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Abstract

Our knowledge regarding the neural processing of the
three chemical senses has been considerably lagging
behind that of our other senses. It is only during the last
25 years that significant advances have been made in
our understanding of where in the human brain odors,
tastants, and trigeminal stimuli are processed.Here, we
provide an overview of the current knowledge of how
the human brain processes chemical stimuli based on
findings in neuroimaging studies using positron emis-
sion tomography and functional magnetic resonance
imaging. Additionally, we provide new insights from
recent meta-analyses, on the basis of all published
neuroimaging studies of the chemical senses, of where
the chemical senses converge in the brain.
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1. Introduction

O
ne can easily argue that the three chemical
senses are the most frequently enjoyed, but
least appreciated, of our senses. It is true that

the vibrant colors of a beautiful painting, the soft touch
of a loved one, and the joy brought by a nice piece of
music are all cherished experiences. However, the chemi-
cal senses have the ability to regularly bring out a
fantastic flavor experience where the first bite has the
capacity to block every other sensory experience for the
duration of its time inside the mouth. Although this
flavor experience happens on a regular basis formost of
us, when people rate which sense they would find least
upsetting to lose, the olfactory, gustatory, and the tri-
geminal sense are consistently rated as the least valuable.

Similarly, this notion of a hierarchy among the senses is
evident in the amount of funding allocated to research
and with that the level of knowledge. A search on ISI-
Web ofKnowledge (fromwhere>99%of the literature
on basic science is accessible) reveals that in 2009 alone,
more than 100,000 articles were published using the
keywords visual or auditory processing, individually. In
contrast, there were 49,481 articles published using the
keyword olfaction, 30,786 using gustation, and 17,655
using trigeminal processing. This considerable scientific
tilt toward themore classical sensory fields of vision and
audition also becomes clear when we view the progress
in the respective fields. Whereas the visual and auditory
systems are relatively well understood, we are still
struggling to understand even the more basic steps of
how the chemical senses operate. Nowhere is this dis-
parity as evident as in our lack of understanding of the
neurobiological substrates of chemical stimuli.

The last twenty-five years have, however, brought
notable and rapid advances in our understanding of the
basic cerebral processing of the human chemical senses.
This progress has largely been owed to the advances in
methods of stimulus delivery andan increased interest in
the topic. The invention of the modern olfactometer (1)
and gustometer (2) allowed the use of advanced electro-
encephalogram recordings (EEG) when exploring how
the brain processes chemical stimuli and, later, the
techniques of positron emission tomography (PET)
and functional magnetic resonance imaging (fMRI). In
this review, we will provide a general overview of the
latest knowledge regarding the central processing of the
three chemosensory stimuli, odors, taste, and intranasal
irritants in humans. Since no sensory system is an island,
entire of itself, we will first review the current knowledge
for each sensory system in isolation and end with a brief
overview of how the chemical senses interact in the brain
to form the flavor percept.Wewill be providing a general
overview, rather than in-depth analyses, and instead refer
the interested reader to more focused material elsewhere.
It is our hope that this reviewwill provide the reader with
a good overview of where the various research domains
stand today and the problems that they face.
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2. Olfactory Sense

It is a common assumption that humans have a
generally poor sense of smell. Indeed, there is a valid
scientific basis for this assumption. Studies have demon-
strated that humans, in comparison to other species,
have fewer functional olfactory receptor genes (3).How-
ever, recent behavioral studies repudiate the notion of
labeling the human sense of smell as near residual by
demonstrating that our ability to extract information
from our olfactory sense is far greater than we are
consciously aware of (4, 5). There are now several lines
of evidence supporting the view that the number of
olfactory receptors in the periphery does not directly
translate into sensitivity (6) and that the peripheral
disadvantage that humans seem to possess in compar-
ison to other animals might be compensated for by our
comparably larger olfactory brain. As we will review
below, the parts of the human brain that are directly
involved in olfactory processing are much larger than
commonly assumed. This allows us to benefit from an
increase in cognitive processing that is relatively in-
dependent of the number of peripheral receptors, a form
of additional processing that other nonprimate animals
are believed not to possess in such rich fashion (for a
more detailed discussion of how human olfaction com-
pare to other animals, see refs 7 and 8).

2.1. Neuroanatomy of the Olfactory Network
The anatomical organization of the olfactory path-

way has several features that are unique among our
senses. First, themost frequently stated difference of the
olfactory pathway is the lack of a thalamic relay to
transfer peripheral input into the brain (but see ref 9 for
an alternative view); the functional implications of this
“negative” feature of the olfactory system remains un-
known (10). Second, whereas all other senses project
contralaterally from the sensory organs into the brain,
the olfactory sense projects ipsilaterally, i.e., the signal
originating in the left nostril projects to the left hemi-
sphere. Third, the spatial organization of the olfactory
system ismuchmore dispersed than that of other sensory
systems. Whereas the primary cortical region in other
senses typically consists of one discrete cortical area, the
primary olfactory cortex includes a set of structures (11),
some of which are subcortical. The secondary sensory
cortex in other senses usually includes a cortical area
immediately adjacent to the primary sensory cortex.
However, as we will review below, this is not the case in
olfaction.

The olfactory sensory pathway starts with olfactory
receptor cellswhere volatilemolecules activate receptors
embedded in the olfactory mucosa at the roof of the
nasal cavity. Fromhere, the olfactory signal projects via
the olfactory nerve (CN I) through the cribriform plate
to the first relay station in the brain, the tufted and

mitral cells within the olfactory bulb (12). The largest
recipient of input from the olfactory bulb is the piriform
cortex; however, several other structures also receive
direct projections from the olfactory bulb. These struc-
tures include the anterior olfactory nucleus, the olfac-
tory tubercle, the anteromedial part of the entorhinal
cortex, the periamygdaloid cortex, the anterior cortical
nucleus, and the nucleus of the lateral olfactory tract of
the amygdala.

From this set of structures, often defined as the
primary olfactory sensory areas, inputs are sent to
another series of structures, including the caudal orbito-
frontal cortex (OFC), the agranular insula, the hippo-
campus, but also the dorsomedial nucleus of the
thalamus,medial and lateral hypothalamus, and ventral
striatum and pallidum (11, 13). The region that receives
the major cortico-cortical projections from the piriform
cortex in primates is the caudal OFC (11). In addition to
this direct link, theOFCalso receives indirect projections
from several areas of the primary olfactory cortex
through a relay in the dorsomedial nucleus of the
thalamus (14) (see Figure 1).

Figure 1. Schematic overview of the basic steps of the central
processing of odorous stimuli. Odorants are first detected by
receptors at the top of the nasal cavity, and from there, the signal
travels to the olfactory bulb (1). This signal is then routed to the
piriform cortex (2) and subsequently to the orbitofrontal cortex (3),
among other structures. Note the dual route that odorants can take
to reach the receptors at the top of the nasal cavity. The route via the
nostrils is known as orthonasal olfaction, whereas the route via the
back of the throat is known as retronasal olfaction. See the text for
further details.
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2.2. Neural Substrates of Olfactory Perception
Zatorre and colleagues (15) were the first to outline

the olfactory brain in humans using PET imaging.
According to their findings, smelling odors results in
brain activations in an area lying in the junction of the
frontal and temporal lobes, corresponding to the piri-
form cortex, and in the right OFC. These findings have
withstood the test of time, and the piriform and orbito-
frontal cortices are still considered to be key nodes in the
olfactory system.What has shifted, however, is how the
contribution of these regions to the olfactory percept
is interpreted. Zatorre and colleagues, as well as the
authors of subsequent early publications (16, 17), ori-
ginally postulated that the piriform cortex was the
primary olfactory cortex, primarily responsible for odor
detection, whereas the OFC was named as the second-
ary olfactory cortex, primarily responsible for higher-
order cognitive processing such as quality forma-
tion (16, 17). Whereas the OFC is still considered as a
center for cognitive odor processing, more recent data
have brought the interpretation of the piriform cortex as
the primary olfactory cortex into question. Increasing
amounts of evidence suggest that computations that
characterize functioning of primary sensory cortices in
other senses actually happen at the level of the olfactory
bulb (18, 19). This value-added computation already at
the level of the olfactory bulb, one synapse away from
the receptors, has led some to argue that the olfactory
bulb is the equivalent of an olfactory thalamus (9) and
others to argue that the olfactory bulb constitutes the
defacto primary olfactory cortex. The latter stems from
new knowledge that the processing that takes place in
the piriform cortex is more complex than the processing
seen in any other primary sensory cortex including
attention (20), recognition, andmemory (21, 22), as well
as valence-dependent responses to odors (23, 24).

Whereas the exact location of the primary olfactory
cortex is still under debate, an emerging view is that the
anterior and posterior portions of the piriform cortex
should be viewed as two functionally, as well anatomi-
cally, separate entities (25). According to this view in its
most simplified version, the conscious odor percept is
created in an additive fashion. Central processing is
initiated in the olfactory bulb, where the signal is con-
densed (26), amplified, and basic cognitive processing
takes place (27). The anterior portion of the piriform
cortex, which resides in the frontal lobe, thenmerges the
chemical information obtained from the olfactory bulb
into an initial representation of the odor identity by
separating and organizing the odorants, i.e., the individ-
ual chemicals, into individual odors, i.e., perception of
the chemical (28, 29). The odor object formation is then
subsequently accomplished by the posterior portion of
the piriform cortex, where the perceptual quality of the
odor is shaped (for a more detailed review of how the

piriform cortex shapes the odor percept, see ref 25). The
final role in the formation of the odor percept seems to
be assigned to the OFC. Within the OFC, higher-order
cognitive processes, such as experience-dependentmod-
ulation, affective coding (30, 31), and influences from
our other senses (multimodal convergence) (32, 33) help
shape the odor signal coming from the piriform cortex
into the final conscious percept that we experience when
we lean over to smell the roses. Support of this view of
the OFC as a central node in the making of the final
olfactory percept can be found in its dense connectivity,
with input from most sensory systems (34). In other
words, theOFCseems tohandle value-addedprocessing
based on input from the many cerebral regions re-
sponsible for basic odor processing as well as cognitive
information. For amore thorough discussion of the role
of the OFC in creating the odor percept, see ref 35. The
neural organization of how the brain processes odors,
however, seems to be true mainly for common, but not
socially related, odors. Recent data, from animals and
humans alike, suggest that certain social odors are
processed mainly outside the piriform cortex by other
parts of the olfactory system (4, 36-38).

As reviewed above, the complete olfactory system
consists of many more components than just the piri-
form and orbitofrontal cortex. Therefore, the question
arises, which regions are contributing what to the final
olfactory percept? The simple answer is that little is
known about how the various regions are collaborating
to shape thepercept; however, we cangain some insights
from viewing the neural processing of what is arguably
one of the most basic perceptual dimensions, odor
pleasantness. Itwas originally suggested that unpleasant
odors are processed by the amygdala in conjunction
with the lateral OFC (30, 31). The role of the amygdala
was later brought into question by demonstrations that
there was no difference in how the amygdala processed
pleasant versus unpleasant odors, but there was a clear
difference betweenweak and strongodors, thus suggest-
ing that the amygdala codes for odor intensity and not
pleasantness (39). However, a recent emerging view is
that odorpleasantness is processed in themedial parts of
the OFC, whereas unpleasantness is coded in the lateral
parts of the OFC around the agranular insula (40-42).
The role of the amygdala in this network is then not to
code for pleasantness per se but rather to signal the
emotional salience of the stimulus, independent of its
pleasantness (43).More recent data support this view by
demonstrating that the amygdala, in conjunction with
posterior piriform cortex, shapes the signal sent to the
OFCon thebasis of its emotional valence (44).As canbe
seen from the example of pleasantness processing, even
the most basic perceptual olfactory characteristics are
handled by a complex neural system, of which little is
known.
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The exact role of the various anatomical regions of
the olfactory system is yet to be discovered. The future is
ripe for discoveries of what functions the entorhinal
cortex (45), the hypothalamus (46), the olfactory tuber-
cle (38), and the other cerebral areas have and how they
interact with the mechanical sniff mechanism to form
the final odor percept (47).

3. Gustatory Sense

Among the flavor senses, taste attracts the most
attention in everyday conversation.Thegustatory sense,
or taste, consistsofonly5primaryqualities,namely, sweet,
sour, salty, bitter, and umami or savory (glutamate).
Nevertheless, flavor sensations, independent of whether
they aremediated by an odor or a trigeminal stimulus, are
almost always perceived as a taste. What mediates this
so-called oral referral, i.e., that flavor perception is
localized to the oral orifice, is not known. Compared to
olfaction, taste seems to be a more functionally oriented
sense, with each taste domain tuned to identify specific
nutrients orpoisons andassociatedwithparticular physio-
logical functions, such as detecting energy content (sweet,
umami), maintaining electrolyte balance (salt), guarding
pH level (sour), or avoiding toxins (bitter).

Taste perception beginswith stimulation of the tongue,
where three types of gustatory papillae, are found:
circumvallate, foliate, and fungiform papillae. Besides
on the tongue, similar receptors were recently discovered
in the epithelium of the palate, oropharynx, larynx, and
the upper esophagus; the functions of these remain to be
determined.

3.1. Neuroanatomy of the Gustatory Network
Already in the second centuryA.D.,ClaudiusGalenus

described correctly and in detail the innervations of the
tongue and how the taste signal is conveyed to the brain,
via the chorda tympani of the facial nerve (CNVII), the
lingual branch of the glossopharyngeal nerve (CN IX),
and the superior laryngeal branch of the vagus nerve
(CN X). Gustatory axons then terminate in the rostral
part of the nucleus of the solitary tract (NTS), the first
gustatory relay in the brainstem (48). In primates,
second-order gustatory fibers ascend from the NTS to
project directly to the ventroposteromedial and medio-
dorsal nuclei of the thalamus (49-51). From here,
main projections lead to the anterior region of the
insula and overlying frontal operculum (AIFO),
typically regarded as the primary gustatory cortex
(52, 53). Signals from the AIFO project to the medial
and lateral OFC (sometimes referred to as the sec-
ondary gustatory cortex) (34, 54), and the amygdala
(55). Further areas that connect to the primate’s
OFC are the hypothalamus, hippocampus, and stria-
tum (50); see Figure 2 for an overview of the taste
system’s basic components.

3.2. Neural Substrates of Gustatory Perception
The very first study exploring the neuronal under-

pinnings of taste processing, bymeans of PET, found an
increase of regional cerebral blood flow (rCBF) in the
thalamus, insular cortex, anterior cingulate gyrus, the
parahippocampal gyrus, lingual gyrus, caudate nucleus,
and the temporal gyri (56). Since then, many more
imaging studies have confirmed these areas as part of
a neuronal network involved in taste perception. More-
over, according to a recentmeta-analysis of all available
human gustatory functional imaging papers (57),
there was a significant and widespread probability
of activations in the bilateral insula and overlying
operculum, left lateral OFC, right medial OFC, the
pregenual cingulated cortex (prACC), and right
mediodorsal thalamus. This indicates that these
regions are reliably and consistently activated in re-
sponse to gustatory stimuli (see Figure 3). However, such
ananalysis doesnot clarifywhich specific taste functions
these areas regulate or how these different regions
interact to produce behavioral responses to gustatory
stimuli.

Figure 2. Schematic overview of the basic steps of the central
processing of taste stimuli. Tastants are first detected by receptors
situated on the tongue as well as taste-like receptors lining the
gastrointestinal system. The signal from these two receptor loca-
tions is sent to the solitary tract in the brainstem (1) and from there
to the insular cortex (2) and subsequently to the orbitofrontal cortex
(3). See the text for further details.
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Since taste consists of only five primary qualities, a
remaining question is whether the different qualities are
represented differently in the brain.Haase and colleagues
(58) found that sucrose produced significantly greater
global activation, than did other taste qualities, irre-
spective of intensity, andpostulated that thiswas related
to sucrose’s ecological importance for eating behavior.
Schoenfeld and colleagues (59) analyzed the topography
of hemodynamic activity elicited by five taste stimuli in
six single subjects, and a group analysis revealed regions
that were activated more by one specific taste than by
any of the other tastes. However, these studies do not
give new insight on theunderlying neuronal pathwaysof
taste quality coding or recognition, and other studies
state that different taste qualities activate similar corti-
cal regions (60, 61).

Neural responses in the medial OFC and the prACC
appear to correlate with taste pleasantness and prefer-
entially occur when the focus is on the pleasantness of a
taste rather than on intensity or other tasks (62, 63). It
has therefore been suggested that these areas constitute
a part of the gustatory cortex that functions as an inter-
mediate area between the AIFO and lateral OFC (64)
and are primarily involved in the affective evaluation of
the stimuli to produce goal-directed behavior (65, 66).
As for olfaction, the amygdala has been shown to
respond to aversive gustatory stimuli (67, 68) and was
therefore originally suggested tobe involved in encoding
the salience of gustatory stimuli. However, a more
recent study suggested that the amygdala, as reviewed
above for olfaction, is involved in the coding of per-
ceived intensity (63). Whether the amygdala codes for
pleasantness or intensity, rather than the emotional
salience of the stimulus, independent of its pleasantness
and intensity, remains to be determined.

As described above, depending on the context in
which a taste is presented, the brain responds differently
to a taste: a shift in attentional focus on a taste stimulus
(pleasantness vs intensity) can result in a shift in neuronal
activation (62). Neuronal responses also differ between
implicit and explicit processing of taste. Connectivity

analyses show that the AIFO and amygdala are maxi-
mally connected during passive tasting compared to
task-related processing of a taste stimulus (69), indicat-
ing the effect of selective attention on sensory process-
ing. Furthermore, trying to detect taste in a tasteless
solution also results in enhanced activity in the insula
and overlying operculum (70), thus suggesting that, as
for olfactory processing, attention to the taste modality
can produce neural responses similar to those for a real
stimulus.

Although women outperform men in both taste
identification and detection (71, 72), no studies have
been performed to determine the possible neuronal
correlates of this finding. With respect to aging and
gustation, we face a similar problem: behavioral studies
report that the sense of taste declines with age (72), but
we have only a very tentative understanding of the
underlying neural mechanisms (73).

As alluded to above, the sense of taste is of vital
importance for food intake and eating behavior, and
part of the gustatory cortex is also implicated in the
so-called reward network. For instance, the OFC is
thought to be the region dedicated to the reward value
of the food and responds to changes in pleasantness
associated with eating (74). In addition, significantly
greater activations are found in parts of the primary
(insula) and secondary (OFC) gustatory cortices, ACC,
and amygdala, when comparing responses to pure taste
stimuli in hungry versus sated subjects (58, 75). Several
recent neuroimaging studies also suggest that obese
individuals show greater activation of the gustatory cor-
tex (insula/frontal operculum) and oral somatosensory
regions (parietal operculum and Rolandic operculum)
in response to anticipation and intake of food, com-
pared to lean subjects (76). For a more detailed review
on the association between taste and hunger/satiety or
eating behavior, see ref 77.

Much remains to be elucidated regarding the central
processing of taste. However, as reviewed above, the
sense of taste seems to be tightly interlinked with both
satiety and eating disorders, much more so than the

Figure 3. Localization of significant activation likelihood estimation (ALE) values (p< 0.05) of taste stimulation projected onto a standard
template in Talairach space. These represent the areas commonly activated by taste stimuli. For a more detailed description and naming of
anatomical locations, please see ref 57. R in the figure indicates the right hemisphere.
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other senses. This suggests that the sense of taste might
be a good stepping stone, by itself or in conjunctionwith
other senses, in our struggle to understand the explosion
in obesity rates and eating disorders.

4. Trigeminal Sense

The trigeminal system is responsible for multiple
facets of chemosensory perception, such as burning,
stinging, tingling, prickling, and itching, but also touch,
pressure, and temperature sensations. Examples of sen-
sations mediated by the trigeminal system are the cool
and fresh feeling while chewing peppermint gum, the
burning hot sensation caused by chili peppers, or the
pleasing prickling experience on your tongue during the
consumption of a carbonated drink. Although humans
are usually not aware of this, almost all odorants, in a
concentration-dependent manner, do not only evoke a
clear olfactory but also some aspect of the aforemen-
tioned trigeminal sensations (78). The two anatomically
separate, yet colocalized and intimately connected,
intranasal systems conveying those sensations work
together in order to integrate the single percepts into a
unique flavor experience. They interact by suppressing
or enhancing each other (79), and this interaction takes
place on multiple processing levels (80). Of the three
chemosensory systems, the human trigeminal system is
the least understood, even though it is of great impor-
tance not only during food consumption but also for the
perception of nasal airflow during breathing and the
detection and avoidance of potentially toxic substances.

4.1. Neuroanatomy of the Trigeminal Network
The face is innervated by the trigeminal nerve, which

is the largest cranial nerve (CN V). Its name (tri = latin
for three, and geminus = latin for twin, thus thrice
twinned) originates from the fact that the nerve divides
into three branches on each side of the face, namely, the
ophthalmic, the maxillary, and the mandibular nerve.
Both the olfactory and respiratory intranasal mucosa
are innervated by free nerve endings of the ophthalmic
and the maxillary branches (81). Information about
intranasal trigeminal stimulation is transferred through
these two branches into the trigeminal ganglion. From
there, sensory nerve fibers enter the brainstem at the
level of the pons, where they form different trigeminal
nuclei and extend into the thalamus. Cerebral pain
processing takes place in two parallel organized net-
works: the lateral pain system transmits information
through lateral thalamic nuclei to the primary and
secondary somatosensory cortices (SI and SII), and
the medial pain system conveys information through
medial thalamic nuclei to brain regions including the
prefrontal cortex, insula, cingulate gyrus, and the limbic
system (see Figure 4) (82, 83).

4.2. Neural Substrates of Trigeminal Perception
Asmentioned previously, pain in general is mediated

by two parallel systems. The lateral pain system is
responsible for the basic processing of pain perceptions;
those areas are responsible for evaluation and discrimi-
nation of the sensory aspect of pain sensation, e.g., detec-
tion and localization of the stimulus, as well as the
determination of stimulus quality and duration. The
medial pain system is responsible for higher-order
cognitive processing, such as the emotional evaluation
of pain as well as the affective and motivational re-
sponses to a painful stimulus. The latter system also
helps us to predict and to avoid potentially noxious
stimuli (82, 83).

Only a handful of functional imaging studies have
explored the central correlates of intranasal trigeminal
stimulation. One of the main reasons is the difficulty in
selectively stimulating the trigeminal nerve fibers with-
out concomitant olfactory stimulation. One of the few
stimuli that selectively activates the trigeminal system is
the gas carbon dioxide (CO2). The first study tomap the
neural substrates of intranasal trigeminal processing
demonstrated that the trigeminal stimuli activated some
of the areas associated with nociceptive processing as
well as cortical regions attributed to the olfactory
system (84). Moreover, during a recent meta-analysis
of all available imaging data on intranasal trigeminal
processing,wewereable to showthat intranasal trigeminal
stimulation activated the full nociceptive processing
network (85) (see Figure 5). On the basis of this,

Figure 4. Schematic overview of the basic steps of the central
processing of trigeminal stimuli. Irritants are first detected by nerve
endings lining the nasal and oral cavities, and signals are then sent to
the trigeminal nucleus in the brainstem (1). Fromhere, a dual stream
is projected. One stream to the somatosensory cortices (2, primary;
3, secondary somatosensory cortex) and the other to the insular (4)
and orbitofrontal cortices (5). See the text for further details.
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we hypothesize that the processing of intranasal trigem-
inal stimulation does not utilize a separate network but
rather accesses the general painprocessingnetwork, also
known as the pain matrix (86-88). However, there is
evidence that peri-insular regions act as a central node in
the network that processes intranasal trigeminal stimuli
(85, 89). The central role of the insular cortex might be
caused by an involvement of this area in the processing
of pain-related feelings such as arousal but also empathy
and compassion, or by the responsibility of the insula
in mediating an attentional shift toward the source of
pain, resulting in a heightened awareness of the sensa-
tion (90). Functional connectivity analyses demonstrate
that the anterior insula is connected to attentional and
emotional brain areas in frontoparietal and temporal
areas (91), areas that were also implicated in the afore-
mentionedmeta-analysis (85). Moreover, the role of the
insula in pain processing might be caused by its inte-
grative function that links information from different
functional systems (92) and may therefore be of greater
importance than the somatosensory cortices and
the traditional pain network in intranasal trigeminal
processing.

Interestingly, even though they are substantially
interlinked, intensity coding of trigeminal stimuli is
different from the olfactory intensity coding system.
Subregions of the cingulate cortex, which are also
involved in emotion and fear processing as well as
avoidance behavior, are responsible for intensity coding
of trigeminal stimuli (93).However, pain intensity ratings
are usually related to emotional or hedonic ratings
(e.g., unpleasantness) of the stimulus. This leads to a
difficulty in dissociating whether the activated brain
areas are processing the stimulus intensity or the emo-
tional response to the stimulus.

CO2 is known to induce a pure trigeminal stimulation
and is therefore often usedwhen a trigeminal stimulus is
needed. In light of this, the finding that brain areas
associated with olfactory processing, such as the piri-
form cortex and adjoining orbitofrontal cortex, are
commonly activated in trigeminal brain imaging studies

is puzzling (85).Whatmechanisms could explain olfactory-
like activations for the intranasal trigeminal stimulus?
First, activation of the piriform cortex may be due to a
subset of human olfactory receptors that respond to
odorous and CO2 stimulation alike. The possibility that
CO2 has an odor and thus activates olfactory receptors
provides a second, though unlikely, hypothesis for tri-
geminal stimulation-derived cortical olfactory activa-
tions. Third, activationof the piriform cortex is spurious
in that it is mediated by potential differences in sniff
characteristics, a factor known to activate the piriform
cortex (94). Fourth, the piriform cortex has a role in the
integration of chemosensations, possibly due to the
known strong behavioral links between the chemical
senses. This latter hypothesis is supported by an array of
studies showing that the piriform cortex seems to process
chemosensory stimuli from all three chemical senses
independent of whether or not a chemosensory percep-
tion is detected (85).Which one of the above-mentioned
hypotheses explains the activation of the piriform cor-
tex, commonly associated with trigeminal processing,
remains to be determined.

Although the advances in neuroimaging methods
during recent years have led to a great enhancement of
knowledge about chemosensory processing in general,
there are still many questions that need to be answered
about the processing of intranasal trigeminal stimuli in
particular. Future studies in this field should focus on
the interconnection between brain areas activated by
trigeminal stimuli using advanced statistical analysis
methods, such as dynamic causal modeling or diffusion
tensor imaging.

5. Neural Processing of Flavor in the
Chemical Senses

The three chemical senses are naturally bound to each
other by their shared anatomical location, and seldom is
one of them activated without an accompanying signal
fromone or two of the others. The ease withwhich these
unimodal percepts are interlinked to form a flavor percept

Figure 5. Localization of significant activation likelihood estimation (ALE) values (p < 0.05) of trigeminal stimulation projected onto a
standard template in Talairach space. These represent the areas commonly activated by the intranasal trigeminal stimulus. For amore detailed
description and naming of anatomical locations, please see ref 85. R in the figure indicates the right hemisphere.
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is clear if one considers how we experience a plate of
spicy chicken wings. Although each bite activates the
olfactory receptors (via the retronasal and orthonasal
passage), the taste receptors on the tongue, as well as the
trigeminal nerve endings, the sensation we obtain is not
that of three individual sensations coming together, but
rather that of a uniform flavor. As reviewed above,
although the exact function is not well understood, the
neural network of each of these senses has been documen-
ted by both anatomical and functional imaging studies.
However, surprisingly few studies have been done explor-
inghow thebrain transforms the individual chemosensory
perceptions into a flavor sensation, and existing studies
have all focused on the integration of only twomodalities
at a time (95, 96) (for an extensive review of the neural
bimodal integration of the chemical senses, see ref 97). To
the best of our knowledge, no neuroimaging study explor-
ing integration between the three chemical senses exists.

Multisensory perceptual integration is characterized
by a supra-additive neural response. This mechanism is
dependent on the coactivation of neurons by the under-
lying unimodal senses (98). In an attempt to explore
where a potential overlap between the three chemical
senses occurs, and thus possibly determine which brain
regions are involved in the integration of the three
senses, we compared the results of separate ALE
meta-analyses of the individual senses, two of which
are mentioned above, and one analysis of all olfactory
imaging studies is yet to be published (57, 85, 99). The
three ALE maps, together consisting of all of the pub-
lishedneuroimaging experiments exploring the chemical
senses in isolation, were merged in a conjunction anal-
ysis using the software MANGO (http://ric.uthscsa.
edu/mango/). This conjunction analysis reveals voxels
in the brain that are commonly activated in all three
senses: only one area, the dorsal-anterior portionof the
insular cortex and the overlying frontal operculum,
bilaterally (see Figure 6), was commonly responsive to
stimuli, independent of chemosensory modality. This
region can thus be viewed as the ideal area of integration
of the three chemical senses and has previously been
implicated as involved in the integration between ortho-
nasal odor and taste sensations (60). However, this is the
first time it can also be demonstrated that the trigeminal
sense shares neural resources with both other chemical
senses. It is worth noting that this integration area is
located within an area commonly associated with basic
taste processing (57), which could explain why the per-
ception of all flavor sensations originates from the oral
cavity (oral referral) and in the formof a taste. This could
be mediated either through classical Hebbian learn-
ing (100), through configural learning, thus transforming
sensations originating in the other chemical senses into
a taste percept (for an extensive review of flavor forma-
tion, see ref 101), or simply via experience-dependent

synthesis (102). What the implications for this shared
neural connection are, and what the mediating mecha-
nism behind oral referral is, remains to be elucidated in
neuroimaging experiments directly exploring the integra-
tion of the three chemical senses.

6. Summary

Wehave triedhere to summarizewhere science stands
in our knowledge of the central processing of the three
chemical senses. As is evident by this brief overview,
important first steps have been made toward an under-
standing of how the human brain processes chemical
stimuli. It is clear that major anatomical areas of the
brain are involved and that these regions have been
identified andwell mapped out. However, it is also clear
that many questions remain and that knowing which
areas are involved is amere first step.More important and
more challenging is the knowledge of how these areas
collaborateandpossibly compete to formthe finalpercept.
Research has already started to chip-away at this impor-
tant question, and it is likely that a successful effort will
follow the constant improvement in imaging methods.

Even though there is strong interest regarding flavor
perception and its mechanisms from academic and

Figure 6. Conjunction map of activation likelihood estimation
analyses originating from the available literature on taste,
trigeminal, and odor stimulation. The yellow markings in the
figure demonstrate that all of the three sensorymodalities conjointly
activate bilateral anterior portions of the insular cortex. R in the
figure indicates the right hemisphere.
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regulatory scientists, as well as companies alike, no
study has yet directly investigated the neural processing
of all of the three chemical senses. Since a perceptual
sense is seldom experienced in isolation, research
merging the chemical senses in one experiment is long
overdue. The naturally multimodal sensation of flavors
demands studies employing more of our senses. Only
when true multimodal flavor experiences are explored
will we begin to understand how the human brain forms
the supramodal sensation of flavor.

Our ability to answer more specific and advanced
questions will improve as the spatial and temporal
resolution of the current imaging methods improve.
The widespread network involved in the processing
of odorants, tastants, and chemical irritants recruits
several key cerebral areas, including those responsible
for emotions, memories, and reward. This fact suggests
that future studies will likely discover that the chemical
senses hold a more dominant position in our everyday
life thanpresently thought.With the stage set byourbasic
knowledge of the neuroanatomical substrates of the three
chemical senses, the future is ripe for discoveries of how
the odor, taste, and trigeminal perception is formed and
how these are merged to create the flavor percept.
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