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The piriform cortex is a distinct brain region that plays a key role in the sense of smell. The piriform cortex is the
major part of primary olfactory cortex and has broad connections that extend beyond the olfactory regions into
limbic and fronto-temporal cortical networks. Numerous studies have described these anatomical connections
via microscopic imaging and tracer studies. More recently, macroscopic anatomical imaging studies have de-

monstrated changes in the piriform cortex in humans with focal epilepsy as well as in animal models, suggesting
this brain region can play a critical role in epileptogenesis. This review examines the imaging methods and
techniques that have been most informative, leading to our current understanding of the anatomy and sub-
divsions of the piriform cortex as well as its connections to other brain structures, and the abnormalities that can
be detected in the setting of epilepsy.

1. Introduction

The piriform cortex is a phylogenetically old brain region that plays
a key role in our sense of smell. Piriform cortex is the largest component
of primary olfactory cortex (Haberly, 1985; Haberly and Price, 1978;
Loscher and Ebert, 1996). Confusingly the terms “prepiriform” and
“prepyriform” have also been used to refer to the entire piriform cortex
(Allison, 1954) or just the anterior piriform cortex (Klockgether et al.,
1989). Primary olfactory cortex is defined by receiving direct input
from the lateral olfactory tract. In addition to the piriform cortex this
comprises the anterior olfactory nucleus, olfactory tubercle, peria-
mygdaloid cortex and the anterior part of the entorhinal cortex
(Carmichael et al., 1994). Extending beyond the piriform cortex, the
broader olfactory network includes orbitofrontal cortex, thalamus and
insular cortex (Shipley and Reyes, 1991) as well as interactions with
other major cognitive networks. It has unique anatomical and func-
tional properties that enable this role, but these very features may also
predispose the piriform cortex to critical involvement in focal epilepsy.
In this review we provide an overview of the anatomical location and
subdivisions of the piriform cortex, its histological structure observed
via staining, and its anatomical connections revealed through micro-
scopic anatomical imaging. We also describe the various macroscopic
imaging methods implemented in the study of the piriform cortex in
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epilepsy including magnetic resonance imaging (MRI) and nuclear
medicine. Finally we discuss the key findings of these macroscopic
anatomical imaging studies of humans with epilepsy and epilepsy an-
imal models involving the piriform cortex.

2. Overview of piriform cortex and subdivisions

In humans, the piriform cortex is situated at the intersection of the
frontal and temporal lobes, medial to the temporal stem (Mai, 2008),
where it lines the superior and inferior banks of the entorhinal sulcus. It
has a U-shaped cross section in coronal sections curving around the
middle cerebral artery. It is a relatively small structure in humans, but
relatively larger in mammals, where it was named for its pear-shaped
appearance (Loscher and Ebert, 1996).

Piriform cortex can be divided into frontal (anterior) and temporal
(posterior) parts (Fig. 1A and B), with each having distinct anatomical
projections and specialized functional roles. In humans, the frontal lobe
component of the piriform cortex lies lateral to the olfactory tubercle
and the lateral olfactory tract, forming a triangular region posterior to
orbitofrontal cortex and medial to insular neocortex (Allison, 1954;
Porter et al., 2005). The temporal lobe component of the piriform
cortex spreads from the limen insulae at the most anterior part of the
temporal stem, and posteriorly to cover the amygdaloid nuclei
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A) Rodent Brain

Location and Subdivisions of Piriform Cortex

C) Corresponding Human-Animal Piriform Cortex Regions

Fig. 1. Location of Piriform Cortex in Rat and
Human Brains. A) Rat brain tilted to reveal ventral
surface with approximate boundaries of anterior
piriform cortex (aPC) and poster piriform cortex
(pPC) as well as the olfactory Bulb (OB) and lateral
olfactory tract (LOT). B) View of human ventral
forebrain and medial temporal lobes. The right
medial temporal lobe has been resected horizontally
through the midportion of the amygdala (AM) to
expose the frontal component of piriform cortex
(PIR-FR) and temporal component of piriform cortex
(PIR-TP). AON, anterior olfactory nucleus; CP, cere-
bral peduncle; EA, entorhinal area; G, gyrus am-
biens; L, limen insula; los, lateral olfactory sulcus;
OB, olfactory bulb; Opt, optic tract. A) was re-
produced from (Bekkers and Suzuki, 2013) and B)
was adapted from (Gottfried and Zald, 2005) with
permission.

Human

Ventral Claustrum

Animal

Endopiriform Nucleus

(Goncalves Pereira et al., 2005) where it neighbours the cortical
amygdala. The piriform cortex medially merges into perirhinal/en-
torhinal cortex and laterally into the insular neocortex (Mai, 2008).
When viewing an MRI aligned to the conventional anterior commissure-
posterior commissure axes, the piriform cortex is most easily visualized
in the coronal plane, in the slices surrounding the slice that contains the
anterior commissure (Fig. 6).

The rat piriform cortex lies on the inferolateral brain surface, ven-
tral to the rhinal fissure. Its anterior component lies rostrally and its
posterior component lies caudally, lateral to the amygdala (Paxinos and
Watson, 1998). This anterior-posterior division is based on the thick-
ness of cell layer III of the piriform cortex and on the presence (anterior)
or absence (posterior) of the overlying lateral olfactory tract (Fig. 1A)

(Loscher and Ebert, 1996). Here the lateral olfactory tract overlying the
anterior piriform cortex is analogous to the relative position of these
structures in the human frontal lobe. The posterior piriform cortex
neighbours the amygdaloid nuclei (the basomedial amygdaloid nucleus
followed more posteriorly by the basolateral amygdaloid nuclei), again
similar to the relationship of temporal lobe piriform cortex to the
amygdala in humans. In rats the agranular insular cortex is proximal to
anterior piriform cortex before it caudally transitions into the en-
torhinal cortex where it lies proximal to the posterior piriform cortex
(Paxinos and Watson, 1998). This is similar to the medial transition of
the temporal lobe component of the piriform cortex into the perirhinal
and entorhinal cortex and the lateral transition of the frontal lobe
component into the insular neocortex. In imaging the piriform cortex in
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a rodent, the sagittal plane is best for observing the transition between
the anterior and posterior components as well as the three distinct
layers. However, for observing the transition of the piriform cortex to
neighbouring structures such as the amygdala and entorhinal cortex,
the coronal plane is preferable.

The endopiriform nucleus is a subregion of the piriform cortex of
particular importance. It lies deep to the piriform cortex along its entire
rostrocaudal extent leading it to sometimes being referred to as layer IV
of the piriform cortex. In rodents it spans the anterior and posterior
extent of the piriform cortex and can accordingly be separated into
dorsal and ventral parts (Behan and Haberly, 1999). The dorsal part of
the endopiriform nucelus lies deep to the anterior piriform cortex whilst
the ventral part lies deep to the posterior piriform cortex (Paxinos and
Watson, 1998). The dorsal endopiriform nucleus displays parallel sen-
sory and motor connections to the claustrum in rats (Behan and
Haberly, 1999; Ekstrand et al., 2001; Watson et al., 2016) and exhibits
less densely packed neurons compared to the ventral endopiriform
nucleus. Together the dorsal and ventral parts of the rodent endopiri-
form nucleus are considered to serve similar functions as the ventral
claustrum in humans (Brian, 2014; Kowianski et al., 1999). The en-
dopiriform nucleus in rats and ventral claustrum in humans are both
associated with processing sensory information via its interactions with
prefrontal, cingulate, auditory, visual and somatosensory cortices, and
is positioned deep to the frontal (anterior) component of the piriform
cortex in humans (Dillingham et al., 2017; Mai, 2008; Paxinos and
Watson, 1998; Sugai et al., 2012). The dorsal endopiriform nucleus in
rats and ventral claustrum in humans both displays similar morpholo-
gical characteristics, such as less densely packed neurons, as well as
similar connections to the limbic system are similar (Kowianski et al.,
1999).

There are two further subregions of the piriform cortex which have
been defined in the animal kindling literature, namely the “central
piriform cortex” and “area tempestas”. The central piriform cortex has
been proposed as the transition zone between the anterior and posterior
parts. Here the lateral olfactory tract disappears, there is an increase in
cell layer III and the ventral endopiriform nucleus emerges (Loscher and
Ebert, 1996; Schwabe et al., 2004). The area tempestas is a piriform
cortex subregion defined on the basis of sensitivity to chemical stimu-
lation and is not defined anatomically. It is located deep to the anterior
piriform cortex, overlapping piriform layer III and the endopiriform
nucleus (Gale, 1988). This region is highly sensitive to chemical sti-
mulation of seizures, which can be induced by picomolar chemo-
convulsant exposure. Induced seizures from area tempestas recruit
epileptic activity within both anterior and posterior parts of the piri-
form cortex, highlighting the critical role of this deep region in seizure
generation and propagation (Piredda and Gale, 1985).

3. Microscopic anatomical imaging of the piriform cortex

Microscopic imaging of the piriform has informed us about its cel-
lular structure and neuronal connectivity. The piriform cortex has a
distinct trilaminar structure (Fig. 2) (Haberly, 1985) consisting of
highly interconnected pyramidal cells, inhibitory GABAergic inter-
neurons and a horizontal arrangement of fiber projections.

Photomicrographs were originally used to visualize the various
neurons of the piriform cortex (Haberly, 1985) however modern tech-
niques typically utilize confocal or two-photon microscopy to classify
neurons and detect morphological differences (Suzuki and Bekkers,
2006, 2010). Suzuki and Bekkers, 2006 used a combination of elec-
trophysiology (in vitro), and calcium imaging (Suzuki and Bekkers,
2006). Layer I is the most superficial (at the surface of the endorhinal
sulcus), has a relatively sparse cellular population, and receives input
fibers from the lateral olfactory tract. Layer II contains densely packed
somata of glutamate-releasing principal neurons whilst Layer III is the
deepest layer also containing pyramidal neurons but at a lower density
(Bekkers and Suzuki, 2013). Commissural and associational fibers are
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limited to Layer II and III (Neville and Haberly, 2004). Below Layer III
lies the ventral claustrum or endopiriform nucleus which is directly
connected to the piriform cortex (Hagiwara et al., 2012).

The three main excitatory neuron types within piriform cortex are
the superficial pyramidal cells, deep pyramidal cells and semilunar
cells. The pyramidal cells are tightly packed in layer IIb and more
dispersed in layer III, with dendrites projecting up to layer I to receive
inputs from the olfactory bulb (Neville and Haberly, 2003). Pyramidal
cells are highly interconnected by recurrent projections onto many
other pyramidal cells (Haberly, 1985). In rodents, a pyramidal cell has a
dendritic arbour that extends over much of the piriform cortex and
synapses with more than 1000 other cells (Barnes et al., 2008). Semi-
lunar cells are a unique population located in layer 2a. They also re-
ceive olfactory bulb inputs, and are similar to pyramidal cells but do not
have basal dendrites and show a distinct firing pattern (Neville and
Haberly, 2003; Suzuki and Bekkers, 2006). Notably, layer II semilunar
cells and superficial pyramidal cells have distinct projection patterns
with the olfactory bulb and olfactory cortical regions which is mediated
by a hierarchical feedback circuit (Mazo et al., 2017).

Inhibitory GABAergic cells are the predominant interneurons of the
piriform cortex and they are found across all layers. Suzuki and Bekkers
(2010) utilized molecular markers and confocal microscopy to classify
the various classes of GABAergic interneurons of the piriform cortex,
each demonstrating specific morphological and electrophysiological
properties (Suzuki and Bekkers, 2010; Young and Sun, 2009). These
interneurons provide both feed-forward and feedback inhibition onto
the pyramidal cells in the piriform cortex (Franks et al., 2011; Luna and
Schoppa, 2008; Stokes and Isaacson, 2010; Suzuki and Bekkers, 2012),
which allows the pyramidal cells to produce temporally sparse but
accurate responses to spike inputs received from the olfactory bulb.
Suzuki and Bekkers (2010) used a glutamic acid decarboxylase (GAD)
transgenic model and immunohistochemistry to identify different
classes of GABAergic neurons in the different layers of anterior piriform
(Suzuki and Bekkers, 2010). Specifically, they identified severely GABA
cell types that may be specialized in fast, phasic inhibition and de-
pending on input may mediate feedforward or feedback inhibition and
other GABA cell types that may be involved in shaping inhibition along
the somatodentric axis. These types of cells are differentially distributed
amongst the layers within anterior piriform cortex. The equilibrium of
excitation and inhibition in the piriform cortex is mediated by pre- and
postsynaptic activation of GABAg receptor on GABAergic interneurons
as they can both dampen and promote excitability (Gerrard et al.,
2018). In the anterior piriform cortex there are differences in rostral
and caudal inhibitory circuits, which are thought to cause spatial var-
iation in odor processing (Large et al., 2018). Following optogenetic
activation of GABAergic interneurons along the rostral-caudal axis,
pyramidal cells were shown to be inhibited by caudal stimulation whilst
interneurons are strongly inhibited by rostral stimulation. These subtle
differences in neural circuitry along the rostro caudal axis of the
anterior piriform cortex further emphasize its anatomical complexity.

The endopiriform nucleus has a different cellular pattern to piriform
cortex proper. It consists of multipolar cells with broad connections to
piriform cortex, thalamic regions and orbitofrontal cortex (Behan and
Haberly, 1999; Ekstrand et al., 2001). These cells are considered to be
important in providing feedback inhibition (Bekkers and Suzuki, 2013).
Interestingly multipolar cells have been shown to lie within the dorsal
and ventral claustrum of both humans and non-human primates (Baizer
et al., 2014; Hinova-Palova et al., 2014). The ventral claustrum in hu-
mans consists of projection neurons with spiny dendrites and local in-
terneurons with non-spiny smooth dendrites with the majority of neu-
rons being glutamatergic which facilitate bidirectional communication
with the prefrontal cortex (Druga, 2014). These findings further support
the equivalence between endopiriform nucleus in rats and the ventral
claustrum in humans.
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Fig. 2. Organization of Projection Neurons in the Piriform Cortex. Adapted from (Klingler, 2017).

4. Anatomical methods to reveal piriform cortex connectivity

Neuronal tracing studies are the basis of our current understanding
of the cellular connectivity of the piriform cortex. Anterograde tracing
defines axonal projections from their source (soma) to their termination
point (synapse) whilst retrograde tracing traces axonal projections from
their synapse to their axon (Deller et al., 2000). Either molecular (e.g.
Cholera toxin subunit B (CTB), Flurogold (FG), Horseradish Peroxidase
(HRP)), genetic, viral or synthetic microspheres can be injected into the
brain region of interest via iontophoresis, micropipette or microsyringe
(Katz et al., 1984; Schofield, 2008). For retrograde axonal labelling
transports various substances (e.g. lectins, enzymes, synthetic fluor-
escent compounds) from the soma to the axon and then cross at the
synapse onto the next cell. Viral methods typically carry a florescent
tag, and can require several weeks to travel along the axons and ex-
press. The connections of the anterior, central and posterior piriform
cortex were mapped by utilizing the anterograde molecular tracer
Phaseolus vulgaris leucoagglutinin (Schwabe et al., 2004). In contrast,
the mitral-tufted cell projections of the olfactory bulb to the piriform
cortex were mapped using different coloured viral tracers (Ghosh et al.,
2011). To observe connection of individual cells rather than a cell po-
pulation, another anterograde molecular tracer biotinylated dextran
amine (BDA) can be used in vivo, for example with intracellular in-
jection to cells of the posterior piriform cortex (Johnson et al., 2000).
More recently, Schwarz in 2015 utilized canine adenovirus — Cre re-
combinase (Cav-Cre) and fluorescent microspheres in the anterior
piriform, layer 1a and b (Schwarz et al., 2015).

To produce images of neurons labelled in this way entails further
technical steps. First, the brain is sectioned conventionally in the cor-
onal plane (for example (Ghosh et al., 2011; Schwabe et al., 2004)) or
alternatively at an angle 45° to the sagittal to reduce the number of
sections (Johnson et al., 2000) with 60-80 um section thickness. La-
belled neurons can be detected by immunohistochemistry and observed
under brightfield microscope (Schwabe et al., 2004) or under fluores-
cence microscope when using fluorescent proteins(Schwarz et al.,
2015). Their 3D course can then be determined by manual or semi-
automated tracing (e.g Ghosh et al. (2011)). While fully-automated
methods are available for neuron tracing (Peng et al., 2011; Rodriguez
et al., 2009) they are limited by a lack of precision due to complex
neuron morphology.

4.1. Neuronal connectivity of the piriform cortex

From the olfactory bulb, mitral cells are the predominant input to
the piriform cortex. Tufted cells also contribute but to a lesser extent
(Neville and Haberly, 2004). The glomeruli in the olfactory bulb project
to a wide region of the piriform cortex and synapse with pyramidal cells
there (Ghosh et al., 2011; Ojima et al., 1984). Each individual pyr-
amidal cell receives input from an apparently random selection of
glomeruli. This allows cells to perform pattern recognition and encode
specific features of odor combinations (Davison and Ehlers, 2011).
Further inputs to the piriform include the anterior olfactory nucleus and
association fibers from all other olfactory cortical regions, as well as
commissural fiber projections from the contralateral piriform cortex
(Wilson, 1997).

There are also several different neuromodulatory inputs the piri-
form cortex receives. These include dopaminergic modulation from the
ventral tegmental area (Loscher and Ebert, 1996; Shipley and Reyes,
1991) as well as cholinergic modulation from the horizontal limb of the
diagonal band and noradrenergic input from the locus coeruleus
(Bouret and Sara, 2003). It also been reported serotonin modulation
from the raphe nuclei activates inhibitory GABAergic interneurons in
the piriform cortex (Pau et al., 2013). In the anterior piriform cortex,
the main source of contralateral inputs is the contralateral pars lateralis
of the anterior olfactory nucleus, which receives direct projections from
the olfactory bulb (Luskin and Price, 1983).

The piriform cortex directly projects to both cortical and subcortical
regions broadly feeding into several large scale networks (Neville and
Haberly, 2004). These networks include the limbic system, orbito-
frontal-thalamic circuit, the fronto-temporal cortical network and the
semantic network. Fig. 3 displays the piriform cortex's involvement in
networks associated with focal epilepsy.

The strong limbic outputs of the piriform cortex to the entorhinal
cortex and amygdala are well established (Johnson et al., 2000;
Kajiwara et al., 2007; Krettek and Price, 1977). Limbic processing of
olfactory stimuli plays a key role in emotion, memory as well as social
behaviour (Chu and Downes, 2002). This process can manifest during
the recollection of a memory associated with a specific smell. Amygdala
activation is known to occur during exposure to various smells whilst
the hippocampus and entorhinal cortex activate during odor classifi-
cation (Kjelvik et al., 2012; Royet et al., 2003; Winston et al., 2005).
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Fig. 3. Piriform cortex connections revealed by tracer studies. Adapted from (Young et al., 2018).

These activations further reflect the piriform cortex's association with
emotion and memory.

Piriform cortex connections into the mediodorsal thalamus are
considered to be of great importance in olfactory processing including
for odor perception, discrimination, attention and learning (Courtiol
and Wilson, 2015). This pathway was initially discovered by observing
axonal fiber degeneration of in the mediodorsal thalamus following
lesioning of the piriform cortex (Powell et al., 1963). The projections
from the piriform cortex to the mediodorsal thalamus are topo-
graphically arranged, with the anterior and posterior subdivisions of
the piriform cortex projecting to the central and medial subdivisions of
the mediodorsal thalamus, respectively (Bay and Cavdar, 2013;
Cornwall and Phillipson, 1988; Powell et al., 1963; Price, 1985). The
endopiriform nucleus projects to the central and medial subdivisions of
the mediodorsal thalamus whilst also receiving return projections from
the central subdivision (Bay and Cavdar, 2013; Cornwall and
Phillipson, 1988). These projections are probably excitatory, having
both small and large axonal presynaptic terminals, although this is not
fully understood (Kuroda et al., 1992).

The piriform displays frontal lobe connections to the orbitofrontal
cortex both directly and also indirectly via the mediodorsal thalamus
(Carmichael et al., 1994; Kuroda et al., 1992; Russchen et al., 1987).
The orbitofrontal cortex is involved in identifying odors as well as an-
ticipating the onset of olfactory stimuli (Gottfried and Zelano, 2011). It
also plays a role in integrating olfactory information, emotion and re-
ward feedback (Kringelbach and Rolls Neville and Haberly, 2004). The
mediodorsal nucleus of the thalamus provides an indirect pathway
between piriform cortex and the orbitofrontal cortex and is involved in
olfactory attention and flavour perception (Tham et al., 2011). The
connectivity between all three regions is modulated during olfactory
learning and by olfactory attention (Cohen et al., 2015; Plailly et al.,
2008).

Downstream connections of the piriform cortex are to the anterior
insula via the orbitofrontal cortex and amygdala (Jakab et al., 2011;

Mufson et al., 1981). The anterior insula is essential to the processing of
olfaction and taste (Veldhuizen and Small, 2011). Furthermore, the
anterior insula is also connected to the inferior frontal gyrus which is
part of the semantic network (Jakab et al., 2011). The semantic net-
work is important for naming of odors and involves connection to the
fusiform gyrus and posterior temporal regions (Savic and Berglund,
2004; Zelano et al., 2009).

5. Macroscopic anatomical imaging of the piriform cortex

There have been various imaging methods applied to analyse the
macroscopic anatomical changes of the piriform cortex in epilepsy.
These include magnetic resonance (MR) volumetric analysis, diffusion
weighted MRI and nuclear medicine methods. The following section
considers the approach and protocols for these imaging techniques and
how they are best tailored to evaluate the piriform cortex.

5.1. MRI volumetry of the piriform

Measuring the volume of the piriform cortex in vivo is a critical step
to assess the impact of disease on this brain region. MRI volumetric
analysis has been conducted in two human studies. Goncalves Pereira
et al. (2005) measured atrophy of the piriform cortex in drug-refractory
temporal lobe epilepsy whilst Galovic et al. (2019) related the extent of
piriform cortex resection to the outcomes of epilepsy surgery with
anterior temporal lobectomy (Galovic et al., 2019; Goncalves Pereira
et al.,, 2005). Both studies performed T1-weighted acquisition by
magnetization-prepared rapid acquisition gradient echo sequence
(MPRAGE) as detailed in Table 1.

In comparison, many studies have performed high quality in vivo
volumetric analysis of the nearby hippocampus, at a range of MRI field
strengths and spatial resolutions, for example (Bernasconi et al., 2003;
Briellmann et al., 2000). The only major difference is that the usual
recommend angle for hippocampal imaging, perpendicular to its long
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Table 1
T1-weighted MRI sequence acquisition parameters used for piriform cortex
imaging.

Study Gongalves Pereira Galovic et al.  Kulaga-Yoskovitz
et al. (2005) (2019)* et al. (2015)
Piriform imaging Piriform Hippocampal

imaging imaging

Field 1.5T 3T 3T

Sequence MPRAGE FSPGR MPRAGE

Head Coil Single channel ? 32 channel

TR 10ms 6.6 ms 2300 ms

TE 4ms 2.8 ms 2.98ms

Slice Thickness 2.0 mm 1.1 mm 0.6 mm

Voxel size in- 0.98 X 1.30 mm 0.6 X 0.6 mm

plane
Inversion time 250 ms 900 ms
Flip Angle 12° 9

TR = repetition time, TE = echo time, * Galovic (2019) ‘derivation’ cohort.

axis, is less suitable for piriform cortex imaging. These studies may
provide insight into how the piriform cortex could be improved. The
multi-contrast submillimetric 3T hippocampal subfield segmentation
described in Kulaga-Yoskovitz et al. (2015) may assist in accurately
identifying the subdivsions of the piriform cortex in humans (Kulaga-
Yoskovitz et al., 2015). The hippocampus has also been imaged at 7T
for the assessment of subdivision volumetry in epilepsy (Santyr et al.,
2017), a technique which may also contribute to identifying abnorm-
alities in piriform cortex subdivisions. Such studies are yet to be per-
formed however.

5.1.1. Piriform cortex manual segmentation in humans

In both studies, manual tracing was used to outline the piriform
cortex and cortical amygdala together, on coronal T1-weighted images.
However, Gongcalves Pereira et al. (2005) notably did not include the
frontal lobe portion of the piriform cortex. Galovic et al. (2019) based
their method on the earlier study, however they did include the frontal
lobe portion. They defined the frontal portion as extending from the tip
of the endorhinal sulcus, going medially to the olfactory tubercle and
limited laterally by the olfactory tubercle. Furthermore, a percentage of
the distance from the endorhinal sulcus to the olfactory tubercle
(50-75%) was also included as part of the frontal portion of the piri-
form cortex (Vaughan and Jackson, 2014). The temporal lobe portion of
the piriform cortex extends posteriorly towards the amygdala, occu-
pying gradually 25%, 50%, 75% and then 100% of the distance to the
fundus of the sulcus semianularis. The caudal end of the amygdala and
the appearance of the interpeduncular cistern and the mammillary
bodies are used as a landmark for the hippocampal head where the final
slice is outlined. A 3D reconstruction of this outlining method is shown
in Fig. 4.

Whilst there are several software packages for automated parcella-
tion of the hippocampus (for example, Hipposeg) (Winston et al.,
2013), amygdala and entorhinal cortex (such as Geodesic Information
Flows) (Cardoso et al., 2015) were used in Galovic et al. (2019).
FreeSurfer and CLASP are other common automated parcellation soft-
ware used in humans (Kim et al., 2005; Schmidt et al., 2018). However
there is no current parcellation algorithm for the piriform cortex. Fu-
ture studies that endeavour to automate this process will be very ben-
eficial for the advanced assessment of epilepsy.

Notably, both studies utilized a coronal plane for manually tracing
the piriform cortex. Vaughan and Jackson (2014) describe an oblique-
axial orientation (approximately +20° relative to the anterior com-
missure-posterior commissure axis) termed the “piriform axis” (Fig. 5).
This axis allows for the relationship between the piriform cortex,
amygdala and hippocampus to be easily observed. Furthermore, it
provides a perpendicular plane to the U-shaped cross-section at the
anterior part of the piriform cortex, reducing partial voluming and the
required number of slices in this region. Voxel-based morphometry
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(VBM (Ashburner and Friston, 2000)) is a method used by Galvoic et al.
(2019) to look for brain-wide changes in grey matter volume, and this
gave the initial signal in that patient group that the fraction resected of
the piriform was of interest. However, direct measurement of piriform
cortex volume would be generally considered a more accurate and
sensitive measure, and to be preferred over a VBM analysis.

5.2. T2-weighted and diffusion imaging

Various MRI sequences have been used to assess neurodegeneration
at the limbic structures after status epilepticus in animal models, in-
cluding at the piriform cortex (Eidt et al., 2004; Roch et al., 2002; Wall
et al.,, 2000). Wall et al. (2000) utilized diffusion weighted imaging
(b = 1228s/mm?) and a multi-echo T2-weighted sequence to determine
local neurodegenerative changes following status epilepticus (Fig. 6).
The piriform cortex was estimated by drawing a region of interest
(including entorhinal and perirhinal cortices) based upon its location in
the rat brain stereotaxic atlas (Paxinos and Watson, 1998). In contrast,
Roch et al. (2002) utilized a 4.7T field and a section thickness of 1 mm
greatly increasing the resolution for T2-weighted imaging (Table 2).

For diffusion weighted imaging, Eidt et al. (2004) also performed a
similar study to Wall et al. (2000) however they utilized an approx-
imation of g-space imaging to more accurately acquire diffusion
weighted images of the piriform cortex in a post-status epileptic rat
model (Table 3). The resolution of diffusion weighted images in this
study was also far greater due to the 3T field and g-space imaging al-
lowed for neuronal and glial cells to be distinguished from one another.
More recent diffusion weighted imaging studies have utilized fields of
9.4T (Dunn et al., 2009) and 16.4T (Alomair et al., 2015) to yield
greater spatial resolution. Alomair et al. (2015) demonstrated the echo-
planar imaging diffusion weighted imaging (EPI-DWI) sequence at
16.4T was able to produce images with high spatial and angular re-
solution (Alomair et al., 2015). This sequence applied to post-status
epileptic animal models may allow for more accurate estimations of
neurodegenerative alterations of the piriform cortex.

5.3. Other magnetic resonance imaging methods

There are other MR imaging modalities which may be useful in
future studies of the piriform cortex in epilepsy. Diffusion-based ima-
ging techniques have been utilized in estimating structure connectivity
of the olfactory system. The circuitry of the olfactory system has been
typically investigated using anatomical microsurgery dissection (Kavoi
and Jameela, 2011), however there have been recent efforts to utilize
imaging techniques to visualize the olfactory tracts. Most notably,
Skorpil et al. (2011) were able to demonstrate fiber tracking of distal
olfactory tracts from diffusion tensor imaging (DTI) (Skorpil et al.,
2011). However DTI cannot determine how fibers with complex axonal
configurations interact (Tournier et al., 2008). More recently, con-
strained spherical deconvolution (CSD) has been applied which has
improved upon previous anatomical imaging techniques (Milardi et al.,
2017). However, even with this technique the proximal part of the ol-
factory tract could not be reconstructed, possibly due to the thin dia-
meter of fiber bundles.

There have also been recent advanced in ultra-high field MR ima-
ging modalities which allows for imaging at greater field strengths (7T
in humans) and can be used to detect anatomical abnormalities due to
their increased sensitive compared to conventional MR. It has been
recently used in differentiating between subtypes of hippocampal
sclerosis using a 3D T2-weighted turbo spin echo sequence at 7T
(Gillmann et al., 2018) and has shown to improve visualization of the
amygdalo-hippocampal border compared to 3T (T1-weighted imaging)
(Derix et al., 2014).
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MR Volumetric Analysis

A) Piriform Cortex Outlining

Piriform Cortex

. Hippocampus . Amygdala

B) 3D Reconstruction

. Entorhinal Cortex

Fig. 4. MR Volumetric Analysis of Piriform Cortex in
Galovic (2019). A) Piriform cortex outlining at three
different stages of manual tracing on T1-weighted
coronal images. B) 3D reconstruction of the piriform
cortex and its anatomical relationship with the hip-
pocampus, amygdala and entorhinal cortex. Adapted
from Galovic et al. (2019).

5.4. Anatomical nuclear medicine techniques

Nuclear medicine techniques have also been utilized in anatomical
imaging of the piriform cortex in epilepsy. These techniques are pri-
marily used to reveal the nature of brain function, rather than anato-
mical detail. Positron emission topography (PET) imaging detects
gamma rays emitted by radioactive tracers injected into the body to
detect in metabolic processes (Vaquero and Kinahan, 2015). Laufs et al.
(2011) utilized PET (FMZ tracer) and functional MRI to demonstrate
the piriform cortex as a common node of the focal epilepsy network in
humans (Laufs et al., 2011). Other studies of temporal lobe epilepsy
patients using PET imaging have only shown changes in hippocampus
and amygdala however these studies utilized different tracers (FDG and
11C.PBR28) which may account for these conflicting findings (Hirvonen
et al., 2011; Leiva-Salinas et al., 2017).

Another nuclear medicine technique used to study the piriform
cortex in epilepsy is autoradiography. Autoradiography uses X-ray film
to visualize molecules that have been radioactively labelled. Local
cerebral blood flow can be measured by injecting autoradiographic
diffusible tracers into rodents and evaluating changes in concentration
of the labelled tissue (Sakurada et al., 1978). This method has been
previously applied to measure local cerebral blood flow in limbic
structures, including the piriform cortex, in the genetic absence epi-
lepsy rat model (GAERS) during kindling (Carcak et al., 2009).

6. Piriform cortex imaging findings associated with epilepsy
The various imaging studies conducted on the piriform cortex in

epilepsy have provided insight into its morphological changes and po-
tential early involvement in focal epilepsies as well as its possible

The “Piriform” Axis

Fig. 5. T1-weighted MPRAGE image of a healthy
adult male, displayed in para-sagittal (small image)
and oblique-axial orientation (large image), ap-
proximately +20° relative to the anterior commis-
sure-posterior commissure axis. Pir = piriform
cortex, Am = amygdala, Hip = hippocampus,. The
arrow indicates the location of the middle cerebral
artery (MCA) within the endorhinal sulcus. Fig. 5
reproduced from Vaughan and Jackson (2014).
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B) T2-Weighted

Control

24 Hour

Imaging of the Piriform Cortex in
Post-Status Epilepticus Rat Model

A) Rat Brain with Outlined ROls

C) Diffusion Weighted

D) ADC Map

Fig. 6. Imaging of piriform cortex in status epilepticus rat model (pilocarpine). A) Schematic of rat brain with regions of interest (ROIs) for retrosplenial cortex (RC),
hippocampus (Hippo), thalamus (Thal), amygdala (Amy), piriform cortex (PC). B) T2-weighted image (b = 0 s/cm?). C) Diffusion weighted image (b = 1228 s/cm?).
D) Apparent diffusion coefficient maps. Top row = images for control rat. Bottom row = images following status epilepticus induced by pilocarpine after 24 h. Black
arrow = hippocampus. White arrow = piriform cortex. Adapted from (Wall et al., 2000).

Table 2
T2-weighted imaging parameters.

Table 3
Diffusion Weighted Imaging (DWI) Parameters.

Study Wall et al. (2000) Roch et al. (2002)

Sequence Multi-echo T2- T2-Weighted, spin-echo fast imaging
weighted method

Field 1.5T 4.7T

Section Thickness 2mm 1 mm

Matrix 128 x 128 256 x 256 (FOV = 60 mm)

TR 2000 ms 3800 ms

TE 20 ms 80 ms

Echoes 16

Study Wall et al. (2000)  Eidt et al. (2004)  Alomair et al. (2015)
Sequence DWI DWI EPI-DWI

Field 1.5 3T 16.4T

Section Thickness 2mm 2mm 0.6 mm

Matrix 128 x 128 128 x 128 128 x 64

TR 2200 ms 3200 ms 6000 ms

TE 111 ms 100 ms 13.97 ms

b value 0, 1228 s/mm?> 0-30,000s/mm?® 3000 s/mm?*

Echoes 50

TR = repetition time, TE = echo time, FOV = Field of View.

contributions to absence epilepsy. The following section describes the
current findings of direct anatomical changes to the piriform cortex in
epilepsy, epileptic lesions of the piriform cortex and neurodegeneration
of the piriform cortex following status epilepticus.

6.1. Epileptic lesions of the piriform cortex

Various types of lesions have been reported to impact the piriform
cortex and have been associated with olfactory auras. Olfactory ex-
periences require the coordination of multiple brain regions associated
with the olfactory network (Baars, 2013; Keller, 2011), which includes

TR = repetition time, TE = echo time, b = constant derived from magnitude of
diffusion gradients.

the piriform cortex due to its central role in olfactory identification
(Zatorre et al., 1992). The most common type of lesions impacting the
piriform cortex are tumors whilst mesial temporal sclerosis is rarer
(Acharya et al., 1998). Acharya et al. (1998) reported 10 out 13 patients
with olfactory aura were the result of tumor revealed via T1-weighted
MRI. These tumors were predominantly low grade astrocytoma which
are associated with epileptogenesis in focal epilepsy (Ruda et al., 2012).
A case of ganglioglioma and dysembryplastic neuroepithelial tumors
were also reported in Acharya et al. (1998). Low-grade astrocytomas
were also described by Chen et al. (2003) as the most common type of
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tumor involving the piriform cortex via T1-weighted and T2-weighted
MRI (Chen et al., 2003). They also reported cases of anaplastic astro-
cytoma and glioblastoma multiforme tumors, all located in the right
mesial temporal lobe. Whilst Acharya et al. (1998) suggest the amyg-
dala as the most likely symptomatogenic zone of olfactory auras as a
result of tumors, Chen et al. (2003) described cases of tumors resulting
in olfactory auras without the involvement of the amygdala suggesting
it is not critical to olfactory aura manifestation compared to the piri-
form cortex.

Other rare lesions affecting the piriform cortex include a case of
arteriovenous malformation reported in Chen et al. (2003) and an an-
eurysm of the middle cerebral artery described by Mizobuchi et al.
(1999). A woman developed new onset focal seizures as well as strong
olfactory hallucinations as a result of an aneurysm in the middle cer-
ebral artery (Mizobuchi et al., 1999). This was revealed by both CT
angiogram reconstructions of the middle cerebral artery as well as T1-
weighted MR imaging. Following neurosurgical clipping of the an-
eurysm, she became seizure free suggesting extrinsic compression of the
piriform cortex may trigger seizure activity.

6.2. Piriform cortex in chronic epilepsy

Volumetric analysis of the piriform cortex has revealed significant
anatomical changes in temporal lobe epilepsy (Goncalves Pereira et al.,
2005). Reduction in volume of the temporal piriform cortex was found
on the same side as the epileptic focus with the effect reportedly greater
with right-sided epilepsy. The degree of piriform atrophy was corre-
lated with ipsilateral volume loss at the hippocampus, suggesting a
common mechanism of neuronal loss in these regions. Furthermore,
atrophy in the hippocampus, entorhinal cortex and amygdala suggest
the atrophy of the piriform cortex may be the result of piriform cortex
engagement with temporal lobe epilepsy networks (Vaughan and
Jackson, 2014).

The critical involvement of the piriform cortex in temporal lobe
epilepsy compared to other limbic structures is further revealed in the
recent Galovic et al. (2019) findings (Galovic et al., 2019). Resection of
at least half the piriform cortex increased the odds of seizure freedom
by a factor of 16 whilst overall resection volumes of the hippocampus,
amygdala and entorhinal cortex were not significantly associated with
seizure outcomes. However it was not reported what percentage of
frontal and temporal portions of the piriform cortex were resected and
whether these correlate with seizure freedom. Given the possible lo-
calization of the area tempestas deep to the frontal portion of the
piriform cortex, segmentation of the piriform cortex subdivisions in
human imaging data would be a worthy endeavour for future studies.

In contrast to temporal lobe epilepsy findings, one study of frontal
lobe epilepsy has demonstrated bilateral increases in volume of the
piriform cortex and amygdala compared to control with no atrophy
present (Centeno et al., 2014). It remains unclear why there is an in-
crease in grey matter volume.

PET imaging in conjunction with functional MRI has demonstrated
the piriform cortex, specifically the frontal portion, as common region
of interest in patients with focal epilepsy (Laufs et al., 2011). This oc-
curred ipsilateral to the presumed cortical focus and further emphasizes
the importance of developing methods to segment the piriform cortex
into its frontal and temporal portions in future anatomical imaging
studies. There is also preliminary evidence of changes in the piriform
cortex in absence epilepsy via local cerebral blood flow changes de-
tected by quantitative autoradiography (Carcak et al., 2009). During
kindling in GAERS rat model, there was an increase in local cerebral
blood flow in the somatosensory cortex, ventrobasal thalamus, anterior
thalamic nuclei, hypothalamus, subthalmic nucleus, entorhinal cortex,
perirhinal cortex, amygdala, CA2 region of the hippocampus, substantia
nigra and the piriform cortex. These findings allude to a possible re-
lationship between thalamo-cortical networks and limbic structures in
absence epilepsy (Carcak et al., 2009).
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6.2.1. Post-status epilepticus animal models

Piriform cortex injury is seen after status epilepticus induced by the
chemoconvulsants kainic acid and pilocarpine in rodents which results
in spontaneous recurrent seizures being developed after 12 weeks (Van
Nieuwenhuyse et al., 2015). These post-status epilepticus models are
considered to be animal models of chronic temporal lobe epilepsy
(Curia et al., 2008; Van Nieuwenhuyse et al., 2015). These models
produce observable tissue damage and lesions in the hippocampus,
amygdala, piriform cortex and other limbic regions (Sharma et al.,
2007). Serial MRI has demonstrated that the piriform cortex and en-
torhinal cortex undergo the earliest changes following status epi-
lepticus, highlighting their susceptibility to neuronal injury (Wall et al.,
2000). There was a decrease in apparent diffusion coefficient in the
piriform cortex and amygdala at 12 h which correlated with an increase
in neuronal degeneration (layer II and III of piriform cortex) which
remained low at 24 h. Again using the pilocarpine post-status epi-
lepticus rat model, Roch et al. (2002) performed a similar study how-
ever they extended the observation of neurodegeneration to 9 weeks.
Neurodegeneration was shown to persist for up to 2 weeks in layer III of
the piriform cortex following status epilepticus, demonstrating long
term pathological changes (Roch et al., 2002). Furthermore, approx-
imation g-spacing imaging of the piriform cortex in the same animal
model also demonstrated neurodegeneration and an increase in glial
cell population (Eidt et al., 2004).

However, imaging findings using the pilocarpine rat model may
differ from other post-status epilepticus model findings, as Wang et al.
(1996) demonstrate a faster neuronal death in the hippocampus in the
kainic acid model compared to pilocarpine (Wang et al., 1996). Piri-
form cortex has shown to display enhanced neurogenesis and synaptic
reorganization following kainic acid induced status epilepticus (Sakurai
et al., 2018), however there are also conflicting reports of kainic acid
induced status epilepticus not displaying any damage in diffusion
weighted imaging findings (Yi-Hua et al., 2007). Therefore, the early
damage observed in the piriform cortex post-status epilepticus may be
dependent upon the chemoconvulsant used to induce status epilepticus.

6.2.2. Human cases of status epilepticus

Early anatomical changes in piriform cortex following status epi-
lepticus has also been observed in humans (Legriel et al., 2010). This
has been observed in three human cases of status epilepticus (neuro-
leptic malignant syndrome, carcinomatous meningitis and an unknown
case) (Fujikawa et al., 2000). Most notably, none of these people had a
history of epilepsy. These cases can be considered to be new-onset
prolonged focal status epilepticus with altered awareness and motor
manifestation, in contrast to epilepsia partialis continua or non-con-
vulsive generalized status epilepticus. Status epilepticus occurred on
EEG for 9 to 72h with death occurring between 11 and 27 days fol-
lowing the commencement of status epilepticus. It was revealed in post-
mortem that there was greatest neuronal loss in the piriform cortex,
amygdala and hippocampus, with glutamate excitotoxicity hypothe-
sized as the underlying cause for injury.

The influence of glutamatergic excitotoxicity of the piriform cortex
has also been demonstrated through studies using the neurotoxin do-
moic acid. Domoic acid and kainic acid activate glutamate receptors in
a similar fashion (Hampson and Manalo, 1998). In preclinical work,
systemic injections of domoic acid induce status epilepticus (Olga,
2008). The most significant early changes occurred in the olfactory bulb
and endopiriform nucleus (Tiedeken et al., 2013). There are also cases
of domoic acid causing neuronal toxicity in human piriform cortex post-
status epilepticus. In 1987, 14 people ate mussels contaminated with
domoic acid resulting in them displaying seizures and impaired con-
sciousness (Teitelbaum et al., 1990). 4 people died as a result and all
demonstrated significant damage to the hippocampus whilst also ex-
hibiting damage to amygdala, piriform cortex, claustrum and medio-
dorsal thalamus. Similar findings were also present an 84 year old man
who survived. Domoic acid toxicity resulted in him developing
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temporal lobe epilepsy (Cendes et al., 1995). After his death, there was
complete neuronal loss in CA1 and CA3 however there was only mild to
moderate neuronal loss in amygdala, piriform cortex. These findings in
domoic acid neuronal toxicity are akin to those produced by kainic acid
rats (Sperk et al., 1983) as well as the cases described in Fujikawa et al.
(2000) (Fujikawa et al., 2000). Both the Fujikawa et al. (2000) and
Teitelbaum et al. (1990) findings demonstrate status epilepticus in-
duced neuronal damage and resulting reorganization of the brain were
the underlying cause of seizures with excitotoxic injury to the limbic
structures, including the piriform cortex, playing a potential role in
epileptogenesis.

7. Future directions and conclusions

Macroscopic anatomical imaging findings demonstrate significant
anatomical changes in the piriform cortex and neighbouring regions,
specifically in focal epilepsy. Microscopic imaging methods, on the
other hand, reveal the broad connections the piriform cortex displays to
various limbic structures and cortical regions making it well-placed for
seizure propagation. Whilst there have been recent improvements in
volumetric analysis of the piriform cortex, future imaging studies
should endeavour to improve methods of piriform cortex subdivision,
as it is clearly not a homogeneous structure, and this anatomical detail
can have a great impact on the nature of dysfunction that can be caused
through localized lesions. Imaging techniques which allow for quanti-
fication of local pathological changes within the piriform cortex should
also be applied in future studies of epilepsy in humans. Finally, the
preliminary evidence of piriform cortex abnormality in absence epi-
lepsy warrants further investigation through both imaging and elec-
trophysiology studies to better understand the role of piriform cortex in
the generalized epilepsies.
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