1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Prog Neurobiol. Author manuscript; available in PMC 2022 June 01.

-, HHS Public Access
«

Published in final edited form as:
Prog Neurobiol. 2021 June ; 201: 102027. doi:10.1016/j.pneurobio.2021.102027.

Human hippocampal connectivity is stronger in olfaction than
other sensory systems

Guangyu Zhoul”, Jonas Olofsson2:34 Mohamad Z. Koubeissi®, Georgios Menelaou?,
Joshua Rosenow?, Stephan U. Schuelel, Pengfei Xu’8, Joel Voss1910, Gregory Lanel,
Christina Zelanol”

LDepartment of Neurology, Northwestern University Feinberg School of Medicine, Chicago,
lllinois, United States of America.

2Department of Psychology, Stockholm University, Stockholm, Sweden.

3:Emotional Brain Institute, Nathan S. Kline Institute, Orangeburg, New York, United States of
America.

4Department of Child and Adolescent Psychiatry, New York University School of Medicine, New
York, New York, United States of America.

5Department of Neurosurgery, Northwestern University Feinberg School of Medicine, Chicago,
lllinois, United States of America.

6.Department of Neurology, George Washington University, Washington DC, United States of
America.

7-School of Psychology, Shenzhen University, Shenzhen, China.
8.Center for Brain Disorders and Cognitive Neuroscience, Shenzhen, China.

9Department of Medical Social Sciences, Northwestern University Feinberg School of Medicine,
Chicago, lllinois, United States of America.

10.pepartment of Psychiatry and Behavioral Sciences, Northwestern University Feinberg School
of Medicine, Chicago, Illinois, United States of America.

Abstract

During mammalian evolution, primate neocortex expanded, shifting hippocampal functional
networks away from primary sensory cortices, towards association cortices. Reflecting this
rerouting, whereas rodent resting functional hippocampal networks include primary sensory
cortices, those in humans preferentially include higher association cortices. Research on the visual,
auditory and somatosensory systems shows evidence of this rerouting. Olfaction, however, is
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unique among sensory systems in its relative structural conservation throughout mammalian
evolution, and it is unknown whether human primary olfactory cortex was subject to the same
rerouting. We combined functional neuroimaging and intracranial electrophysiology to directly
compare hippocampal functional networks across human sensory systems. We show that human
primary olfactory cortex—including the anterior nucleus, olfactory tubercle and piriform cortex—
has stronger functional connectivity with hippocampal networks at rest, compared to several other
human sensory systems. This suggests that unlike other sensory systems, olfactory hippocampal
connectivity may have been retained in mammalian evolution. Our findings suggest olfaction
might provide insight into how memory and cognition depend on hippocampal interactions.
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hippocampal network; olfactory system; functional connectivity; fMRI; iEEG

Introduction

Learning and memory of perceptual events are indispensable features of the mammalian
brain, enabled by connectivity between the hippocampus and the cortex. The overall
organization of hippocampal-cortical networks is thought to be well-preserved across
mammalian species (Allen and Fortin, 2013; Gass et al., 2014; Liska et al., 2015; Lu et al.,
2012; Mechling et al., 2014; Schwarz et al., 2013). However, during mammalian evolution,
primates (including humans) experienced a profound expansion of neocortex that
reorganized these networks, fundamentally separating humans from other mammals
(Buckner and Krienen, 2013). Specifically, human hippocampal networks were rerouted
away from primary sensory cortices, towards association cortices. Reflecting this change,
recent functional neuroimaging studies that directly compared rodent and human resting
functional hippocampal networks found that while rodent hippocampal networks include
primary sensory cortices, those in humans instead preferentially include association cortices
(Bergmann et al., 2016; Kahn et al., 2008; Libby et al., 2012). Though such effects were
shown in the visual, auditory and somatosensory systems, a fundamental question is whether
there are exceptions to this general principle of human sensory-hippocampal network
reorganization. If any human sensory system retained direct connectivity with the
hippocampus, this might have important implications for our understanding of human
memory, which depends on hippocampal interactions. Olfaction provides a critical point of
comparison, as it is typically not considered in theoretical frameworks of cognitive evolution
or overall cortical organization (Buckner and Krienen, 2013; Margulies et al., 2016;
Mesulam, 1998), but is instead often regarded as preserved in mammalian evolution
(Herrick, 1933; McGann, 2017; Striedter and Northcutt, 2020). If the human hippocampus
preserved connectivity with any primary sensory area, we reasoned it would likely be found
in olfaction.

Connectivity between the hippocampus and cortical areas differs between rodents and
primates, both anatomically and functionally. Anatomically, in both rodents and primates,
parahippocampal regions, which provide access to the hippocampus, are projection sites for
higher sensory and association areas (Aronoff et al., 2010; Burwell, 2006; Burwell and
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Amaral, 1998; Wang et al., 2012), but only in the rodent does the parahippocampus exhibit
direct anatomical connections with primary visual, auditory and somatosensory cortices
(Kahn et al., 2008; Libby et al., 2012; Ranganath and Ritchey, 2012). Functionally, in both
rodents and humans, parahippocampal regions exhibit resting functional connectivity with
higher association areas (Gass et al., 2014; Kahn et al., 2008; Libby et al., 2012; Liska et al.,
2015; Logothetis et al., 2012; Madore et al., 2016; Mechling et al., 2014; Ranganath and
Ritchey, 2012; Schwarz et al., 2013; Tambini et al., 2017), but only rodent parahippocampus
exhibits functional connectivity with primary visual, auditory and somatosensory cortices
(Bergmann et al., 2016). These findings suggest that in humans, primary sensory
information was rerouted via expanded and new association cortices before arriving at the
hippocampus. Cortical evolution thus extended the “synaptic leash” from sensation to
cognition, which likely allowed for a greater cognitive and behavioral flexibility (Mesulam,
1998). These studies, however, focused on the visual, auditory and somatosensory systems,
and did not consider the olfactory system.

The question of whether the human olfactory system participated in the reorganization
described above remains unanswered. Direct human anatomical and functional evidence is
scant in the field of olfaction. Anatomically, connectivity between primary olfactory areas
and the hippocampal formation has been well established in rodents, but whether this is true
in humans is unknown. In rodents, both the olfactory bulb and piriform cortex project to the
entire extent of the entorhinal cortex (Barkai and Saar, 2001; Haberly, 2001), which in turn
projects to the hippocampus. As primary olfactory cortex includes a collection of brain areas
that receive direct input from the olfactory bulb (Carmichael et al., 1994; Ennis et al., 2015;
Gottfried, 2010; Illig and Wilson, 2009; Lane et al., 2020; Mainland et al., 2014; Porada et
al., 2019; Price, 2009, 1990; Vaughan and Jackson, 2014; Wilson and Sullivan, 2003), rodent
entorhinal cortex is a substantial part of primary olfactory cortex. The organization of
primary olfactory cortex may differ somewhat in primates and humans (Lane et al., 2020). In
macaques, the olfactory bulb projects to a comparably very small rostral part of the
entorhinal cortex, and it is unknown whether piriform cortex also projects here (Carmichael
etal., 1994). In humans, though we lack direct anatomical evidence for bulbar or piriform
projections to the entorhinal cortex, a handful of MR structural and diffusion-tensor-based
studies indirect suggest that some may exist (Gongalves Pereira et al., 2005; Héctor et al.,
2019; Milardi et al., 2017).

Thus, in humans, we cannot rely on current anatomical evidence to determine whether
connectivity between the hippocampus and olfactory areas was rerouted as in other sensory
systems. Resting-state functional magnetic resonance imaging (rsfMRI) techniques have
contributed to our understanding of intrinsic functional networks in the human brain (Cabral
et al., 2014; Fox et al., 2005; Greicius et al., 2003; van den Heuvel and Hulshoff Pol, 2010),
and have been used to provide support for the notion that hippocampal functional networks
were rerouted in visual, auditory and somatosensory systems during mammalian evolution
(Bergmann et al., 2016). In olfaction, numerous previous studies have explored intrinsic
functional networks of the human olfactory system (Arnold et al., 2020; Banks et al., 2016;
Cecchetto et al., 2019; Fjaeldstad et al., 2017; Karunanayaka et al., 2017, 2014; Kiparizoska
and Ikuta, 2017; Kollndorfer et al., 2015; Krusemark and Li, 2012; Nigri et al., 2013; Peter
et al., 2021; Sreenivasan et al., 2017; Sunwoo et al., 2015). Of these, the few that separately
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considered piriform cortex found functional connectivity with hippocampus (Karunanayaka
etal., 2017; Lu et al., 2019; Tobia et al., 2016; Zhou et al., 2019a). A number of studies have
reported unique qualities of olfactory memories compared to visual/auditory memories
(Arshamian et al., 2013; Chu and Downes, 2000; Cornell Kérnekull et al., 2020; Miles and
Berntsen, 2011; Saive et al., 2014; Willander and Larsson, 2006), and it has been argued that
“the strong anatomical connection between olfactory and memory structures makes olfaction
a privileged sense for accessing memories”(Saive et al., 2014). However, despite the
prevalent hypothesis that the olfactory cortex has a stronger functional integration with the
hippocampus compared to other sensory cortices, the strength of olfactory hippocampal
networks relative to other sensory systems has not been directly compared. It is therefore
unknown whether resting human olfactory hippocampal networks underwent evolutionary
rerouting similar to what is proposed for other sensory modalities.

How can human olfactory hippocampal networks be characterized? One possibility is that,
similar to other sensory systems, resting olfactory hippocampal networks were rerouted from
primary sensory cortex to preferentially include higher association cortices. Another
possibility is that, unlike other human sensory systems, olfactory hippocampal networks
maintained the involvement of primary sensory cortex, as in rodents. Given anatomical and
evolutionary characteristics of the olfactory system, and the high level of conservation of the
overall organizational properties of human and rodent olfactory systems, we hypothesized
that the evolutionary rerouting of human neocortical hippocampal networks to higher
association cortices did not include the olfactory system. If true, this would suggest that
human olfactory hippocampal networks include primary olfactory cortical areas, unlike
other sensory systems. Furthermore, such a result would support the notion that primate
cortical expansion was driven not by evolutionary pressures related to olfactory processing,
but by processing demands in other senses (e.g., visual, auditory and somatosensory).

Unlike other sensory systems, olfactory perception is inextricably tied to respiration.
Information about olfactory stimuli is processed rhythmically in the olfactory bulb and
piriform cortex, and responses in these areas are tied to sniff phase (Carey and Wachowiak,
2011; Kepecs et al., 2006; Rebello et al., 2014; Shusterman et al., 2011; Smear et al., 2011).
Furthermore, activity in olfactory cortical areas, in hippocampus and in some neocortical
areas, has been found to oscillate with respiratory rhythms even at rest (Heck et al., 2016;
Liu et al., 2017; Lockmann and Tort, 2018; Lockmann et al., 2016; Nguyen Chi et al., 2016;
Tort et al., 2018; Yanovsky et al., 2014; Zelano et al., 2016). This suggests that respiratory
rhythmicity might impact not only local activity, but also network coherence, perhaps
including olfactory hippocampal networks (Macrides, 1975; Macrides et al., 1982;
Vanderwolf, 2001, 1992). In humans, however, respiratory rhythmicity of resting olfactory
hippocampal networks remains unexplored. We hypothesized that, if human olfactory
hippocampal networks include primary olfactory cortex, then connectivity between piriform
cortex and hippocampus should be modulated by respiration, even at rest.

Here, we used rsfMRI and intracranial electroencephalography (iEEG) to test two
hypotheses about resting human olfactory hippocampal networks. The use of two
complimentary techniques which show striking similarities in their estimates of intrinsic
functional networks (Fox et al., 2018; Kucyi et al., 2018) allowed us both to examine
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connectivity across all primary olfactory subregions, and to assess connectivity using a
direct measure of neural activity. First, we used whole-brain rsfMRI to test the hypothesis
that human olfactory hippocampal functional networks include primary sensory cortex,
unlike other sensory systems. We directly compared the strength of connectivity between the
hippocampus and olfactory sensory cortex to that between the hippocampus and
somatosensory, visual and auditory sensory cortices. This analysis was repeated using
resting state iEEG techniques, which provided coverage of the hippocampus and primary
olfactory and auditory cortices, and allowed us to validate rsfMRI findings using a direct
measure of neural activity. Second, we used iEEG to test the hypothesis that resting
connectivity between olfactory cortex and hippocampus is modulated by respiratory
rhythms, which would suggest a functional link between resting connectivity and passive
sensory sampling behaviors, even at rest.

To directly compare human sensory cortical-hippocampal functional connectivity across the
olfactory, somatosensory, visual and auditory systems, we acquired whole-brain rsfMRI
signals from 25 healthy participants. Whole-brain acquisition allowed direct comparison of
simultaneous hippocampal connectivity across sensory systems. To examine human
olfactory-hippocampal connectivity at the neural level, we used iEEG techniques to record
local field potential signals during rest, directly from piriform cortex, auditory cortex and
hippocampus, from 8 participants undergoing an invasive evaluation for epilepsy. These
targeted recordings allowed quantification and comparison of olfactory and auditory
hippocampal connectivity with high temporal precision, and validation of our fMRI findings.
iIEEG methods also allowed us to examine the temporal dynamics of phase synchrony
between piriform and hippocampus over the respiratory cycle.

Primary olfactory cortex maintains stronger hippocampal connectivity than do other
primary sensory cortices.

We first tested the hypothesis that resting functional connectivity between piriform cortex
and the hippocampus would be stronger than that between other primary sensory cortices
and the hippocampus. We compared hippocampal connectivity across sensory cortices,
including primary visual (V1 and V2), auditory (Al and A2), somatosensory (S1) (Luna et
al., 2005) and olfactory (piriform) cortices. Resting fMRI-based functional connectivity
(Greicius et al., 2003) was computed between the hippocampus (seed region of interest
(ROI]) and each primary sensory cortical target ROI (Fig. 1A). ROIs were obtained from
FSL’s standard Harvard-Oxford atlas (S1, A1 and A2) (Jenkinson et al., 2012) and
Freesurfer's labels (V1 and V2) (Desikan et al., 2006) (See Materials and Methods for
details). The piriform cortex ROl was manually drawn on a Montreal Neurological Institute
(MNI) brain according to a human brain atlas that provides a particularly detailed
consideration of medial limbic structures (Mai et al., 2015; Zhou et al., 2019a). To calculate
the functional connectivity between each pair of ROIs, we extracted the fMRI time series of
all voxels within each ROI and averaged them, which resulted in a single time series for each
ROI for each participant. We then calculated the Pearson correlation coefficient between all
pairs of time series for each participant. Finally, the correlation coefficients were converted
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to z scores using Fisher z-transform. To look for differences in connectivity between the
hippocampal seed ROIs (left and right hippocampus) and each primary sensory cortex, we
first performed a two-way repeated-measures analysis of variance (ANOVA) with
hemisphere (left and right) and region (auditory, visual, somatosensory and olfactory
cortices) as factors (Fig. 1A). Multiple comparisons of the ANOVA analysis across seed
ROIs (left and right hippocampus) were corrected using the Bonferroni method. We found
that hippocampal connectivity differed across primary sensory cortices, with similar effects
across hemispheres as revealed by a main effect of region for both left (F3 7o = 25.80, P=
1.92e-11) and right (F3 72 = 16.37, P= 3.29¢e-8) hippocampus seed ROIs (Fig. 1B). The
analysis revealed no statistically significant main effect of hemisphere on hippocampal
connectivity (left hippocampus seed ROI: Fq 24 = 2.66, A= 0.12; right hippocampus seed
ROI: F1 24 = 0.073, P=0.79). We found no interaction between hemisphere and region (left
hippocampus seed ROI: F3 7, = 0.31, £= 0.82; right hippocampus seed ROI: F3 7, = 1.29, P
= 0.29). Post-hoc paired t test analyses (N = 25) conducted between all target ROIs (Fig 1C)
showed that connectivity between the hippocampus and olfactory cortex was stronger than
hippocampal connectivity with visual, auditory or somatosensory cortices (£ < 0.05, false
discovery rate (FDR) corrected; Fig. 1C). These effects were highly consistent across
participants (Fig 1D) and support our hypothesis that human olfactory hippocampal
functional networks include primary sensory cortex, unlike other sensory systems.

Though our original analysis focused on piriform cortex, the largest and most studied
subregion of primary olfactory cortex (Allison, 1954; Carmichael et al., 1994; Feher, 2017;
Gottfried, 2010; Mai and Paxinos, 2012; Price, 2009; Uyematsu, 1921; Vaughan and
Jackson, 2014), the olfactory bulb also projects in parallel to several other cortical areas,
which are also considered part of primary olfactory cortex, including the anterior olfactory
nucleus and the olfactory tubercle. To determine if olfactory hippocampal networks include
other primary olfactory cortical regions, we next computed functional connectivity between
these regions and the hippocampus. ROIs of the anterior olfactory nucleus and the olfactory
tubercle were drawn on the MNI brain according to the human brain atlas (Mai et al., 2015).
Since we didn’t find any main effect of hemisphere in the previous analyses, we averaged
the time series of the left and right hemispheres for each ROl before calculating the
correlation coefficient across ROIs. We found stronger connectivity between the
hippocampus and each primary olfactory region, compared to each non-olfactory primary
sensory cortex (one-way repeated-measures ANOVA, Fg 144 = 18.50, P=7.77e-16, Fig. 2A
top), suggesting these effects were not specific to piriform cortex (paired t test; £< 0.05,
FDR corrected; Fig. 2A bottom), and included other primary olfactory regions.

Having established unique resting functional connectivity between primary olfactory cortex
and the hippocampus, we next asked whether resting olfactory connectivity is preferential to
any particular subregion of the hippocampus. In other sensory systems, hippocampal
networks are thought to involve two distinct, parallel pathways of cortical inputs (Ho and
Burwell, 2014; Ranganath and Ritchey, 2012). An anterior pathway brings object-related
information to the hippocampus via the perirhinal cortex, while a posterior pathway brings
context-related information to the hippocampus through the parahippocampal and
retrosplenial cortices (Buckley and Gaffan, 1997; Choi et al., 2020; Colombo et al., 1998;
Epstein, 2008; Fanselow and Dong, 2010; Henderson et al., 2008; Howell et al., 2020;
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Janzen and Van Turennout, 2004; Moser and Moser, 1998; Murray and Richmond, 2001;
Norman and Eacott, 2005; Strange et al., 2014; Taylor et al., 2006). It is unclear how human
olfactory networks are aligned with these pathways. In rodents and monkeys, the entorhinal
cortex interacts heavily with ventral/anterior hippocampus. We thus reasoned that olfactory
information is most likely integrated with the anterior hippocampal pathways. To test this
hypothesis, we divided hippocampal and parahippocampal regions into anterior (including
perirhinal) and posterior (including retrosplenial) sections, and then computed connectivity
between those regions and the primary olfactory cortical areas. A two-way repeated-
measures ANOVA analysis with region (hippocampus vs. parahippocampus) and position
(anterior vs. posterior) as independent variables revealed a main effect of position in the
anterior olfactory nucleus (Fy 24 = 8.27, P=0.0083; Fig. 2B), frontal piriform cortex (Fy 24
=7.72, P=0.010; Fig. 2D), and temporal piriform cortex (F1 24 = 15.67, = 0.00059; Fig.
2E). No main effect of position was found in the olfactory tubercle (F1 24 = 0.19, P= 0.67,
Fig. 2C). We found no main effect of region, nor interaction between region and position (all
A5 > 0.05, Bonferroni corrected for multiple comparison of ANOVA analysis across seed
ROIs). Post-hoc analyses using two-tailed paired t tests revealed that all olfactory regions,
with the exception of the olfactory tubercle, had stronger functional connectivity with the
anterior aspect of both hippocampus and parahippocampus compared to the posterior aspects
(P<0.05, FDR corrected; Fig. 2B, D, E). This result suggests that, with the exception of the
tubercle, there is preferential communication between primary olfactory cortices and the
anterior hippocampal formation. Among primary olfactory cortical areas, the olfactory
tubercle may possess a unique interface with the hippocampus, and in line with these
findings, has been shown to exhibit connectivity with posterior aspects of the hippocampal
formation (retrosplenial cortex) (Zhou et al., 2019a). Our finding that the connectivity
pattern of the tubercle differs from other primary olfactory areas dovetails with a recent
paper noting the multimodal functions of the olfactory tubercle, and suggesting it should
more appropriately be called the tubular striatum (Wesson, 2020).

Phase synchrony between piriform cortex and hippocampus.

While fMRI provides whole-brain coverage, allowing direct comparison of hippocampal
cortical networks across sensory systems, it has limited temporal resolution and does not
provide a direct measure of neural activity. To examine human piriform-hippocampal
connectivity at the neural level with high temporal precision, we recorded resting iEEG
signals from eight participants undergoing invasive epilepsy evaluations. Each participant
had between 6 and 14 electrode contacts implanted in the hippocampus (Fig. 3A, Table 1),
and at least one electrode contact implanted in piriform cortex (Fig. 3B). All participants
also had 1 to 2 contacts implanted in primary auditory cortex (Heschl’s gyrus, according to
FSL’s Harvard-Oxford probability cortical atlas) (Fig. 3C), allowing us to compare
olfactory-hippocampal phase synchrony with auditory-hippocampal phase synchrony. In our
initial iIEEG analyses, functional connectivity was computed over a broad frequency range (1
Hz to 30 Hz in 0.25 Hz steps) using the debiased weighted Phase Lag Index (dwPLI), which
is a robust measure of phase-based connectivity (phase locking) that is less sensitive to
volume-conduction artifacts and common-source bias than other phase locking measures,
such as Phase Locking Value (Stam et al., 2007; Vinck et al., 2011). To calculate the overall
dwPLI between two regions, we first obtained analytic time series (Hilbert method) from

Prog Neurobiol. Author manuscript; available in PMC 2022 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 8

each region of interest for each participant and segmented them into 5-second epochs. The
dwPLI was calculated over time for each epoch and then averaged over epochs for each
participant. We found significant phase locking (Fig. 3D, red lines; dashed line indicates 95t
percentile of permuted dwPLIs, Bonferroni corrected for multiple participants) between
piriform cortex and hippocampus in each participant in the lower frequency ranges, in
agreement with our fMRI findings. However, significant phase locking was not consistently
found between auditory cortex and hippocampus (Fig. 3D blue lines). Since phase locking
was evidently maximal in the theta frequency range for most participants, we next conducted
a direct statistical comparison between hippocampal connectivity of the two regions in the
theta range. To this end, we calculated the average dwPLlI in the theta (3-8 Hz) frequency
range for all olfactory-hippocampal and auditory-hippocampal electrode pairs for each
participant. Olfactory-hippocampal phase locking was stronger than auditory-hippocampal
phase locking in the theta range for every participant (Fig. 3E, each dot is one value for each
participant). This striking consistency in the results across participants was also reflected by
a significant two-tailed paired t test (t; = 4.00; A= 0.0052; Fig. 3E). Furthermore, in a
combined analysis including all electrode pair across all participants, a direct statistical
comparison between the hippocampal connectivity of the primary olfactory and auditory
cortices showed that olfactory cortex had significantly stronger connectivity with the
hippocampus than did auditory cortex (Fig. 3F; Permutation test; £< 0.05, FDR corrected;
See Materials and Methods) in the 1.5-30 Hz frequency range, agreeing with our fMRI
findings. Notably, group-level results showed an evident peak in the theta range, in
agreement with our individual level results.

Olfactory-hippocampal connectivity oscillates with nasal breathing.

Human and rodent studies suggest that olfactory cortical oscillations are impacted by
respiratory phase (Fontanini et al., 2003; Fontanini and Bower, 2006, 2005; Liu et al., 2017;
Lockmann et al., 2018; Masaoka et al., 2005; Tort et al., 2018; Tristan et al., 2009; Tsanov et
al., 2014; Viczko et al., 2014; Zelano et al., 2016). Human and rodent studies also suggest
that hippocampal oscillations are impacted by respiratory phase (human: Varga and Heck,
2017; Zelano et al., 2016; rodent: Heck et al., 2017; Herrero et al., 2018; Lockmann et al.,
2018, 2016; Nguyen Chi et al., 2016; Yanovsky et al., 2014). Whether human olfactory-
hippocampal networks are impacted by respiratory phase is, however, unknown. To test the
hypothesis that resting human piriform-hippocampal connectivity varies over the respiratory
cycle, we divided iEEG data into epochs aligned to inhale onsets (0.5 s before and 5 s after)
and computed dwPL I across trials between the two regions.

We first conducted a combined, event-related analysis across all participants and electrode
contacts. To account for differences in respiratory rate across participants, we normalized the
dwPLI values by respiratory phase. The respiratory phase of each data point during inhale
and exhale was obtained by linear interpolation between —r (inhale onset) and 0 (exhale
onset), and between 0 and rt (exhale end), respectively (Fig. 4A), for each participant. The
respiratory phase values were then divided into 200 equally-spaced bins and the dwPLI was
averaged within each bin. The resulting plots of dwPLI over respiratory phase were pooled
across all participants. This analysis was conducted for both piriform and auditory cortex.
Significant dwPLI was evident over the entire respiratory period in the respiration-aligned
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event-related dwPLI map for piriform cortex (Fig. 4B top, A< 0.05, FDR corrected), but not
at any phase of the respiratory period auditory cortex (Fig. 4B middle, 7> 0.05, FDR
corrected). A direct statistical comparison of hippocampal connectivity between regions
showed stronger hippocampal dwPL1 in piriform compared to auditory cortex over the entire
respiratory period (Fig. 4B bottom, Permutation test, £< 0.05, FDR corrected).

In piriform cortex, significant phase locking with the hippocampus was evident over the
entire respiratory period (Fig. 4B top), limiting our ability to look for significant
connectivity modulations induced by particular phases of respiration. Based on previous
literature suggesting increased hippocampal oscillations during inhalation, we hypothesized
that inhalation would drive increases in piriform-hippocampal phase locking. To better
quantify changes associated with a particular phase of the respiratory cycle, we conducted a
direct comparison between pre-inhale dwPL1 values and post-inhale dwPL1 values. First, we
used the pre-inhale window (between 0.5 s and O s prior to inhale onset) as a baseline to
examine inhale-induced dwPLI using a permutation method (see Materials and Methods).
This resulted in a z score map for each piriform-hippocampus electrode pair. We then
normalized the z score maps as a function of respiratory phase and examined the random
effect of electrode pairs (N = 72) using a two-tailed one-sample t test, resulting in a t value
map of all electrode pairs (Fig. 4C, P< 0.005, FDR corrected). We found a significant
increase in dwPL just following inhalation, specifically in the theta frequency band (3-8
Hz) (Fig. 4C, D, P< 0.005, FDR corrected) in piriform cortex. This effect was evident both
in the combined analysis across all participants (Fig. 4C), and at the individual level (Fig.
4E, P<0.05, FDR corrected): Each participant had hippocampal contacts showing
significant respiratory modulation of piriform-hippocampal connectivity (£< 0.05, FDR
corrected; Fig. 4E).

Olfactory-hippocampal connectivity is not driven by distance or ROI size.

In both fMRI and iEEG techniques, connectivity measures can be impacted by anatomical
distance. In fMRI, vasculature may be more similar between nearby structures, thereby
impacting functional connectivity measures (Tak et al., 2015), and in iEEG, volume
conduction may produce artifactual connectivity between nearby structures (Kucyi et al.,
2018).We therefore took measures to control for these potential confounds in our analyses.
Our fMRI preprocessing steps included band-pass filtering at low frequency, motion-
parameters regression, and global signal regression. Our iEEG analysis included dwPL,
which is designed specifically to reduce volume-conduction effects. However, to further
validate that our findings were not due to volume conduction nor merely a reflection of
distance from the hippocampus, we conducted several additional control analyses. First, we
calculated the correlation between the distance from the hippocampus and connectivity
strength, for both our fMRI and iEEG data sets. For the fMRI data, the ROIs included in our
analyses were are made up of many voxels with variable anatomical distances to the
hippocampus. Averaging over many voxels could have masked effects occurring more
locally within larger ROIs. Therefore, we calculated the correlation between pairwise
connectivity values for all voxels within all ROIs and their distance to the hippocampus. Our
results showed that anatomical distance was not driving our connectivity analysis (Fig. 5A).
Since olfactory cortex is closer to the hippocampus than other sensory cortices, proximity to
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the hippocampus could not explain our fMRI findings. For the iEEG data, we computed
pairwise dwPLI of all electrode combinations within each participant, computed the distance
between electrodes in each pair, and looked for a correlation between the two. We found no
correlation between piriform-hippocampal connectivity and pairwise anatomical distance
values. This was true for both the event-related (Fig. 5C, Spearman rho = 0.091, A= 0.44)
and the overall dwPL1I (Fig. 5D, Spearman rho = 0.058, 2= 0.63) analyses.

Since olfactory cortex is closer to the hippocampus than other sensory cortices, these data
together suggest that proximity to the hippocampus did not drive our iEEG findings.

Next, we addressed the possibility that ROI size might have impacted the fMRI findings.
Specifically, it is possible that larger ROIs could mask smaller subregions within them with
strong hippocampal connectivity. To address this possibility, we re-computed the correlation
between each target ROI and the hippocampus using a bootstrapping method (200
repetitions). For each bootstrap and ROI, a subset of contiguous voxels equal in number to
the minimal number of voxels of any target ROI, was randomly extracted from each ROI
without replacement. The correlations between the target ROl and the hippocampus were
computed for each bootstrap, and the resulting correlations were averaged. Finally, we
recomputed the one-way repeated-measures ANOVA analysis and found similar—in fact
stronger—results compared to our original analysis (Fig. 5B, Fg 144 = 18.3; P= 1e-15),
suggesting that our findings were not driven by ROI size.

Discussion

Understanding principles of human brain function requires consideration of how sensory
cortices engage cortical networks to support higher cognitive functions such as stimulus
integration and memaory encoding (Mesulam, 1998). Resting human hippocampal cortical
networks are of particular interest because they are thought to have undergone evolutionary
rerouting to pass through expanded association cortices before arriving at the hippocampus
(Bergmann et al., 2016). These association cortices are assumed to enable more abstract
stimulus representations and greater cognitive flexibility in humans compared to other
mammals (Buckner and Krienen, 2013; Margulies et al., 2016). Previous work comparing
rodent and human sensory-hippocampal networks focused on the visual, auditory and
somatosensory systems, and found striking similarities between modalities (Sepulcre et al.,
2012). However, the olfactory system differs from other sensory systems both in
organization and in evolution (Mermetten and Bremner, 2003). Our results, which agree with
recent human evoked-potential findings (Skopin et al., 2020), show that unlike other sensory
systems, human hippocampal networks include primary olfactory cortices, suggesting that
the proposed evolutionary rerouting of hippocampal networks did not include the olfactory
system. This supports the notion that human olfactory-hippocampal networks remain similar
to those found in rodents (Goulas et al., 2019).

Our results are of relevance for cognitive psychology as there is a long-standing hypothesis
that memories involving odors are shaped by unique hippocampal interactions with the
olfactory system (Herz and Engen, 1996; Plailly et al., 2019; Saive et al., 2015, 2014; White,
1998; Zucco, 2003). Previous studies have shown that declarative memory processes—those
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related to knowledge and episodes, and consciously accessible—involve the hippocampus
(see Eichenbaum, 2000; Squire and Zola, 1996 for reviews). Importantly, such declarative
memory processes appear different for odors than for visual and auditory stimuli. For
example, odor-elicited autobiographical memories are more vivid and more often involve
events experienced in childhood than memories elicited by other stimuli (Chu and Downes,
2000; Cornell Karnekull et al., 2020; Willander and Larsson, 2006). Episodic odor memories
are, furthermore, characterized by an unusually low level of forgetting over time (Cornell
Karnekull et al., 2015; Lawless, 1978). These results seemingly provide credence to the oft-
referenced notion described by Marcel Proust that “But when from a long-distant past
nothing subsists, after the people are dead ... taste and smell alone ... remain poised a long
time ... and bear unflinchingly, in the tiny and almost impalpable drop of their essence, the
vast structure of recollectior” (Proust, 1922). Interestingly, initial odor-object associations
may retain a privileged mnemonic status because of an unusually high hippocampal
engagement relative to sound-object associations (Yeshurun et al., 2009), and
autobiographical memories evoked by odors engage the hippocampus to a high degree
(Arshamian et al., 2013; Herz et al., 2004). However, it should be noted that such olfactory
advantages maybe counteracted by relatively high false-alarm rates (Cornell Karnekull et al.,
2015), such that overall performance on memory tasks can be lower for odors than for faces,
words, and other stimuli. Olfaction is also limited in knowledge-based memory capacity
relative to some other senses (Cain, 1979; Herz and von Clef, 2001). In sum, unique
olfactory interactions with the hippocampus may affect olfactory-based memory processes
in several ways. The present study does not include an assessment of odor processing or
anatomical projections. However, our results may have important implications for the field
of olfactory-based memory. First, our results suggest that hippocampal connectivity with
primary and secondary cortices might be fruitfully employed in fMRI assessments of cross-
modal memory processes (e.g., similar to Gottfried and Dolan, 2003), in order to study the
functional relevance of such connections. Second, our results support the notion that input
from primary olfactory cortices reaches the hippocampus via direct, rather than indirect,
projections, hence presenting olfactory information to the hippocampus in a less processed
form than input from other senses. It was previously proposed that olfaction has a direct
access to integrative language hubs such as the temporal pole (Olofsson et al., 2013; see also
Zhou et al., 2019a), and that this might explain the difficulty in verbalizing familiar odors, as
they do not receive adequate perceptual processing prior to cognitive integration (Olofsson
and Gottfried, 2015). Future work should address whether the observed preferential
hippocampal connectivity with primary olfactory cortices may be credibly invoked to
explain the vividness, accuracy, longevity, or other memory-related features of odors relative
to other stimuli.

The presumed evolutionary preservation of human olfactory-hippocampal networks support
the existing notion that rodent olfactory-hippocampal networks function as an excellent
model for human (Eichenbaum et al., 1994; Eichenbaum and Robitsek, 2009; Gewirtz et al.,
2000; Hasselmo and McClelland, 1999; Levinson et al., 2020; McNish et al., 2000; Otto et
al., 1991b, 1991a; Sullivan et al., 2015). While a direct comparison between human and
rodent olfactory hippocampal networks is beyond the scope of this manuscript, our findings
support the idea that some properties of human olfactory memory networks may be inferred
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from rodents (Alvarez, 2002; Agrabawi and Kim, 2020; Heck et al., 2019; Kay, 2014;
Komiyama and Luo, 2006; Martin et al., 2007; Martin and Ravel, 2014; McNamara et al.,
2008; Staubli et al., 1986; Sullivan, 2003; Veyrac et al., 2015; Wilson et al., 1986). Olfactory
functioning provides a useful tool for assessing mild cognitive impairment and amnestic
dementia (Conti et al., 2013; Devanand et al., 2020; Doty and Hawkes, 2019; Hummel et al.,
2009; Murphy, 2019; Stanciu et al., 2014). Similarities between human and rodent olfactory
networks during memory tasks might suggest a high level of cross-species translation, which
could be useful for clinical studies (Meunier et al., 2014; Moss et al., 2019; Olofsson et al.,
2019; Zhou et al., 2019b).

The olfactory system is inextricably tied to breathing. We found that connectivity between
human piriform cortex and the hippocampus was modulated over the respiratory cycle, in
the absence of an olfactory task. This suggests that even in unattended, restful states,
primary olfactory cortex is dynamically communicating with the hippocampus (Arshamian
et al., 2018). These data directly support the fundamental idea that respiratory rhythms
function as an organizational unit of olfactory networks in humans, which has been
previously shown in rodents (Biskamp et al., 2017; Buonviso et al., 2003; Liu et al., 2017,
Lockmann et al., 2018, 2016; Lockmann and Tort, 2018; Nguyen Chi et al., 2016; Yanovsky
et al., 2014). Notably, we found phase locking of piriform and hippocampal oscillations in
the theta frequency band, which has strong ties to respiration in rodents (Kay, 2005; Rojas-
Libano et al., 2014), so much so that rodent theta oscillations are often referred to as
“respiratory oscillations” (Fontanini et al., 2003; Heck et al., 2019; Kay et al., 2009; Kay
and Stopfer, 2006). Rodent respiratory rhythms overlap with the theta frequency band,
unlike humans who breath much more slowly (~0.1 to 0.3 Hz). Interestingly, despite
dramatic differences in respiratory rates across species, theta oscillations are rhythmic with
respiratory rhythms in both species. In humans, unattended, natural breathing of clean (non-
odorized) air may still activate olfactory receptors in the nose (Sobel et al., 1998b), and
could potentially activate piriform cortex as well (Bensafi et al., 2007; Kareken et al., 2004;
Koritnik et al., 2009; Sobel et al., 1998a; Zelano et al., 2016). Previous research shows that
sniffing drives cortical activity in the piriform cortex and supports olfactory perception in
several ways (see Mainland and Sobel, 2006 for review). Sniffing is also linked to odor
memory consolidation as well as the recollection of familiar household odors (Arshamian et
al., 2018, 2008; Bensafi et al., 2013). Future work may address how sniffing affects
hippocampal-olfactory networks to potentially achieve olfactory-cognitive processes.

A fair question is whether this mechanical activation of olfactory receptors during natural
breathing explains the increased functional connectivity between olfactory cortex and the
hippocampus compared to other sensory systems. We think this is unlikely for several
reasons. First, olfactory connectivity exceeded auditory connectivity not only during
inhalation, but over the entire respiratory period. Our iEEG data show that higher functional
connectivity with the hippocampus was present for piriform compared to auditory cortex
throughout the respiratory cycle. Furthermore, sounds and physical sensations of the fMRI
pulse sequence were also present during scanning, presumably driving auditory and
somatosensory primary cortices. But this was not enough to increase their hippocampal
connectivity beyond that of primary olfactory cortex. Thus, inhalation-induced activation of
olfactory cortex is unlikely to explain our findings.
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Our findings are in line with the notion that the olfactory system is unique amoung sensory
systems, in terms of both its evolutionary status and its anatomical organization (Ennis et al.,
2015). That said, the olfactory system is less understood than other modalities (Gottfried,
2010), and the specific functions of primary olfactory cortical areas in olfactory processing
are far from clear (Bensafi et al., 2007; Gottfried et al., 2006, 2004, 2002; Howard et al.,
2009; Li et al., 2008, 2006; Sobel et al., 2000, 1999; Zelano et al., 2005). Historically,
primary olfactory cortex has been defined to include all brain areas that receive direct
monosynaptic input from the olfactory bulb (Allison, 1954; Carmichael et al., 1994; Feher,
2017; Gottfried, 2010; Mai and Paxinos, 2012; Price, 2009). More recently, however, this
definition has been challenged, as piriform cortex may perform associative functions in
olfactory processing (Calu et al., 2007; Chen et al., 2014; Choi et al., 2011; Gire et al., 2013;
Gottfried and Dolan, 2003; Johnson et al., 2000; Karunanayaka et al., 2015; Martin et al.,
2006; Pashkovski et al., 2020; Roesch et al., 2006; Sacco and Sacchetti, 2010; Schoenbaum
and Eichenbaum, 1995) in addition to basic coding of odor identity and chemical features
(Howard et al., 2009; Kadohisa and Wilson, 2006; Pashkovski et al., 2020; Roland et al.,
2017). Therefore, an intriguing interpretation of our findings is that olfactory associative
cortex includes piriform cortex, thereby eliminating the need for rerouting of hippocampal
networks. However, it is worth noting that we found stronger connectivity relative to other
sensory cortices between the hippocampus and other primary olfactory cortices as well,
including the anterior olfactory nucleus and the olfactory tubercle. Furthermore, higher order
functions such as attention and multi-sensory integration have been ascribed to primary
sensory cortices in the visual and auditory systems as well (Galambos et al., 1956; Lakatos
et al., 2007; Lee et al., 2002, 1998; Meredith and Allman, 2015; Rauschecker, 1999;
Schroeder et al., 2004), supporting the validity of our comparison of primary sensory
cortices across modalities.

In summary, our findings show unique properties of human olfactory-hippocampal networks
relative to other sensory modalities. Similar to the rodent brain, but unlike other human
perceptual pathways, the olfactory system might have retained a direct functional
connectivity with the hippocampus. Our results might stimulate further research that will
specify the detailed anatomical properties of human olfactory hippocampal networks, assess
their presumed roles in shaping olfactory memory experiences, and explore their
translational potential in the field of neurodegenerative disorders.

Materials and methods

Resting-state fMRI experiment

For the rsfMRI study, we used an existing data set that has been previously described (Zhou
et al., 2019a). Twenty-five healthy participants (mean + standard error age: 25.5 + 1.2 years;
14 women) completed a 10-minute eyes-open rsfMRI scan using a single-shot gradient-echo
planar-imaging sequence with following parameters: repetition time (TR) = 555 ms; echo
time (TE) = 22 ms; flip angle = 47°; field of view (FOV) = 208 mm; voxel size =2 x 2 x 2
mm3; 64 axial slices. All participants gave written informed consent and all methods were
approved by the Institutional Review Board of Northwestern University. Participants were
asked to breathe naturally through their noses. A high-resolution T1-weighted MPRAGE
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anatomical image was also acquired for each participant (TR = 2300 ms; TE = 2.94 ms; flip
angle = 9°; FOV = 256 mm; voxel size = 1 x 1 x 1 mm3; 176 sagittal slices). MRI data were
collected on a 3T Siemens TIM Trio MRI scanner (Siemens Healthcare, Erlangen,
Germany) at the Northwestern University Center for Translational Imaging (https://
cti.northwestern.edu).

iIEEG experiment

Eight epilepsy patients (3 women) who were undergoing surgical seizure monitoring at
Northwestern Memorial Hospital participated in this study. Participant demographic data are
shown in Table 1. All participants gave written informed consent and all methods were
approved by the Institutional Review Board of Northwestern University. The clinically-
planned electrode placement scheme for all participants provided coverage of the piriform
cortex, auditory cortex and hippocampus. Electrode placement and respiratory monitoring
techniques did not deviate from standard clinical procedures at Northwestern Memorial
Hospital.

Participants were instructed to sit comfortably breathing through their noses with their eyes
open for 15 minutes while iEEG data were recorded using a clinical Nihon Kohden
acquisition system. For two of the eight participants, only 5 minutes of data were available.
The sampling rate, which was determined clinically, ranged from 1000 Hz to 2000 Hz across
participants. A surgically implanted electrode strip facing towards the scalp served as the
reference and ground. Respiratory signals were recorded using a spirometer with a
piezoelectric pressure transducer (Salter Labs Model # 5500) attached to a nasal cannula
placed at the participant’s nose, and a breathing belt placed around the participant’s
abdomen. We used the spirometer signal in our analysis in all participants except for two, on
whom spirometer recordings were not obtained.

fMRI data analysis

The preprocessing of rsfMRI data was performed using FSL’s FEAT (FMRIB Software
Library, www.fmrib.ox.ac.uk/fsl, version 5.0.10) (RRID:SCR_002823) (Jenkinson et al.,
2012; Smith et al., 2004; Woolrich et al., 2009) and included: 1) removal of the first 10
volumes; 2) motion correction; 3) spatial registration with default options. Next, we removed
the linear and quadratic trends using Analysis of Functional Neurolmages (AFNI)
(RRID:SCR_005927) (Courtiol and Wilson, 2015) and regressed out nuisance variables—
including 6 head-movement parameters, and global whole brain, white matter and
cerebrospinal signals—using multiple linear regression (FSL’s fs/_g/m). The global signal
regression method we used is effective for controlling physiological artifacts, including
respiration, in fMRI functional connectivity analysis (Weiss et al., 2020). To create the white
matter and cerebrospinal masks, we extracted the brain from the structural image and
segmented it into gray matter, white matter and cerebrospinal fluid using FSL’s BET (Smith,
2002) and FAST (Zhang et al., 2001) tools. The resulting white matter and cerebrospinal
fluid images were further eroded by 1 voxel (FSL’s fs/maths). Finally, the preprocessed
fMRI images were intensity normalized, band-pass filtered (0.008-0.1 Hz, AFNI’s
3dFourien), registered to MNI space and spatially smoothed (Gaussian kernel, sigma = 3).
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To examine the correlation between the hippocampus and primary auditory, somatosensory,
visual, and olfactory cortices, we outlined ROIs for each brain area. For primary auditory
cortex, including the Heschl’s gyrus and planum temporale, we used the Harvard-Oxford
atlas that is included in FSL (HarvardOxford-sub-maxprob-thr50-2mm and HarvardOxford-
cort-maxprob-thr50-2mm). For early visual areas, including primary and secondary visual
cortex, we used Freesurfer (cvs_avg35_inMNI152, http://surfer.nmr.mgh.harvard.edu/)
(Hinds et al., 2008). For anterior and posterior hippocampus, the hippocampus atlas was
used (HarvardOxford-sub-maxprob-thr50-2mm), with y = =20 mm (Poppenk et al., 2013).
For anterior and posterior parahippocampus, we used the HarvardOxford-cort-maxprob-
thr50-2mm. Finally, ROIs of the olfactory cortical regions were drawn manually on a MNI
standard brain according to previously published work (Mai et al., 2015; Zhou et al., 2019a)
The time series of all voxels within each ROI were extracted and averaged. The correlation
between the hippocampus and the ROIs was calculated using Pearson correlation coefficient
(Fisher’s z transformation).

To compare functional connectivity between the hippocampus and piriform cortex to that
between the hippocampus and other primary sensory cortices, we performed a two-way
repeated-measures ANOVA analysis (factor hemisphere: left and right hemisphere. factor
region: primary visual (V1 and V2), auditory (Al and A2), somatosensory (S1) and
olfactory cortices) for left and right hippocampus seed ROIs separately. Post-hoc tests were
performed using two-tailed paired t tests and multiple comparisons were corrected for using
FDR (Benjamini and Hochberg, 1995). All Pvalues reported in this paper were two-tailed
unless stated otherwise.

To compare functional connectivity between the hippocampus and other primary olfactory
regions in addition to piriform cortex, we manually drew ROIs of the anterior olfactory
nucleus and the olfactory tubercle on the MNI brain according to the human brain atlas (Mai
et al., 2015; Zhou et al., 2019a). The piriform cortex was also divided into frontal and
temporal subregions, as outlined in the atlas. Then, we used a one-way repeated-measures
ANOVA analysis (factor region) for the hippocampus seed ROI. Post-hoc tests were
performed using two-tailed paired t tests and multiple comparisons were corrected for using
FDR. In this analysis, we combined the left and right hemispheres by averaging the fMRI
time series for both the seed and target ROIs before calculating the correlation between the
hippocampus and the olfactory cortices.

To examine functional connectivity between olfactory regions and anterior and posterior
subregions of the hippocampal formation (hippocampus and parahippocampus), we
performed a two-way repeated-measures ANOVA analysis for each region with the region
(hippocampus vs. parahippocampus) and position (anterior vs. posterior) as independent
variables. Post-hoc analyses were performed using two-tailed paired t tests and multiple
comparisons were corrected for using FDR.

To examine the effect of ROI size on our findings, we performed an additional bootstrapping
analysis. In each bootstrap, we extracted the average time series from a subset of contiguous
voxels, equal in number to the minimal number of voxels of any target ROI, for each target
ROI (left and right hemispheres merged). We then calculated the correlation between the
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hippocampus and target ROIs, and performed a one-way repeated-measures ANOVA
analysis (factor: region) on the correlation matrix. Post-hoc analyses were performed using
two-tailed paired t tests and multiple comparisons were corrected for using FDR.

To examine the relationship between functional connectivity and anatomical distance, we
calculated the functional connectivity and Euclidian distance of every pair of voxels between
the hippocampus and target ROIs. This analysis resulted a connectivity and distance matrix
where the rows and columns correspond to the voxels in the hippocampus and target ROIs
respectively. Then, we averaged both the connectivity and distance matrices over all
hippocampal voxels. Next, we divided the anatomical distance into 10 equally-spaced bins
and calculating the average connectivity within each bin. Finally, the correlation between the
connectivity and anatomical distance was examined using Spearman correlation.

iIEEG data analysis

iEEG and respiratory data were down-sampled to 500 Hz using Matlab
(RRID:SCR_001622; The MathWorks Inc., Natick, Massachusetts) toolbox fieldtrijp
(RRID:SCR_004849) (Oostenveld et al., 2011). Power line noise (60 Hz and its harmonics)
was removed from the iIEEG data using notch filters. To minimize any contribution of global
oscillations to our signal, the resulting data were re-reference to the common average.
Respiratory signals were further low-pass filtered at 3 Hz and z-score normalized. Low-pass/
band-pass filtering of the respiratory signal and iEEG data was performed using a finite
impulse response filter as implemented in fie/dtrip. Then, the inhale onset of each breath
across the acquisition was estimated using BreathMetrics (Noto et al., 2018).

To determine the electrode locations, the post-operative computed tomography images were
registered to individual pre-operative structural MRI images using FSL’s linear registration
tool. The transformed post-operative computed tomography images were thresholded and
each electrode was identified manually. We used the center of each identified electrode as its
coordinate in individual anatomical space. In order to visually represent electrodes across
participants in one image, electrode coordinates were converted into MNI space by
normalizing individual MRI images to a standard MNI brain (MNI152_1mm_brain). We
also performed subcortical segmentation of each individual’s MRI image using Freesurfer
(RRID:SCR_001847); any electrode that was labeled as the hippocampus by either
Freesurfer's segmentation or FSL’s atlas (Harvard-Oxford subcortical atlas) was included in
our analysis (Table 1). A single piriform cortex contact was identified on each individual
brain image based on the human brain atlas (Mai et al., 2015). Finally, a single Heschl’s
gyrus contact was identified based on the Harvard-Oxford cortical atlas.

To examine overall phase coupling between piriform cortex and hippocampus and that
between primary auditory cortex and hippocampus, we calculated dwPLI (Vinck et al.,
2011) between both piriform cortex and Heschl’s gyrus and the hippocampus. The data were
band-pass filtered from 1 Hz to 30 Hz in steps of 0.25 Hz (bandwidth: 2 Hz). Then, the
analytic time series were obtained using the Hilbert transform method, and segmented into 5
s epochs. The dwPL1 was calculated over time for each epoch and the resulting dwPLIs were
averaged over all epochs for each electrode pair and participant.
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To estimate the statistical significance of the dwPLI, we used a permutation method. For
each permutation, the epoch labels were shuffled for one of the two channels before
calculating the phase difference between those two channels. Then, the dwPLI was
calculated as described above. The permutation procedure (10,000 repetitions) was
performed for piriform cortex-hippocampus and Heschl’s gyrus-hippocampus electrode
pairs separately for each participant. We used a Monte Carlo method for the permutation
test, i.e., the hippocampal electrode was randomly selected from all hippocampal electrodes
in each permutation. To derive a single dwPLlI significance threshold for each participant,
we pooled the permuted dwPLI values across all frequencies of both piriform cortex-
hippocampus and Heschl’s gyrus-hippocampus electrode pairs. Then, we calculated the
99.375t percentile, which corresponds to a 2value of 0.05 (Bonferroni correction across
participants), of the distribution of combined permuted dwPL1 values. To compare the
dwPLI between piriform cortex-hippocampus and Heschl’s gyrus-hippocampus, we
calculated the mean dwPL1 within the theta frequency range (3-8 Hz) of both piriform
cortex-hippocampus and Heschl’s gyrus-hippocampus electrode pairs for each participant.
Then, we used a two-tailed paired t test to compare the dwPLI values between the piriform
cortex and hippocampus to those between the Heschl’s gyrus and hippocampus across
participants (N = 8). Note, a z score was calculated for the real dwPL1I at each frequency. To
do so, the mean and standard deviation of the null distribution of each frequency was
calculated using Matlab’s normfit. The z score was then calculated by subtracting the mean
of the null distribution, which was further divided by its standard deviation.

We further compared the coupling between piriform cortex and hippocampus to that
between the Heschl’s gyrus and hippocampus at each frequency using a permutation test. In
each permutation, the labels of each electrode pair were switched randomly, and the
difference of the normalized dwPLI between the two conditions was calculated. We repeated
this procedure 10,000 times to obtain a null distribution of differences at each frequency.
Then, a z score of the real difference was tested against this assumed normal null
distribution. Multiple comparisons across frequency were corrected using FDR. Note, we
pooled all electrode pairs across participants, resulting in seventy-two piriform cortex-
hippocampus electrode pairs and seventy-two Heschl’s gyrus-hippocampus electrode pairs
that were used in the permutation analysis.

To examine whether phase coupling between piriform cortex and hippocampus varied over
the respiratory cycle, we calculated event-related dwPLI across epochs that were aligned to
inhale onsets (0.5 s before to 5 s after inhale onset). The center frequency of the previously
applied bandpass filter ranged between 3 Hz and 30 Hz (50 log-spaced frequencies, based on
group-level dwPLI showing maximal values beginning at 3 Hz) and the bandwidth was set at
2 Hz. To account for differences in respiratory frequency across participants, we normalized
the dwPL as a function of respiratory phase for each participant. To do so, the respiratory
signal was segmented and averaged over all epochs. Each trial was baseline-corrected by
subtracting the average of a 100 ms pre-inhale-onset time window. We then defined the first,
second and third zero-cross points of the averaged respiratory signal as inhale onset, exhale
onset and exhale end respectively. The respiratory phase at each data point during inhale and
exhale was calculated by linear interpolation between —m and 0, and between 0 and 1
respectively (Fig. 4A). The respiratory phase was then divided into 200 equally-spaced bins,
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and the average dwPLI was calculated for each bin. We used a permutation test (1,000
permutations) to evaluate the significance of the raw event-related dwPLlI. In each
permutation, the trial label of the hippocampal channel was randomly shuffled before the
dwPLI was calculated. The dwPLI was averaged over all electrode pairs, resulting a null
distribution of dwPL1 at each respiratory phase-frequency point. The average and standard
deviation of the null distribution was calculated by a normal fitting method. Finally, a z
score was calculated by subtracting the average of the null distribution from the real dwPLl,
which was further divided by the standard deviation of the distribution.

To compare event-related dwPLI between piriform and hippocampus to that between
Heschl’s gyrus and hippocampus, we used a similar permutation test. In each permutation,
the labels of each electrode pair were switched randomly and the difference of event-related
dwPLI between the two conditions was calculated. We repeated this 10,000 times to get a
null distribution of the difference at each frequency and respiratory phase point. Then, a z
score of the real difference at each frequency and respiratory phase was tested against this
assumed normal null distribution. Multiple comparisons were corrected using the FDR
method.

To further account for the difference in the number of respiratory cycles across participants,
we z score normalized the dwPLI map to the pre-inhale time window ([-0.5, 0] s prior to
inhale onset) using the trial shuffling permutation method as described above. In each
permutation, the mean of the baseline dwPLI was subtracted from the raw permuted dwPL.
A repetition of 1,000 permutations resulted in a null distribution of dwPLI change at each
time frequency point. Then, a z score of the real dwPLI change was calculated by
subtracting the average of the null distribution from the real dwPLI, which was further
divided by the standard deviation of the distribution. Finally, the resulting z score map was
normalized as function of respiratory phase. Random effects of the normalized dwPL1 at
each frequency and each respiratory phase bin were tested using a two-sided one-sample t
test over all electrode pairs (N = 72). Multiple comparisons across frequencies and phase
bins were corrected using FDR.

To examine the spatial distribution of the dwPLI, the maximal event-related dwPL1I of the
statistically significant cluster during inhale in the theta frequency range was computed for
each electrode pair. The maximal overall dwPLI was also calculated in the low frequency
range (< 8 Hz). The anatomical distance between the piriform cortex and the hippocampus
electrodes was calculated as the Euclidian distance between these two electrodes. Finally, we
used Spearman correlation to examine the relationship between the dwPLI and anatomical
distance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Primary olfactory system maintains connectivity to hippocampus in humans.
Olfactory-hippocampal connectivity varies with respiratory phase.

Olfactory-hippocampal connectivity is maximal in theta frequency range.
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Figure 1.

Resting fMRI functional connectivity between hippocampus and sensory cortices. (A).
Regions of interest on a Montreal Neurological Institute standard brain. The seed regions
include left and right hippocampus, and the target regions include left and right auditory,
olfactory, somatosensory and visual cortices. (B). Hippocampal connectivity across sensory
systems. Bar plots indicate the average correlation between seed and target region across
participants (N = 25), and error bars indicate standard error. (C). T value maps of two-tailed
paired t tests (N = 25). Asterisks indicate statistical significance (P < 0.05, FDR corrected).
(D). Hippocampal connectivity at the individual level. A scatter plot of the olfactory-
hippocampal functional connectivity (PC-Hipp) plotted against the non-olfactory-
hippocampal functional connectivity (Non-PC—Hipp). Each dot represents a data point from
one participant. The left and right hemispheres of each target region were averaged. Each
participant has three data points (red (visual cortex); blue (auditory cortex); and green
(somatosensory cortex)). Dots below the light gray diagonal line indicate olfactory-
hippocampal connectivity is greater than non-olfactory-hippocampal connectivity. R, right
hemisphere; Hipp, hippocampus; V12, V1 and V2; Aud, Heschl’s gyrus and planum
temporale; PC, piriform cortex; SM, precentral and postcentral gyrus.
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Figure 2.

Resting fMRI functional connectivity between hippocampus and primary olfactory
subregions. (A). Hippocampal connectivity strength across sensory systems and primary
olfactory subregions. Bar plot (top) indicates average correlation between seed and target
region across participants (N = 25), light blue bars indicate olfactory cortical areas, dark
purple bars indicate non-olfactory cortical areas. Error bars indicate standard error. T value
map (bottom) was calculated using a two-tailed paired t test. Asterisks indicate statistical
significance (P < 0.05, FDR corrected). (B-E). Functional connectivity between olfactory
cortical areas and anterior and posterior subregions of the hippocampal formation
(hippocampus and parahippocampus); B: Anterior olfactory nucleus, C: Olfactory tubercle,
D: Frontal piriform cortex, E: Temporal piriform cortex. Bar plots indicate the average
correlation across participants (N = 25), and error bars indicate standard error. Asterisks
indicate FDR corrected £< 0.05. Aon, anterior olfactory nucleus; Aud, Heschl’s gyrus and
planum temporale; PirF, frontal piriform cortex; PirT, temporal piriform cortex; SM,
precentral and postcentral gyrus; Tub, olfactory tubercle; V12, V1 and V2; aH, anterior
hippocampus; pH, posterior hippocampus; aP, anterior parahippocampus; pP, posterior
parahippocampus.
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Figure 3.
Local field potential phase synchrony between piriform and hippocampus and between

Heschl’s gyrus and hippocampus. (A). Location of iEEG electrode contacts in hippocampus.
Each color represents one participant, and each dot resents one electrode contact. The 3D
model of the hippocampus (light red) is shown on a Montreal Neurological Institute standard
brain. Dots represent electrode contact locations. Colors represent participants (P1-P8). (B).
Location of iEEG electrode contacts (red dots) in the piriform cortex shown on each
individual brain image for each participant (P1-P8). (C). Location of iEEG electrode
contacts (blue dots) in auditory cortex shown on each individual brain surface for each
participant (P1-P8). (D). Raw dwPLlI for each participant (P1-P8) computed between
piriform and hippocampus (red lines) and between auditory cortex and hippocampus (blue
lines). The black dashed line indicates the significance threshold (95% percentile of the
permuted dwPLIs, Bonferroni corrected) for each participant. (E). For each participant,
theta-band phase synchrony between piriform and hippocampus is stronger than phase
synchrony between auditory cortex and hippocampus. Each colored dot represents one
participant; bar plots represent the average over participants. Differences between olfactory
and auditory cortices were statistically significant (two-tailed t test, t; = 4.00, A= 0.0052).
(F). Phase synchrony between piriform and hippocampus (red line) is stronger than phase
synchrony between auditory cortex and hippocampus (blue line) at each frequency. The solid
line indicates the average over all electrode pairs across all participants (N = 72). The shaded
area indicates standard error. Light gray bar indicates a statistically significant difference (P
< 0.05, FDR corrected). R, right hemisphere; Hipp, hippocampus; HG, Heschl’s gyrus; PC,
piriform cortex.
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Figure 4.
Respiration modulates phase synchrony between piriform cortex and hippocampus. (A).

Diagram illustrating linear interpolation of respiratory phase to account for differences in
respiratory rate across participants. The blue line indicates respiratory signal and the red line
indicates the corresponding respiratory phase. (B). Event-related phase synchrony between
piriform cortex and hippocampus (top), between Heschl’s gyrus and hippocampus (middle),
and the difference between the two (bottom). Average respiration is overlaid (red line).
Phase synchrony is significantly stronger between piriform and hippocampus over the entire
respiratory period. Red areas with black outlines (bottom panel) indicate statistical
significance (P < 0.05, FDR corrected. Note that black outlines blend with axes lines, as
entire bottom area is significant.). (C). Inhale-induced increases in theta-band phase
synchrony between the piriform cortex and hippocampus. Statistical comparison of pre-
versus post-inhale phase locking across all electrode pairs and all participants (N = 72).
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Black outlines indicate a statistically significant increase in phase locking induced by
inhalation (FDR corrected P < 0.005). Average respiration is overlaid (red line). (D). Theta-
band phase synchrony between the piriform cortex and hippocampus across the respiratory
cycle. The solid black line indicates the average of normalized dwPLI (z score) over all
electrode pairs (N = 72) in the theta frequency range. Shaded area indicates the standard
error. Red bars indicate statistical significance (two-tailed one-sample t test, £< 0005, FDR
corrected). (E). Maximal phase synchrony in each participant’s piriform-hippocampus
electrode pairs, in the significant cluster during inhale shown in panel C. The short-dashed
line indicates the threshold of statistical significance (£ < 0.05, FDR corrected). Each color
represents one participant (P1-P8) and each dot represents one electrode pair. Hipp,
hippocampus; HG, Heschl’s gyrus; PC, piriform cortex; dwPLlI, debiased weighted phase
lag index.
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Figure 5.

Cgrrelation between anatomical distance and functional connectivity. (A). Voxel-wise
correlation between anatomical distance to the hippocampus and fMRI-based functional
connectivity, across all voxels included in the analysis. Red dots indicate correlation values
between distance and functional connectivity for all voxels. Blue dots indicate the average
correlation values within each of ten equally distanced bins. Black line is the linear trend
line. (B). Bootstrapped resting hippocampal fMRI connectivity strength across sensory
systems. Bar plots are the average correlation across participants (N = 25). Light blue bars
indicate olfactory cortical areas, dark purple bars indicate non-olfactory cortical areas. Error
bars indicate standard error. (C). Correlation between maximal event-related theta-band
phase synchrony and anatomical distance between the piriform cortex and hippocampus. All
piriform-hippocampus electrode pairs in all participants are shown (red dots). (D).
Correlation between maximal raw phase synchrony and anatomical distance between the
piriform cortex and hippocampus. All piriform-hippocampus electrode pairs in all
participants are shown (red dots). Aon, anterior olfactory nucleus; Aud, Heschl’s gyrus and
planum temporale; Hipp, hippocampus; PC, piriform cortex; V12, V1 and V2; SM,
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precentral gyrus and postcentral gyrus; PirF, frontal piriform cortex; PirT, temporal piriform
cortex; Tub, olfactory tubercle, dwPLlI, debiased weighted phase lag index.
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Table 1.
Demographic and clinical data of epilepsy patients.
Participant  Gender Age at Handedness  Duration Epileptogenic Brain MRI AED Number of
surgery of epilepsy zone during hippocampal
(years) (years) day of contacts
task
P1 Male 2 Left 9 Left temporal Normal None 1
P2 Male 47 Left 2 Left termporal Normal None 14
P3 Female 29 Right 7 Left }grk;réporal Normal None 10
Chronic stroke/
. Left temporal encephalomalacia in
P4 Male 49 Right 26 lobe left putamen, insula, None 7
parietal cortex
: Left basal Low
P5 Male 32 Right 10 temporal Normal dose 6
: Left mesial Left mesial Low
P6 Female 2 Right 5 temporal temporal sclerosis dose 9
Right mesial
p7 Male 54 Left 2 temporal Normal None 7
: Left mesial
P8 Female 25 Right 3 temporal Normal None 8
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