and the medial hemispheric surface,
reflecting both the usual localization of focal epilepsies and
the ease of access of the respective regions to the intracranial electrodes.
Figure 1 illustrates how CCEPs were measured. In this example, stimulating an electrode pair in the hippocampus
(Fig. 1A) induced significant responses in the inferior temporal cortex (Fig. 1B, top inset). We considered only early latency evoked responses (10–50 msec poststimulus) to focus
on presumably direct oligosynaptic connections (Entz
et al., 2014; Keller et al., 2014a, b). CCEPs were deemed significant if their amplitude, expressed as a t-score, was >6
times the SD of the prestimulus baseline (Keller et al.,
2011). In Figure 1C, stimulation of the inferior temporal
gyrus electrode pair, in turn, elicited a significant response
from the hippocampus. Thus, the hippocampal and inferior
temporal cortex nodes were reciprocally connected in this
example. By contrast, the lateral occipital cortex did not respond directly to hippocampal stimulation (Fig. 1B, bottom
inset).
The computation of path lengths from CCEPs is shown in
Figure 2. In the schematic example (Fig. 2A), stimulation of
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node i evokes a significant response at node j (continuous
arrow); therefore, the path length from i to j is 1. In contrast,
stimulation of i does not evoke a significant response at node
k (dashed arrow). Stimulating j, however, does evoke a significant response at k. To get from i to k, one, therefore, needs to
travel along two connections (from i to j and from j to k), and
the path length from i to k is 2. Figure 2B illustrates the approach with data from a representative patient. Starting
from the top, all the nodes that directly responded to stimulation of the left hippocampus had a path length of 1 (color
coded in red in Fig. 2B). Each of the nodes that responded
to stimulation of those nodes, but had not responded to
the initial hippocampal stimulation, had a path length of 2
with respect to the hippocampus (yellow). The analysis procedure is repeated to calculate the path length between any
two sites as the smallest number of iterations required to include both sites. Figure 2C shows the complete data set for
that representative patient in the outgoing (from hippocampus to cortex) and incoming (from cortex to hippocampus)
directions.
Figure 3 depicts the directed connectivity of the cortex
with the hippocampus and amygdala across all nodes of all
patients. Practically the entire sampled cortical surface was
connected with the hippocampus or amygdala, whether directly or indirectly. Figure 3 additionally suggests the following features of that connectivity:
 Path lengths were not identical across directions at individual nodes, incoming connections from cortex to hippocampus or amygdala expressing shorter path lengths
than outgoing connections to the cortex (this is especially clear when comparing incoming and outgoing
path lengths between cortex and hippocampus for the
lateral view of the left hemisphere).
 Path lengths in a given direction differed across cerebral
lobes and cortical areas, the temporal lobe having the
most direct connectivity (shorter path lengths, color
coded with warmer colors) and concentrating the majority of direct connections (path length of 1, color coded
in red) in its medial and basal regions.
In what follows, we first characterize the directionality of
connections between cortex and hippocampus or amygdala,
and then focus on regional differences in connectivity.

‰
FIG. 2. Measuring path length from CCEPs. (A). Schematic
example. i, j, and k are cortical nodes. (B) Illustration of the approach with data from a representative patient. Starting from
stimulation of the hippocampal node shown at the top, nodes
with progressively larger path lengths are color coded on the
cortical surface (left column; path length color codes refer to
color scale in (C). Representative CCEP waveforms (plotted
as in Fig. 1) are shown on the right: top, fusiform gyrus
CCEP to hippocampal stimulation; middle waveform, inferior
frontal gyrus CCEP to fusiform gyrus stimulation; bottom, superior frontal gyrus CCEP to inferior frontal gyrus stimulation.
(C) The complete data from the representative patient are
shown in (B). Path lengths from hippocampus to cortex (outgoing) and from cortex to hippocampus (incoming) are color
coded on the patient’s pial surface. NB: there are nodes that
do not display any significant connection to the hippocampus.
stim, stimulation; rec, recording; N/C, not connected.
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FIG. 3. Path lengths for all cortical nodes across all patients. Path lengths are color coded over the Freesurfer average pial
surface. Areas with lighter shades of gray correspond to gyri, those with darker shades correspond to sulci. From top to bottom: lateral, medial, and inferior views.

Incoming connections from cortex to hippocampus
or amygdala are more direct than outgoing
connections to the cortex

To assess connectional directionality, we plotted in
Figure 4A and B the difference between outgoing and incoming path lengths at individual cortical nodes so that nodes
with shorter incoming path lengths (and, therefore, more direct incoming connections) are color coded in shades of red
and, conversely, nodes with shorter outgoing path lengths
(and, therefore, more direct outgoing connections) are in
shades of blue. The distribution of path length differences is
further represented as histograms (Fig. 4C, D). We found
that path lengths were shorter in the incoming direction
than in the outgoing direction across cortical nodes [paired
t-tests, hippocampus: t(953) = 12.90, p < 0.0001; amygdala:

t(656) = 3.97, p < 0.0001]. This indicates that incoming connections from the cortex to the hippocampus and amygdala
were more direct than outgoing connections from those
structures to the neocortex.
We also looked at direct connections (path length of 1,
color coded in red in Fig. 3) between hippocampus or amygdala and the cerebral cortex. We found that there were more
direct connections from cortex to hippocampus than from hippocampus to cortex [101 vs. 63 out of 954; McNemar’s test:
v2(1) = 13.52, p = 0.0003]. Similarly, there were more direct
connections from cortex to amygdala than from amygdala
back to cortex [57 vs. 38 out of 657; v2(1) = 6.00, p = 0.0143].
Because path length, the metric that we used to characterize connectivity, is dependent on thresholding, our findings
might be influenced by the particular criterion that we used
(that the response, expressed as a t-score, be larger than six
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FIG. 4. Comparing incoming and outgoing path lengths between cortex and hippocampus or amygdala. (A, B) Path length
differences between cortex and hippocampus (A) or amygdala (B) at individual cortical nodes (outgoing–incoming) are color
coded over the Freesurfer average pial surface. Positive values, coded in shades of red, indicate shorter incoming path lengths
from cortex to hippocampus or amygdala than outgoing path lengths back to the cortex. (C, D) Histograms of the path length
differences between cortex and hippocampus (C) or amygdala (D). Paired t-tests of outgoing versus incoming path lengths at
individual cortical nodes revealed significantly shorter incoming path lengths for both the hippocampus and amygdala.

times the SD of the baseline; see ‘‘Methods’’ section). We,
therefore, repeated the previous analysis using a stricter threshold (8 SDs) and a more lenient one (4 SDs). A stricter threshold
caused all path lengths to become longer, yet the distribution
of path length differences at individual nodes continued to
reveal shorter incoming than outgoing connections [paired
t-tests, hippocampus: t(592) = 9.07, p < 0.0001; amygdala:
t(426) = 5.25, p < 0.0001]. With a more lenient threshold,
all path lengths became shorter. Incoming path lengths
remained significantly shorter than outgoing path lengths
in the case of the hippocampus [t(1306) = 2.84, p = 0.0045],
but there was no difference between incoming and outgoing
path lengths for the amygdala [t(950) = 0.95, p = 0.34].
This suggests that incoming connections from cortex to hippocampus and amygdala were indeed more direct than outgoing
connections to the neocortex, and that this difference was
more pronounced for the hippocampus than for the amygdala.
Another important potential confound is that, in a subset of
patients, we stimulated depth electrodes (including hippocampal or amygdalar electrodes) at a lower amplitude than subdural electrodes (the vast majority of cortical electrodes) to
reduce the occurrence of seizures when stimulating the seizure
onset zone. Because the amplitude of CCEPs is, in part, proportional to the amplitude of the stimulus (Entz et al., 2014), we

might have systematically biased part of our data set toward
less ample responses to stimulation of the hippocampus or
amygdala, which, in turn, would have caused artificially longer
path lengths in the outgoing direction than in the incoming direction. To assess this, we repeated the previous analysis on
two subsets of patients with subdural electrodes where the
depth electrodes were stimulated at 10 or at 4–5 mA, respectively. We found that, in the case of the hippocampus, incoming path lengths at individual cortical nodes were shorter than
outgoing path lengths regardless of stimulation amplitude
[paired t-tests, 10 mA: t(378) = 11.64, p < 0.0001; 4–5 mA:
t(553) = 7.27, p < 0.0001]. For the amygdala, incoming path
lengths were also shorter than outgoing path lengths at
10 mA [t(224) = 3.58, p = 0.0004], but not statistically significant at 4–5 mA [t(404) = 1.70, p = 0.090]. This indicates that
our observation that incoming path lengths from cortex to hippocampus or amygdala were shorter than outgoing path
lengths to the cortex was not due to our reducing the stimulation amplitude at depth electrodes in a subset of patients.
We asked next whether path lengths between cortex and
hippocampus or amygdala were shorter in the incoming direction than in the outgoing direction irrespective of the cerebral lobe involved. Incoming path lengths were significantly
shorter than outgoing path lengths between the hippocampus
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and the temporal, frontal, and parietal lobes [Fig. 5A; paired
t-tests with FDR correction, temporal lobe: t(277) = 7.34,
pFDR < 0.0001; frontal lobe: t(172) = 3.07, pFDR = 0.0033;
parietal lobe: t(86) = 5.90, pFDR < 0.0001; occipital lobe:
t(17) = 0.94, pFDR = 0.36]. By contrast, incoming and outgoing path lengths between the amygdala and cortex did not
differ significantly in any individual lobe, although there
was a strong trend toward shorter incoming path lengths than
outgoing path lengths in the temporal lobe and incoming
path lengths tended to be shorter than outgoing path lengths
across all lobes [Fig. 5B; temporal lobe: t(191) = 2.43,
pFDR = 0.065; frontal lobe: t(139) = 0.31, pFDR = 0.76; parietal lobe: t(48) = 1.14, pFDR = 0.34; occipital lobe: t(6) = 1.55,
pFDR = 0.34].
The inferior temporal lobe has the shortest path lengths
with the hippocampus compared with other cortical areas

We next explored the differences in connectivity between
neocortex and hippocampus or amygdala across cortical
areas. For that purpose, we grouped path lengths from individual nodes into cortical regions defined by each patient’s
gyral anatomy. Figure 6A shows the path lengths between
cortex and hippocampus color coded on an average pial surface. Warmer colors indicate shorter path lengths, suggesting
more direct connections, whereas colder colors indicate
longer path lengths. We first confirmed that path lengths
were not equal across cortical regions, in both directions
[one-way ANOVA, incoming: F(21,588) = 4.83, p < 0.0001;
outgoing: F(23,663) = 5.86, p < 0.0001]. We dissected this
finding further using pairwise post hoc Games–Howell
tests and found that incoming connections from the entorhinal cortex were significantly shorter than incoming connections from all occipital, parietal, and frontal regions as well
as from the lateral temporal lobe. Incoming connections
from the parahippocampal and fusiform gyri were also
shorter than those from several cortical areas. Otherwise, in-
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coming connections from the occipital, parietal, frontal, and
lateral temporal regions were not significantly different in
length from each other. In the outgoing direction, the shortest
connections from the hippocampus also targeted the entorhinal cortex. Outgoing connections from the hippocampus to
the posterior parietal cortex (superior parietal cortex and
supramarginal gyrus) were noticeably longer than those toward the temporal lobe.
Figure 6B presents the same analysis for connections
between the amygdala and cortical areas. Although path
lengths between the amygdala and the cortex were not homogeneous across cortical areas [one-way ANOVA, incoming:
F(16,414) = 3.45, p < 0.0001; outgoing: F(17,441) = 3.59,
p < 0.0001], post hoc testing revealed few significant
differences.
Path lengths when the hippocampus
or amygdala is not involved in seizure onset

In most of the implanted hemispheres, the hippocampus or
amygdala was part of the seizure onset zone as defined by visual inspection of the iEEG. This observation validates the
clinical decision to implant these structures with depth electrodes in the first place. However, there could be differences
in the connectivity pattern of the healthy and epileptic hippocampus or amygdala. We, therefore, assessed connectivity in
the subset of hemispheres where the hippocampus and amygdala were not part of the seizure onset zone. We found the
same overall connectivity pattern as in the entire data set:
the shortest path lengths were in the temporal lobe, and
there was a slight tendency for incoming path lengths to be
shorter than outgoing path lengths for both the hippocampus
and amygdala (although these differences did not reach statistical significance due to the small sample size). Although
this limited subset of observations is by no means sufficient
to conclude that there were no connectivity differences between the healthy and epileptic hippocampus or amygdala,

FIG. 5. Incoming and outgoing path
lengths between cortex and hippocampus or
amygdala grouped by cerebral lobe. (A)
Hippocampus, (B) Amygdala. Paired t-tests
were used to compare outgoing versus incoming path lengths. FDR correction was
applied to the p-values shown here
(alpha = 0.05; see ‘‘Methods’’ section—
‘‘Statistical testing’’). ‘‘*’’ denotes significant tests. Hippocampus, T: t(277) = 7.34,
pFDR < 0.0001; F: t(172) = 3.07, pFDR =
0.0033; P: t(86) = 5.90, pFDR < 0.0001; O:
t(17) = 0.94, pFDR = 0.36. Amygdala, T:
t(191) = 2.43, pFDR = 0.065; F: t(139) = 0.31,
pFDR = 0.76; P: t(48) = 1.14, pFDR = 0.34;
O: t(6) = 1.55, pFDR = 0.34. SEM, standard
error of the mean; FDR, false discovery rate;
T, temporal lobe, including insula; F, frontal
lobe; P, parietal lobe; O, occipital lobe.
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FIG. 6. Regional cortical connectivity of the hippocampus and amygdala. (A) Incoming and outgoing path lengths between
hippocampus and cortex grouped by cortical regions are color coded on the Freesurfer average pial surface. Areas with <6
observations are grayed. One-way ANOVA found significant differences in path lengths across areas in both directions [incoming: F(21,588) = 4.83, p < 0.0001; outgoing: F(23,663) = 5.86, p < 0.0001]. (B) Incoming and outgoing path lengths between amygdala and cortex are grouped by cortical regions. One-way ANOVA found significant differences in path lengths
across areas in both directions [incoming: F(16,414) = 3.45, p < 0.0001; outgoing: F(17,441) = 3.59, p < 0.0001]. HIP, hippocampus; AMY, amygdala; ENT, entorhinal cortex; PHG, parahippocampal gyrus; FUS, fusiform gyrus; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; STG, superior temporal gyrus; INS, insula; OFCl, orbitofrontal lateral cortex;
IFGo, inferior frontal gyrus, pars orbitalis; IFGt, inferior frontal gyrus, pars triangularis; IFGp, inferior frontal gyrus, pars
opercularis; MFGr, middle frontal gyrus, rostral part; MFGc, middle frontal gyrus, caudal part; SFG, superior frontal
gyrus; PreC, precentral gyrus; PostC, postcentral gyrus; SPC, superior parietal cortex; IPC, inferior parietal cortex; SMG,
supramarginal gyrus; LIN, lingual gyrus; LOC, lateral occipital cortex; ANOVA, analysis of variance.
it is at least reassuring in that it shows similar connectivity
patterns in these two situations.
Discussion

In this study, we used CCEPs to probe the directed connectivity of the hippocampus and amygdala with the cerebral
cortex. We found that the hippocampus and amygdala were
connected with most of the cortical mantle, directly or indirectly. Uniquely, CCEPs assess the directionality of connec-

tions. Most connections between cortex and hippocampus
or amygdala were asymmetric. Specifically, incoming path
lengths from cortex to hippocampus were shorter than outgoing path lengths to the neocortex, and there were more direct connections from neocortex to hippocampus than from
hippocampus to neocortex. We observed a similar, although
slighter, asymmetry for amygdalar–cortical connections.
This places the hippocampus, and to a lesser degree the
amygdala, in the role of integrators of widespread cortical
influence.

DIRECTED CONNECTIVITY OF HIPPOCAMPUS AND AMYGDALA

In our data, the entorhinal cortex and parahippocampal
gyrus had the shortest path length with the hippocampus
in both directions. This strong reciprocal hippocampal–
entorhinal connectivity was previously described in human
CCEP studies (Enatsu et al., 2015; Rutecki et al., 1989;
Wilson et al., 1989). It likely reflects the position of the entorhinal, perirhinal, and parahippocampal cortices as gateways between the neocortex and the hippocampus proper, as revealed
by anatomical studies in animal models (Amaral, 1993; Insausti
et al., 1987; Lavenex and Amaral, 2000; Van Hoesen and Pandya, 1975; Van Hoesen et al., 1975) and MRI tractography in
humans (Powell et al., 2004). Beyond this gateway, incoming
path lengths to the hippocampus were remarkably similar
across cortical areas, suggesting that activity from most of
the neocortex has similar opportunities to reach the hippocampus. Resting fMRI (Greicius et al., 2004; Kahn et al., 2008;
Vincent et al., 2006) and CCEP studies (Almashaikhi et al.,
2014; Catenoix et al., 2005, 2011; Enatsu et al., 2015; Kubota
et al., 2013; Lacruz et al., 2007) also reported distributed hippocampal–cortical connectivity. We found that path lengths
from cortex to amygdala were also strikingly similar across
cortical areas. Anatomical tracer studies (Amaral and Price,
1984; LeDoux, 2007; Sah et al., 2003), fMRI (Roy et al.,
2009) and CCEP studies (Enatsu et al., 2015) confirm that
the amygdala indeed entertains widespread connections with
the neocortex.
The hippocampus and amygdala integrate the activity of
many cortical areas into highly conceptual, context-invariant
semantic representations of our environment. The widespread connectivity of the hippocampus and amygdala with
the cerebral cortex revealed by our CCEPs, together with
the fact that incoming connections from cortex to hippocampus or amygdala were more direct than their outgoing counterparts, is in keeping with this view of the hippocampus and
amygdala as integrators of the activity of widely distributed
cortical networks (Felleman and Van Essen, 1991; Mesulam,
1998; Quiroga, 2012).
Our results bear special relevance to noninvasive brain
stimulation as a potential therapeutic intervention for neurological and psychiatric disorders (Fregni and Pascual-Leone,
2007). The hippocampus and amygdala have been implicated
in many such diseases, and direct stimulation of the hippocampus, amygdala, or their dependencies using intracranial
electrodes has been investigated to relieve symptoms in epilepsy, Alzheimer’s disease, or post-traumatic stress disorder, among others (Fox et al., 2014). Although noninvasive
brain stimulation is currently unable to reach directly deepseated structures such as the hippocampus and amygdala, targeting cortical nodes strongly connected to these structures is
an alternative noninvasive approach for brain stimulation
(Fox et al., 2014). The pattern of cortical to hippocampal or
amygdalar-directed connectivity that emerges from our data
suggests that the inferior temporal cortex, temporal tip, and
lower temporal lateral convexity would provide the most
direct ‘‘gateway.’’ Interestingly, the high resting-state fMRI
connectivity between the hippocampus and lateral parietal
cortex has recently been used to target repetitive transcranial
magnetic stimulation and improve performance in a memory
task (Wang et al., 2014). Although connections from parietal
cortex to hippocampus had long path lengths in our study, they
were strongly directionally asymmetric, incoming connections
from parietal cortex to hippocampus being markedly more di-
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rect than outgoing connections to parietal cortex. Thus, the net
direction of information flow along cortical–hippocampal
connections might be as important as their absolute strength
for targeting neurostimulation. This hypothesis will need to
be tested in future studies.
Several limitations to our study should be acknowledged.
Because the medial temporal lobe was implicated in a large
proportion of our subjects’ epilepsy, a major concern is
whether brain connectivity probed with CCEPs in our subjects approximates that of the healthy brain. Some studies
do suggest that single-pulse electrical stimulation in epileptogenic cortex produces responses that differ from nonepileptogenic cortex (Enatsu et al., 2012a, b; Iwasaki et al., 2010;
Valentin et al., 2002). However, in those studies, the most
salient differences appeared later than 100 msec after the electrical stimulus (Valentin et al., 2002). This may be a lesser concern in our results due to the fact that CCEP analysis was
restricted to earlier time points. Another consideration is that
temporal lobe epilepsy may be accompanied by changes in cerebral morphology (Bonilha et al., 2010; Moran et al., 2001)
and functional connectivity (Bettus et al., 2009; Pittau et al.,
2012; Waites et al., 2006) that extend beyond the epileptic
focus (Bernhardt et al., 2013). Owing to this concern, we believe that our admittedly small subset of patients with nonepileptic hippocampus or amygdala provides an important set of
observations. In those patients, we found no major differences compared with the whole data set, although the small
sample size limits statistical power. The agreement between
our findings and prior anatomical and physiological studies
also suggests that CCEP mapping in epileptic patients does
index features of normal brain connectivity. The burgeoning
indications for intracranial electrodes outside epilepsy (e.g.,
neuromodulation for intractable pain or investigative brain–
computer interfaces) will provide future opportunities for
CCEP mapping in nonepileptic brains.
The potential role of antiepileptic medication must also be
mentioned. Indeed, antiepileptic drugs influence cortical excitability, and hence responses to electrical stimulation. A recent study found that two commonly used antiepileptic drugs
with differing molecular mechanisms of action, lamotrigine
and levetiracetam, exerted similar effects on transcranial
magnetic stimulation-evoked cortical potentials (Premoli
et al., 2017). Similarly, iEEG-derived measures of intrinsic
cortical excitability were shown to vary mainly with the
overall load of antiepileptic drugs in a given patient (Meisel
et al., 2015). This suggests that the cumulative load of antiepileptic drugs, rather than the presence of any particular
molecule versus another, would influence CCEPs. Here, all
patients were under their usual antiepileptic medication
when electrical stimulation was performed. Furthermore,
the vast majority of our statistical comparisons were performed
between pairs of electrodes in the same patient, thus balancing
any potential role of specific antiepileptic medication or dosage on the CCEPs.
Another important consideration concerns spatial sampling, despite the rather large number of patients and electrodes
included in our study. First of all, the major projection from the
hippocampus through the Papez circuit (mammillary nucleus,
anterior thalamic nucleus, and cingulate cortex) remained unexplored, because iEEG electrodes do not typically target these
structures in the context of epilepsy. Nevertheless, the hippocampus also projects in a widespread manner to the neocortex
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through the entorhinal, parahippocampal, and perirhinal cortices, bypassing the Papez circuit; these projections might play
an important role in the long-term storage of information by
the neocortex (Lavenex and Amaral, 2000). Furthermore, we
were unable to explore connections that were shown to exist,
for instance, between the hippocampus and the medial parietal
lobe or between the amygdala and the medial prefrontal cortex
(Insausti et al., 1987; Kubota et al., 2013; Ongur and Price,
2000; Roy et al., 2009; Vincent et al., 2006). Data-sharing
initiatives could allow the creation of large collaborative data
sets with improved spatial sampling across larger number of
patients.
Technical limitations must also be kept in mind. Action
potentials evoked by electrical stimulation of the axon travel
both orthodromically (away from the cell soma and toward
synaptic terminals) and in the reverse direction. Antidromically propagated action potentials could theoretically travel
forward again along axonal collaterals and evoke synaptic
activity there, thus negating the directional selectivity of
CCEPs. We cannot exclude that the stimulation parameters
in our study evoked antidromic activity, but we believe that
it played a relatively minor role in the results we observed.
First, antidromic activation requires higher stimulation intensities than orthodromic activation (Ferster and Lindstrom, 1985;
Rose and Metherate, 2001). Second, antidromic responses
were only infrequently seen in cortical neurons upon electrical
stimulation of the surface of the cat cerebral cortex at stimulation intensities sufficient to elicit clear evoked responses
(Ezure et al., 1985). Third, antidromic action potentials appear
less able than orthodromic action potentials to evoke synaptic activity, possibly because they fail to effectively propagate along axonal collaterals (Mulloney and Selverston,
1972). Accordingly, CCEPs are considered to reflect mostly
orthodromic projections, with a minor antidromic contribution (Keller et al., 2014b; Matsumoto et al., 2007).
Another potential confound relates to the fact that the
amplitude of CCEPs depends, like other evoked potentials, on the density and spatial organization of the preand postsynaptic elements (Mitzdorf, 1985; Tenke et al.,
1993). Thus, the differing cellular and synaptic organization
of the hippocampus, amygdala, and neocortex might influence the shape of CCEP curves to some extent and thus
play a role in the connectivity differences observed here. Further studies will be necessary to resolve this issue by quantifying the neuronal responses to brain stimulation at a finer
grain using microelectrode recordings of single-cell neuronal
activity.
Conclusion

CCEPs are uniquely able to resolve the direction of neural connections. Using CCEPs, we showed that the directed
connectivity from neocortex to hippocampus and amygdala is more direct than the reciprocal connectivity from
these structures to the neocortex, placing the hippocampus and amygdala as integrators of widespread cortical influence. Despite a number of significant limitations
(assessing connectivity in epileptic brains, incomplete
spatial sampling of the neocortex dictated by the clinical
situation), this study adds to our understanding of the functional organization of large-scale neural networks in the
human brain.
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