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ABSTRACT
We are constantly bombarded with stimuli from multiple sensory sources in the
environment of our natural world. The innate behavioral responses to the environment,
therefore, are based on our brains’ ability to integrate distinct and complex sensory
information into a comprehensive and understandable percept (1). Therefore,
multisensory integration is a phenomenon that involves combining multimodal sensory
information from a target stimulus into a coherent signal. Despite substantial knowledge
of the fundamental processes involved in multisensory integration, there is still much to
be learned because majority of studies have focused on one sensory modality at a time
(2). One particular aspect that is largely overlooked is the interplay between the visual
and olfactory systems (3). Despite olfaction being a vestigial sense, landmark studies
have consistently demonstrated, strong behavioral and physiological responses to
olfactory stimuli even at levels below conscious perception, (4-7).
Behavioral, anatomical, and neurofunctional evidence exists supporting the
likelihood of an innate olfactory-visual functional connection in the human brain (8-43).
Furthermore, pioneering research on the topic of olfactory-visual interactions has
utilized fMRI to delineate the neural networks underlying the interplay between these
two sensory systems (44-55). However, many of these studies employed fMRI
paradigms to better understand the influence of visual information over olfactory
processing. This dissertation aimed to utilize olfactory-visual association fMRI
paradigms to better elucidate the reciprocal relationship between the olfactory and
visual systems in the human brain. The overall goal was to develop a more
comprehensive model of the neural networks underlying the human olfactory function.
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Olfaction is the most studied chemosensory system, however, the functioning of
this network is still not well understood because of its complicated neuroanatomical
organization (56). This dissertation, therefore, sought to elucidate several unknown
aspects of the functional connection between the olfactory and visual systems by testing
several hypotheses about this innate connection. First, Chapter 2 of this dissertation
focused on investigating the role of congruence during the formation of olfactory-visual
associations. It was hypothesized that olfactory-visual associations could be rapidly
formed by a neutral, non-lexical abstract visual symbols, as evidenced by significant
olfactory system activation during testing conditions consisting of presenting a visual
cue that was previously paired with an odor compared to an unpaired visual cue. It was
also hypothesized that a lexical, semantically congruent visual cue, would produce
greater olfactory-visual activation during both the acquisition and testing phases
compared to a lexical, semantically incongruent visual cue or a neutral, non-lexical
symbol. The results reinforced that rapid olfactory-visual associations could be formed
by neutral, non-lexical visual cues, via modulation of visual activation by visual
information. This indicated that olfactory-visual associations could be formed innately, in
a reflexively manner to facilitate the odor naming process. Furthermore, lexical,
semantically congruent, multisensory visual cues were found to elicit patterns of greater
visual and language-related activation, mostly likely subserving an olfactory-visuallexical integrative process that may be responsible for odor identification and naming in
the human brain (57-59).
Chapter 3 of this dissertation tested the hypothesis that an odor-attention task,
involving higher-order cognitive decision-making and attentional processes to an
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olfactory stimulus, will elicit significantly stronger olfactory-visual associative neural
activation compared to less complex visual-attention task that requires only detection of
a visual stimulus. The findings here indicated that rapid olfactory-visual associations
may be formed via modulation of the visual system by olfactory information, regardless
of the task context. This suggests a unique, intrinsic mechanism between the olfactory
and visual systems that provides odors an avenue to influence visual processing of
stimuli, regardless of which sensory cue is selectively attended to.
Chapter 4 of this dissertation consisted of an investigation of the effect of age on
neural activity in response to an olfactory-visual association paradigm in an older,
cognitively normal participant cohort. Based on previous findings, it was hypothesized
that a significant age-related decline would be observed in neural activity in response to
this paradigm and that male subjects would display significantly greater deficits on
olfactory-visual associative activation compared to female subjects. The results
highlighted a significant effect of normal aging on the olfactory-visual functional
connection and differential patterns of decline were observed in men and women, with
women appearing to be more resilient to this effect.
In summary, this dissertation made significant strides in elucidating several
unknown aspects of this under-researched piece of brain function. Overall, the results
support the existence of an innate olfactory-visual functional connection, in that rapid
olfactory-visual associations can be formed using non-lexical, neutral symbols, but that
a lexical, semantically congruent visual cue “Smell” appears to elicit stronger
associations between olfactory and visual stimuli, leading to increased activation in
visual brain regions. Furthermore, higher order cognitive tasks also appear to influence
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this effect by increasing activation in visual and olfactory regions, thus likely enhancing
the strength of the olfactory-visual association. Finally, it was also observed that there
is a significant, negative effect of age of the innate functional connection between the
olfactory and visual systems and that women may be more resilient to this effect due to
improved connectivity between olfactory structures. Taken together, these findings not
only provide evidence of an innate olfactory-visual functional connection, but also offer
valuable insight into modulating factors of this connection.
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Chapter 1
Introduction

1.1 Multisensory Integration
Multisensory integration is a phenomenon that involves a combination of sensory
information derived from a target stimulus that affects multiple modalities into a coherent
signal. In the environment of our natural world, we are constantly bombarded with
stimuli from multiple sensory sources. Accordingly, our innate behavioral responses to
our environment are based on the ability of the brain to integrate distinct and complex
multisensory information into a comprehensive and understandable percept (1). Most
often, this information from different sensory modalities is complementary, allowing for
detection of information in the environment that would otherwise be inaccessible if
derived from only one sense (60). For example, our perception of taste results from a
combination of gustatory and olfactory stimulation and would, therefore, be incomplete if
information was only available from one of these senses in isolation. Thus, it is
unsurprising that evidence has consistently shown that the human brain most likely
operates optimally in multisensory conditions, with more effective learning and
enhanced recognition and identification of objects in multisensory compared to
unisensory environments, aligning with Calvert’s (60) two functions of multisensory
integration: facilitation of identification and the facilitation of localization of a target
object (61-68).
The purpose of multisensory integration is to amplify the signal from a target
stimulus and to filter out any present environmental noise. The overall effect is an
1

improved sensory sensitivity and an increased likelihood and speed of detecting,
identifying, and localizing sensory events. It is governed by four major principals (1).
First, sensory stimuli need to occur within the same temporal framework, meaning that
stimuli must act on an organism in temporally similar points. Second, stimuli also need
to occur within close proximity to each other spatially, a principal known as spatial
concordance (69, 70). Third, semantic congruency between stimuli is fundamental and
significantly enhances the outcome of integration (71). Finally, multisensory integration
operates on the principal of inverse effectiveness, whereby integration occurs most
effectively when stimuli are presented at a subthreshold or ambiguous level (72).
From a neurobiological perspective, multisensory integration may occur via
several neural mechanisms, including decreasing neuron response latencies, increasing
neuron firing rate, phase reset of oscillatory neural activity, and all of which may be
predecessors to modulating plasticity (50, 73-75). These underlying mechanisms of
integration of stimuli from several sensory modalities occur during early stages of
perceptual processing, even arising in primary sensory cortices during the first steps of
information processing (61, 75-81). Furthermore, it has been established that these
associations between multisensory stimuli can develop very rapidly, even after a few
trials (55, 82).
However, despite this knowledge of the fundamental processes involved in
multisensory integration, there is still much to be learned, due to the fact that most
studies focus primarily on only one sensory modality at a time (2). Additionally, most of
the studies that have aimed to investigate multisensory integration have involved
examinations of audio-visual (51, 83-90) and visuo-tactile (49) interactions, leaving a
2

large gap in knowledge regarding the way in which other sensory modalities interact.
One particular aspect that is largely overlooked is the interplay between the visual and
olfactory systems (3). This is surprising since humans are predominantly guided by the
visual domain and since landmark studies have consistently demonstrated, despite
being considered a vestigial sense, strong behavioral and physiological responses to
olfactory stimuli in certain instances, even at levels below conscious perception (4-7).
Investigation of the interplay between the olfactory and visual systems poses an
interesting opportunity, since the two systems work in tandem to support the analysis of
our environment. Specifically, while the olfactory system serves to aide in the overall
judgement of our environment, the visual system allows us to construct a detailed image
of our environment (59). Furthermore, the two systems clearly interact in our responses
to food and eating behaviors, highlighting the importance of an olfactory-visual
interaction in nutrition and quality of life (91, 92). In summary, though much is known
about the olfactory and visual systems separately, there remains a gap in our
understanding of how these two systems interact at the level of brain activation, meriting
further investigation of olfactory-visual integration. It is the goal of this dissertation to
further elucidate the neural dynamics of olfactory-visual integration in the human brain,
by way of investigation of specific olfactory-visual associations using fMRI.

1.2 Overview of the Olfactory System
1.2.1 Anatomical Organization
The olfactory system is responsible for the detection, identification, and
discrimination of odorants. This chemosensory system includes both peripheral
3

components, including the olfactory epithelium and nerve, that function to detect
external odorants, and central regions that integrate and process stimuli, including the
olfactory bulb, the olfactory tract, and the primary olfactory cortex (Figure 1-1) (93).
Olfactory processing begins with the several million olfactory receptor neurons
(ORNs) that are located in the olfactory epithelium of the nasal cavity (Figure 1-1A) (94).
These bipolar neurons are unique in that they are both the only type of neurons that are
exposed directly to the environment, being directly embedded in the sensory epithelium,
and are relatively short-lived, with an average lifespan of 30-60 days before they are
replaced by the basal stem cell population (95, 96). Each olfactory receptor neuron
expresses one type of odorant receptor, with about 1000 different genes, approximately
3% of the human genome, coding for the different receptor types being expressed in
distinct zones (59, 97, 98). Odorants become entrapped in the mucous layer covering
the olfactory epithelium and bind with the ORNs, thus activating the G protein-coupled
receptor cascades of these neurons (95, 96). The higher the concentration of the
odorant, the more receptors that are bound to and activated
The unmyelinated axons of the ORNs come together to form the olfactory nerve
and project to the glomeruli of the olfactory bulb. At each glomerulus, the ORNs
synapse with the mitral and tufted neurons of the olfactory bulb, which then project to
other central olfactory regions via the lateral olfactory tract. The organization of the
olfactory system is unique from other sensory systems in that the neurons from the
sensory area (the olfactory bulb) project directly to the primary olfactory cortex, without
a route through the thalamus, though an indirect route through the thalamus does exist
following processing in the primary olfactory cortex (99). The primary olfactory cortex
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Figure 1-1. Anatomical organization of the human olfactory system. A) Olfactory
processing begins in the peripheral olfactory system when odorant molecules bind to
the olfactory receptor neurons (ORNs) in the olfactory epithelium. The ORNs then
synapse with the mitral and tufted cells of the olfactory bulb via the olfactory nerve (95,
96). B) Neurons from the olfactory bulb then send olfactory information to the primary
olfactory cortex via the lateral olfactory tract. Further olfactory processing then occurs
via primary olfactory cortex projections to secondary olfactory structures, such as the
orbitofrontal cortex, the thalamus, hypothalamus, and the hippocampus (59, 95, 100) .
Figure adapted from Purves et al (56).
Note: A = Anterior; P = Posterior; S/D = Superior/Dorsal; I/V = Inferior/Ventral
5

(POC) is considered the major component of the central olfactory system and is
comprised of the piriform cortex, the anterior olfactory nucleus, the olfactory tubercle,
and regions of the entorhinal cortex and the amygdala (59, 95, 96, 101, 102). From the
POC, higher order olfactory processing is presumed to occur via projections to the
orbitofrontal cortex, the agranular insula, the hippocampus, the hypothalamus, the
amygdala, and the mediodorsal thalamus (59, 95, 100, 103, 104) (Figure 1-1B).

1.2.2 Functional Organization
Despite difficulties in identifying odors, typically in the absence of relevant visual
information, and the relatively low channel capacity of this sensory system, the human
olfactory system has the incredible ability to discriminate between thousands of
odorants (59, 105, 106). This is due to the intricate processing of olfactory information
that occurs at each stage of the functional organization of the olfactory system. For
instance, at the level of the olfactory bulb, a neuronal representation of an odor is
generated at the level of the glomeruli, wherein a distributed expression of odorant
receptors produces a spatial map of an odor that is comprised of zones and clusters of
similar glomeruli that process similar chemical structures of odorants (59, 95, 96, 107).
The information is then further processed in the POC, an area that is consistently
activated in response to olfactory stimulation, during both sniffing and simple smelling
behaviors and even in response to imagination of an odor (13, 108-111). The POC is
separated into functionally heterogeneous parts, with the anterior piriform cortex coding
for odor affect, and the posterior piriform being tuned to all odors and coding for quality
of the odor (59, 104, 112).
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While the POC serves to reflect both the intensity and identity of the odor, with
activation in this region corresponding to perceived odor intensity, secondary olfactory
areas, such as the OFC, reflect the reward value of an odor, in which activation
corresponds to perceived odor pleasantness (113-117). In addition to encoding the
reward value of an odor via a representation of pleasantness, the OFC, which receives
convergent projections from both olfactory and visual regions, has been found to be
consistently activated in response to odor stimulation and plays a strong role in
perceptual decision-making (20, 118-124). The insula is also a common site of fMRI
activation for olfactory stimulation. In particular, the agranular (anterior) insula, which
receives projections from the lateral olfactory tract (125), and the right central insula
have been consistently found to be activated in response to olfactory stimulation (109,
126). Likewise, the hippocampus receives direct input from the entorhinal cortex, which
is part of the POC, and has been shown to be involved in odor memory and olfactorybased spatial learning (127-131). In addition to these secondary olfactory cortices, the
olfactory system also has robust integration with the emotion and memory systems,
providing a probable explanation for the intense associations between odors and
emotions and the strength of olfactory cues in memory retrieval (59, 95, 132).
Overall, numerous studies have supported a multi-stage model of olfactory
processing, with the earliest stages of processing being responsible for information
regarding stimulus concentration and later processing dealing with the significance and
probability of the stimulus (133). Specifically, the first 300-500 ms following odor
presentation entails encoding of certain features of the odorant, in a pre-attentive
manner, whereas at 700-1200 ms after odor presentation, an evaluative process of the
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odorant occurs, drawing on higher cognitive and emotional resources (59, 134). This
dissertation will focus specifically on the interaction of visual and olfactory processing
both with and without actual odor presentation.

1.3 Overview of the Visual System
1.3.1 Anatomical Organization
The visual system is responsible for generating a detailed representation of the
world, allowing us to accurately determine the shape, size, color, movement, and
location of other objects in three-dimensional space. This sensory system includes the
peripheral sensory unit of the eye and all central brain regions receiving information
from the eye, encompassing approximately 40% of the cerebral cortex (95). Figure 1-2
illustrates the major components of the visual system.
Visual processing begins when light reaches the photoreceptors of the outermost
layer of the retina of the eye. Through a process known as phototransduction, visual
information is sent from the photoreceptors to the bipolar cells of the retina and finally to
the retinal ganglion cells, which form the major output source of the retina. The axons
of the ganglion cells form together and comprise the optic nerve, the fibers of which
decussate at the optic chiasm and then project via the optic tract to the lateral
geniculate nucleus (LGN) of the thalamus. There are two known subtypes of retinal
ganglion cells that are classified according to their target projection in the LGN.
Namely, while the M cells project to the magnocellular layer of the LGN and integrate
information from widespread retinal areas, the P cells project to the parvocellular layer

8

Figure 1-2. Anatomical Organization of the Human Visual System. Information from
visual stimuli is initially processed in the many layers of the retina of the eye, the retinal
ganglion cell axons of which comprise the optic nerve (1). The optic nerve fibers then
decussate at the optic chiasm, becoming the optic tracts, which terminate in 4 major
structures (2), including the lateral geniculate nucleus of the thalamus, the
suprachiasmatic nucleus of the hypothalamus, the pretectum, and the superior
colliculus. Visual information processed in the LGN then travels to the striate cortex,
also known as the primary visual cortex or V1, by way of the optic radiation (95, 96, 135,
136). Figure adapted from Byrne et al (136).
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of the LGN and are responsible for conveying information from only a small portion of
the retina (95, 136).
The LGN, in turn, projects via the optic radiation to the primary visual or striate
cortex (Brodmann area 17/V1), which is organized in columns of cells that respond to
specific features of a visual stimulus at distinct points of the visual field. This
retinogeniculostriate transmission pathway is the major source for conveying visual
information to the cerebral cortex. From the primary visual cortex, visual information
then travels to the extrastriate cortices, a group of higher-order visual areas that further
process the visual stimuli, including V2, V3, and V4 (95, 96, 135). In addition to these
major pathways for visual processing, visual information from the retina also travels
directly to the hypothalamus, which uses visual input to regulate circadian rhythms and
hormonal changes, and several regions of the midbrain, including the pretectal olivary
nucleus, which is involved in the pupillary light reflexes, the reticular formation, which
facilitates pupillary dilation, and the superior colliculus, which serves to integrate visual,
auditory, and somatosensory information in order to coordinate eye and head
movements (95, 136).

1.3.2 Functional Organization
As with the olfactory system, each stage of visual processing is responsible for
encoding specific features of a visual stimulus. Some of the earliest processing occurs
initially in the retina, which provides specific information necessary for perceiving
brightness by encoding the amount of contrast between the center and surrounding
parts of the receptive field. More specifically, the different types of photoreceptors
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found in the retina process certain aspects of the visual stimuli: while the rods detect
dim light, the cones facilitate color vision. Visual information then travels to the LGN for
further processing, mainly through the M cell projections, which detect stimuli with high
temporal and low spatial frequency, and P cell projections, which are primarily involved
in color vision and detecting stimuli with high spatial and low temporal frequency, from
the retina. Once at the level of the LGN, the magnocellular layer is responsible for
processing moving objects, whereas the parvocellular layer is necessary for detailed
visual discrimination. Each LGN also contains a retinotopic representation of their
respective contralateral half of the visual field (95, 96).
From the LGN, visual information then terminates in layer 4 of the striate, or
primary visual cortex. As aforementioned, the striate cortex contains a columnar
organization of cells that are highly interconnected, each responsible for processing
visual information from a specific visual field region, allowing for significant abstraction
of visual information (95). Neurons that respond to similar aspects of the visual field are
preferentially connected in this columnar organization, with specific columns encoding
for orientation (selective response to light bars with particular axes of orientation), ocular
dominance (receive inputs selectively from one eye), and blobs (peg-shaped patches in
upper layers that encode color) (96, 137).
Information from the striate cortex then projects to the extrastriate cortex via two
major processing pathways that are partially segregated through V2, including the
dorsal (parietal) pathway and the ventral (temporal) pathway (Figure 1-3) (95, 96, 138140). The dorsal (parietal) pathway is mainly involved in processing motion and spatial
relationships between visual objects and is derived from the magnocellular pathway of
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Figure 1-3. Dual processing streams in the visual pathway. Once processed in the
striate (primary visual/V1) cortex, visual information continues to the extrastriate cortices
via two main pathways. The dorsal (parietal pathway) projects from V1 and V2 to the
medial temporal (MT) area and then finally to the posterior portion of the parietal lobe.
This pathway is primarily involved in processing motion. The ventral (temporal)
pathway also projects from V1 and V2 to V4 and the inferior temporal lobe in order to
process information that is necessary for visual object recognition. Figure adapted from
Byrne et al (136).

12

the LGN. This pathway consists of magnocellular cells in the LGN projecting to the
striate cortex (V1), and then to V2 and the middle temporal (MT) area, finally terminating
in the posterior parietal lobe. In contrast, the ventral (temporal) pathway is primarily
derived from the parvocellular pathway of the LGN and is responsible for further
processing necessary for object recognition and pattern perception (95, 96). In this
pathway, the parvocellular neurons project to the striate cortex, which in turn reach V2,
followed by projections to V4 and areas of the inferior temporal lobe.
Each of these major stages of visual processing works together to generate a
detailed picture of our environment, allowing us to properly react to and interact with our
surroundings. This dissertation will focus on observing olfactory-visual integration
specifically through quantifying the BOLD signal during olfactory-visual associations in
brain structures receiving early retinal and primary olfactory projections, such as the
OFC, and structures involved in higher-order visual processing, including BA 17
(primary visual cortex), BA 18, and BA 19 (extrastriate cortices).

1.4 Evidence for an Innate Olfactory-Visual Functional Connection
1.4.1 Behavioral Evidence
Odors are unique from other sensory stimuli in that they typically are both
naturally and strongly associated with specific contexts, objects, and/or memories,
resulting in the ability to identify, name, and categorize associated odors (141). For
instance, studies have shown that participants are able to accurately assign increased
levels of congruency between specific odors (i.e. coffee) and a visual cue that is
commonly known to be associated with that odor (i.e. coffee cup) (8, 9). However, it is
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also well-established that when odors are presented without visual cues, even familiar
odors remain difficult to identify, suggesting that there is a necessary interplay between
olfactory and visual processing that aides in human interaction with environmental
stimuli (105, 106). In addition, it has been shown that several aspects of olfactory
processing, such as detection thresholds and intensity judgments, can be significantly
influenced by visual, perceptual, and other higher-order cognitive factors (12, 142-144).
Though there is an overall lack of studies aimed at specifically describing associations
between olfactory and visual information in particular, perhaps the richest repository of
information on the concept is derived from several notable behavioral studies.
For example, in a study by Morrot et al (10), white wine that had been dyed red
was described by enology students with olfactory characteristics usually ascribed only
to red wines, despite clearly smelling like a white wine, suggesting a significant
modulation of olfactory processing by visual information. Moreover, studies have found
strong, innate associations between visual color cues and odors, with participants
consistently generating non-random color profiles for specific odors (145). Additionally,
when an odorous solution was colored, it was rated as having a greater intensity than
colorless solutions with the same odor concentration and also participants reported
higher pleasantness and perceived intensity of an odor that was appropriately colored,
such as strawberry scented liquid dyed red (11-13). In addition, the presence of a
visual color stimulus was found to increase the likelihood that participants would report
detection of an odor, even when none was present (146). Finally, support for an innate,
reflexive connection between olfactory and visual processing has been demonstrated by
studies showing that visual distractors, even when irrelevant to the task, such as a color
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swatch, can have significant effects on odor discrimination accuracy (14). Together, the
findings from these behavioral studies suggested a strong, innate functional connection
between the olfactory and visual systems, in which each sensory system can
significantly influence the behavioral outcome of the other.

1.4.2 Anatomical Evidence
In addition to the findings of the behavioral studies outlined above, anatomical
evidence for the formation of olfactory-visual associations exists in early tracer studies
in close to 50 species of animals showing that many olfactory-related regions, such as
the POC, receive convergent projections from the olfactory bulbs and the retina (15-18).
Reciprocal connections have also been found between the superior temporal sulcus, an
area known to be involved in multisensory integration, and olfactory regions (147).
Along the same lines, the OFC receives afferent inputs form both the POC and higherorder visual areas and also contains populations of bimodal neurons that are responsive
to both olfactory and visual stimulation (19, 20). Together, these studies provide
possible anatomical avenues by which olfactory-visual associations may occur in the
human brain.
Interestingly, studies involving rodents and primates have also shown that
olfactory bulbectomy significantly disrupts reproductive responses to visually-processed
seasonal light cycles, affecting the mechanism of gonadal regression in these animals
(21-27). More specifically, via neuroendocrinological control of reproductive
responsiveness, the olfactory bulbs play a significant role in how these mammals
process light cycles in the visual domain, indicating a strong, innate functional
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relationship between the olfactory and visual systems. Furthermore, neuroanatomical
convergence of olfactory and visual inputs has been found in higher-order visual and
olfactory regions (112). Though the exact anatomical pathways responsible for
olfactory-visual integration have yet to be elucidated, specifically in humans, based on
studies of subjects with congenital blindness that demonstrate activation of visual
regions in response to olfactory stimulation, it has been postulated that innate, naturally
developed cortico-cortical connections exist between the olfactory and visual cortices,
allowing for a strong overlap in activity between these two sensory systems (28, 29). In
summary, these studies provide convincing anatomical evidence not only that an innate
olfactory-visual functional connection exists in the human brain, but also possible neural
pathways by which it could operate.

1.4.3 Neurofunctional Evidence
In addition to behavioral and anatomical lines of evidence for an innate olfactoryvisual functional connection, there also exists supporting findings in the neurofunctional
domain of a strong reciprocal relationship between the olfactory and visual systems
(148-152). Specifically, numerous studies have demonstrated that the presence of an
olfactory stimulus can significantly influence visual-based behavior, including attention
to and movement towards target visual objects (30-39). Furthermore, and perhaps
more interestingly, several studies have also shown activation of visual cortical areas
during performance of purely olfactory-related tasks, even in cases of congenital
blindness (28, 40-43). In addition, using transcranial magnetic stimulation, Jadauji et al.
(153) found that stimulation of the visual cortex increases performance of an olfactory
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discrimination task, an effect that was not seen when the primary auditory cortex was
stimulated. Taken together, these findings strongly support the notion that there exists
intrinsic functional connectivity between the olfactory and visual systems.
Furthermore, several studies have demonstrated activation in olfactory-related
areas in response to congruent odor-visual pairings. For instance, Gottfried et al. (54)
observed olfactory activation during an fMRI study in response to presentation of a
visual cue of a face that had been previously paired with an aversive odor, even in the
absence of an actual odorant. A later study by Gottfried (53), now considered to be
fundamental for the topic of olfactory-visual associations, also identified activation in
various areas involved primarily in multisensory integration, including the intraparietal
sulcus (IPS), the superior temporal sulcus (STS) and the posterior cingulate, along with
the anterior hippocampus and the rostromedial OFC in response to congruent odorvisual presentations In addition, Osterbauer et al. (154) detected increased activation in
the OFC and insula, two important regions involved in higher-order olfactory processing,
as perceived congruency of odor-color pairings increased. In summary, these studies
as a whole provide substantial evidence at the level of neural activity of an innate,
reciprocal functional connection between the olfactory and visual systems. However, no
study to date has investigated the effects of lexical vs. non-lexical visual cues in
olfactory-visual associations, nor the role of different task-related attention in these
associations. The novel studies of this dissertation will focus on particularly examining
the influence of each of these aspects on olfactory-visual associations using fMRI.
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1.5 Role of Congruence in Olfactory-Visual Associations
As mentioned briefly above, the majority of research on olfactory-visual
integration is derived from studies regarding the role of semantic congruence, or the
degree of agreement between the meanings of different stimuli, between visual cues
and olfactory stimulation. According to Cain, there are three major things that can
impair odor identification, including failure to accurately recall the name, slow formation
of an association between odors and names, and finally, confusability of the stimuli
(105). In accordance with this last concept, many studies, both in the behavioral and
neurofunctional domain, have consistently found that the presence of semantically
relevant information and increased congruence between visual and olfactory stimuli
results in greater olfactory performance and perception (53, 105, 155). Specifically,
Gottfried (53) found that subjects’ ability to detect an odor was significantly increased in
terms of both latency and accuracy when the target odor was paired with a semantically
congruent, compared to incongruent, picture. In addition, EEG studies have found that
visual event related potentials (ERPs) become significantly enhanced for congruent
odor-visual pairings (3). Conversely, incongruence between an odor and a visual cue
has been found to result in more negative and attenuated peaks in several other EEG
studies (37-39). Furthermore, the height of the BOLD response in brain regions
involved in multisensory integration has been shown to be influenced by manipulation of
the perceived congruency of cross-modal cues, with increasing congruency between
cues corresponding to enhancement of the hemodynamic response function (154).
These findings have also been observed in studies focused on behavioral
responses to incongruent olfactory and visual cues. In addition to the studies
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mentioned previously, (10, 11), participants have also been shown to report increased
odor intensity and pleasantness when viewing pictures of congruent objects (156, 157).
Subjects’ accuracy in odor identification was also shown to be increased for
appropriately-colored solutions and reduced for inappropriately colored solutions (158).
Several studies have also demonstrated a reciprocal relationship, where odors
have also been shown to affect visual processing and behavior (159, 160). Specifically,
congruent odors have been shown to increase attention to and exploration speed of a
target visual object when compared to a no odor condition (157, 161, 162). Further, in a
study of binocular rivalry, a phenomenon in which distinctively different images that are
presented separately to the two eyes results in perceptual alterations, odors were found
to increase the time that a congruent image is visible and also shorten its suppression
time in a reflexive manner (163). Similarly, specific odors have been shown to
reflexively direct attention towards a semantically congruent visual object, serving as a
mechanism by which olfactory-visual integration can provide an avenue for the selection
of more important information in our environment to be further processed (164).
Interestingly, marketing research has also demonstrated this effect by showing that a
consumer product with a congruent odor can have a significant impact on a consumer’s
evaluation of the product (165, 166). Together, this evidence strongly suggests a
significant interaction between visual and olfactory processing, highlighting both the
robust relationship between these two sensory systems and the significant influence of
congruency in olfactory-visual functional dynamics. However, there is still very little
known of the representation of this olfactory-visual functional relationship in the brain
and the role that semantic congruence has in this representation. Chapter 2 of this
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dissertation will focus directly on investigating the role of congruence in olfactory-visual
functional dynamics during specific instances of olfactory-visual association formation.

1.6 Use of fMRI to Investigate Olfactory-Visual Associations
Magnetic resonance imaging (MRI) is a non-invasive, in vivo imaging method
based on nuclear magnetic resonance (NMR) that utilizes the nuclear spin properties of
positively charged hydrogen nuclei in the human body to generate comprehensive
images of target body regions (167, 168). Specifically, when a person, or any water
source for proton imaging, enters the strong magnetic field (𝐵0) emanating from an MRI
scanner, the normally randomly spinning hydrogen nuclei become uniformly aligned,
either parallel (low energy state) or antiparallel (high energy state), in response to the
field and a magnetic vector is generated that is oriented to the scanner axis (169).
Typically, there is an uneven distribution of protons in each energy state, with a slightly
greater amount of protons in the low energy (parallel/positive) state, resulting in a vector
sum of spins that is non-zero, known as the net magnetization (𝑀0 ), and that is oriented
in the same direction as 𝐵0 (169, 170). Due to the mechanical angular momentum of
atom, each individual proton will also begin to rotate perpendicular to, or precess
around, the direction of the magnetic field at a precessional frequency known as the
Larmor frequency. The Larmor frequency can be calculated with the following equation:
𝜔0 = 𝛾𝐵0 , where 𝜔0 is the Larmor frequency (MHz), 𝐵0 is the magnetic field strength
(T), and 𝛾 represents a constant for each nucleus known as the gyromagnetic ratio
(MHz/T) (169-171).
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In general, MRI is based upon manipulation of the net magnetization, typically by
means of applying a short pulse of radiofrequency (RF) energy. During the applied RF
pulse, known as the excitation pulse, the protons absorb a percentage of the RF
energy, resulting in deflection of the magnetic vector causing the protons to resonate
(170). When the RF pulse is removed, the protons begin to realign to the original
equilibrium orientation and the magnetic vector returns to resting and as it does, an RF
signal is emitted from the hydrogen nuclei at frequency 𝜔0 (170). This MR signal is
detected by receiver coils around the body at right angles to the 𝐵0 field, which undergo
a voltage induction from 𝑀0 during its precession known as the free induction decay
(FID). The received MR signal can be characterized by its magnitude, frequency, and
phase (direction relative to RF transmitter phase) (170, 171). In order to produce a
detailed image, this signal then has to undergo Fourier transformation, which is a
mathematical operation that reciprocally converts time domain data to frequency
domain data (170, 172). This fourier transformed data can then be displayed as images
of the target body region, most frequently the brain, via conversion of the peak
intensities to pixel intensities representing the tomographic image (167, 172, 173).
MRI also allows for identification of different bodily tissues, based on the distinct
relaxation properties of each tissue type, which can be measured in two ways and
underlies the primary mechanism for image contrast in MRI (170). Specifically, T1
relaxation, is the measurement of the time required for the longitudinal component of 𝑀
to return to 63% of its original equilibrium value, while T2 relaxation is the time
necessary for the transverse component of 𝑀 to reach 37% of its initial value (167, 170,
172-175). T1, which is typically longer than T2, is also known as spin-lattice relaxation
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Figure 1-4. The neural mechanisms underlying the BOLD signal. 1) Neuronal activity
occurs in response to an external stimulus or some type of modulation, then 2) by way
of neurovascular coupling, this neuronal activity results in the 3) hemodynamic
response, which involves changes in blood flow and an increase in the ratio between
oxyhaemoglobin to deoxyhaemoglobin in specific brain regions, which is turn, results in
an increased MR signal that is detected by the MRI scanner (4). Figure taken from
Arthurs & Boniface (176).
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because the energy that is released as the protons return to their equilibrium orientation
is released into the surrounding tissue, or lattice, whereas T2 is known as spin-spin
relaxation due to its description of interactions between protons in their immediate
surroundings (169-171). A typical MRI procedure will consist of specific sequences of
alternate switching of the RF pulse on and off, based on the properties of the target
tissue to be imaged.
Functional magnetic resonance imaging (fMRI), a subset of the MRI technique,
is a neuroimaging tool that relies on the Blood Oxygen Level Dependent (BOLD) signal
emitted as a result of vasculature changes due to neural activity, allowing for in vivo
measurements of time-varying changes in metabolism in the brain. The BOLD signal,
which was first described by Ogawa et al (177-179), is based on the hemodynamic
response (HR) to a neural event, which can be measured using T2- and T2*-weighted
imaging acquisition protocols and modeled using various statistical methods (173, 180184). Though the complete dynamics underlying the BOLD signal have yet to be fully
determined, it is believed that external stimuli initiate neuronal activity that result in
changes in oxidative metabolism and blood flow to specific brain regions(185). These
changes inherently cause fluctuations in the ratio of deoxyhaemoglobin to
oxyhaemoglobin in the blood, each of which possess different magnetization properties
(177, 181, 186). Specifically, while oxyhaemoglobin is diamagnetic, which results in no
signal loss, deoxyhaemoglobin is paramagnetic, which results in a reduction in both T2
and T2* (173, 187). This difference is thought to produce an endogenous contrast
agent that alternates the magnetic state of the tissues by increasing the ratio of
oxyhaemoglobin to deoxyhaemglobin via increased cerebral oxygenated blood flow to
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activated regions. Though the exact mechanisms underlying this apparent overload of
oxygenated blood to activated regions are still not fully understood, this decrease in
deoxyhaemoglobin results in an increased T2* signal, which translates into the BOLD
signal (173, 176, 187-189). Figure 1-4 illustrates the neural activity cascade that is
thought to underlie the BOLD signal contrast.
fMRI can be used to measure these changes in brain metabolism both in
response to specific tasks and also during a resting state. These measurements
provide correlates of neural activity in response to these conditions, allowing for
conclusions to be drawn regarding specific brain region activation and neural network
connectivity under a large variety of circumstances (176, 188, 190-192). fMRI is a
favored technique in comparison to other neuroimaging methods (i.e. PET imaging) and
other neuroscientific research protocols for several reasons, namely its non-invasive
nature, widespread availability, and advanced spatial resolution (193).
Though there is an overall lack of studies regarding olfactory-visual neural
interactions, particularly in humans, fMRI has been used extensively to study the effects
of multisensory integration on unimodal cortical areas (44-52). Furthermore, pioneering
research on the topic of olfactory-visual interactions has utilized fMRI to delineate the
neural networks underlying the interplay between these two sensory systems (53-55).
However, in general, many of these studies employed olfactory-visual association
paradigms to better understand only the one-way influence of visual information over
olfactory processing. This dissertation aimed to broaden this scope by utilizing fMRI to
inspect the reciprocal relationship between the olfactory and visual systems during
particular instances of olfactory-visual associations in the human brain, with the overall
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goal of developing a more comprehensive model of the functional networks underlying
normal human olfaction.
This dissertation used innovative applications of state of the art fMRI protocols
and network analysis tools to study the dynamics of olfactory-visual associations (194,
195). Specifically, novel fMRI paradigms uniquely designed for the human model were
applied to young, cognitively healthy participants to study normal multisensory
interactions between olfactory and visual processing. These paradigms were found to
reliably elicit patterns of neural activity correlating to specific olfactory-visual interactions
in the human brain within contexts of associative learning. Figure 1-5 provides an
example of the olfactory-visual associative activation in response to these novel
paradigms.
Conventionally, olfactory studies in animals utilize purely sensory paired cues,
particularly in the olfactory realm. However, since visually-guided behavior is more
central to human interactions, the use of human subjects in the research design of this
dissertation provides the exclusive opportunity to investigate the reciprocal influence of
visual and olfactory cues on one another. Furthermore, in Chapter 2 of this dissertation,
the role of language is also discussed in relation to olfactory-visual associations.
Language, in particular, has the unique ability to shape the human brain and functions
even at the level of processing and integration of primary sensory information, including
olfaction. Therefore, with the novel paradigms utilized in this design, this dissertation
will begin to address each of these aspects that are central to proper human brain
function, in the overall context of normal olfactory processing. Furthermore, statistical
parametric mapping (SPM) and extended unified structural equation modeling (euSEM)
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Figure 1-5. One-sample t-test demonstrating olfactory and visual activation in response
to a novel olfactory-visual association paradigm utilizing the visual cue “Smell” during
the Paired and Paired test conditions and the visual cue “Look” during the Unpaired and
Unpaired test conditions (p < 0.001, extent threshold = 100 for a corrected p = 0.008). .
These results support the efficacy of using these fMRI paradigms to accurately
investigate the neural underpinnings of olfactory-visual associations in the human brain.
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were used in conjunction in order to study this phenomenon. While SPM is a traditional
processing method for fMRI data, euSEM is a technique that generates a model of
effective connectivity, or the influence of one neural system over another, and provides
a map of the directional couplings between predefined regions of interest (ROIs) (196,
197). Unlike other effective connectivity modeling techniques, euSEM combines the
vector autoregression (VAR) and standard structural equation modeling (SEM) to
accurately model the influence of specific stimuli on ROI BOLD responses during eventrelated fMRI designs (198). In addition, this technique is able to estimate both
contemporaneous (at the same time point) and lagged (different time points)
connections, making it an optimal method for investigating the dynamics of eventrelated fMRI data (196, 198, 199). Specifically in this dissertation, euSEM was used to
investigate sex differences in effective functional connectivity in relation to the aging
effect on olfactory-visual functional dynamics.

1.7 Rationale
Though olfaction is the most studied chemosensory system, the functioning of
this network is still not well understood due to its complicated neuroanatomical
organization (56). More importantly, most of the existing knowledge on this system has
been derived from animal studies, but limited research has been targeted at
understanding olfactory processing in the human brain, namely the role that
multisensory integration plays in the generation of an olfactory percept. As discussed
previously, pioneering research on this topic has shown that olfactory performance can
be significantly enhanced in the presence of relevant visual information and that
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contextual visual cues, and not an odor itself, appear to have the dominant effect over
olfactory processing (3, 10, 37, 53, 105, 200). Evidence for a reciprocal relationship has
also consistently arisen, with several studies demonstrating the effect of odor presence
on visual processing and behavior (30-32, 34-39, 157, 161, 163, 164, 201). Recently,
our lab has also observed very rapid associative learning behavior between olfactory
and visual stimuli in the human brain during an olfactory fMRI paradigm (55). Based on
these results and the known gaps in understanding that still exist, this dissertation will
seek to expose several unknown aspects of the functional connection between the
olfactory and visual systems by testing specific hypothesis regarding this connection
with the overall working hypothesis that an innate olfactory-visual functional connection
exists in the human brain, most likely serving to facilitate odor source naming and
localization processes.
First, though it has been postulated that rapid olfactory-visual associations can
be formed in the brain in response to an olfactory-related visual cue “Smell?” (55), it is
unknown whether this same associative behavior could occur in response to neutral,
abstract visual cues with no inherent lexical meaning. Furthermore, though the role of
congruency has been consistently shown to be important for olfactory-visual
interactions, the influence of specific lexical, semantically congruent and incongruent
cues on olfactory-visual functional dynamics is not fully understood. Thus, Chapter 2 of
this dissertation focused on answering both of these questions using three separate
olfactory-visual fMRI association paradigms, containing either neutral, lexical
semantically congruent, or lexical semantically incongruent visual cues. It was
hypothesized that olfactory-visual associations could be rapidly formed using neutral,
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non-lexical abstract symbols as the visual cue, as evidenced by significant olfactory
activation in response to a test condition consisting of presentation of a visual cue that
was previously associated with an odor compared to a unassociated visual cue.
However, it was also hypothesized that a lexical, semantically congruent visual cue
would produce greater olfactory-visual activation during both the acquisition and test
phases compared to the use of a lexical, semantically incongruent or a neutral, nonlexical symbol.
The second aspect of the olfactory-visual functional connection that will be
investigated in this dissertation is the effect of attentional modulation on olfactory-visual
integration during association formation. Specifically, Chapter 3 of this dissertation will
test the hypothesis that an odor-attention task involving higher-order cognitive decisionmaking and attentional processes to an olfactory stimulus will elicit significantly stronger
olfactory-visual associative neural activation compared to a less complex visualattention task that requires only detection of a visual stimulus.
Finally, substantial evidence has suggested a significant effect of normal aging
on olfactory system function and multisensory integration (1, 91, 202-206), and that men
and women may undergo this aging process differently (204, 207). Therefore, this
dissertation also sought to elucidate the effect of aging on the olfactory-visual functional
connection and whether sex-dependent differences would be observed within this
effect. Chapter 4 of this dissertation consists of an investigation of the effect of age on
neural activity in an older, cognitively normal participant cohort in response to an
olfactory-visual association paradigm. It was hypothesized that a significant age-related
decline would be observed in neural activity in response to this paradigm and that male
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subjects would display significantly greater deficits on olfactory-visual associative
activation compared to female subjects.
With the hypotheses that this dissertation sought to test, the significance of this
research is that it will provide substantial evidence of an innate functional connection
between the olfactory and visual systems, most likely by means of a cortico-cortical
pathway (29). The findings of this research will also further characterize this intrinsic
olfactory-visual relationship by describing the respective roles of lexical, semantic
congruence and attentional modulation on the dynamics of olfactory-visual function.
Finally, since olfactory deficits have been associated with prevalent psychiatric and
neurodegenerative diseases, a comprehensive profile detailing how these two sensory
systems interact in healthy individuals, both young and old, holds important clinical
significance for understanding how these dysfunctions may develop in the disease state
and for the development of therapeutic techniques that may aide in slowing progression
of the disease (208, 209).
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Chapter 2
The Innate Olfactory-Visual Functional Connectivity in the Human Brain

2.1 Abstract
Though there have been many studies that have focused on delineating the
interworking of the olfactory system and its processing network in the brain, there are
still numerous aspects of the central olfactory network that are not fully known.
Specifically, the dynamics and interplay of the olfactory system with other sensory
systems is not well understood, particularly in regard to the visual system. Therefore,
the purpose of this study was to investigate the innate neural dynamics involved in the
formation of specific olfactory-visual associations using fMRI and to assess the role of
semantic lexical congruence in these associations. Fourteen young, cognitively normal
participants underwent three separate olfactory-visual association paradigms, which
included either neutral, semantically congruent, or semantically incongruent visual cues.
Overall, the data support a significant modulation of visual activation by the primary
olfactory cortex during olfactory-visual associative behavior, in addition to a strong effect
of semantic lexical meaning on olfactory-visual neural responses. This suggests that a
semantically congruent lexical cue (“Smell”) increases the influence of the primary
olfactory cortex over the primary visual cortex during olfactory-visual associations. In
summary, though several studies have suggested a role of a visual cue over olfactory
processing, here we demonstrate the reciprocal effect, with olfactory information
significantly acting on visual processing.
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2.2 Introduction
In the current literature, there have been many studies that have focused on
defining the interworking of the olfactory system and its processing network in the brain.
However, despite this extensive knowledge, there are still numerous aspects of the
central olfactory network that are not fully known. Specifically, the dynamics and
interplay of the olfactory system with other sensory systems is not well understood,
particularly in regard to the visual system. Unlike other lower species that depend
primarily on the olfactory system to guide behavior, human perception and behavior is
predominantly guided by visual processing, which highlights the importance of studying
the influence of this sensory system on olfaction.
Recent evidence from olfactory fMRI studies in humans has suggested the
possibility of an innate olfactory-visual functional connection by revealing a significant
influence of visual stimuli over central olfactory processing through the formation of
associations (55). In an olfactory fMRI paradigm, the visual cue “Smell?” that was
previously paired with lavender odor was found to produce significant activations in the
primary olfactory cortex (POC) without the actual presence of the odor and during
normal respiration patterns. Despite significant POC activation during the visual-only
conditions, all subjects reported they did not perceive any odor. These data suggest
than an association may have been formed between the stimuli of the two sensory
systems.
Several other lines of research have also provided further functional evidence for
the innate relationship between the olfactory and visual systems (30, 148, 210). For
example, when asked to identify the color of certain odors, participants consistently
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generated non-random color profiles for each odor, suggesting a strong intrinsic overlap
between central olfactory and visual learning of a certain olfactory stimulus (145). In
addition, studies of emotional processing have also supported a strong interaction of
olfactory and visual stimuli (149-152). Further, many studies have consistently found
that the presence of relevant visual information results in greater olfactory performance
and perception (53, 155, 211). Finally, EEG studies have found that visual eventrelated potentials (ERPs) become significantly enhanced for congruent odor-visual
pairings, with the opposite effect observed for incongruent pairings (3, 37-39). These
findings have also been observed in studies focused on behavioral responses to
olfactory and visual cues (10-13, 146). Taken together, this evidence strongly suggests
a significant influence of visual cues over olfactory processing, highlighting the robust,
innate relationship between these two systems. However, there is still limited
knowledge of the representation of this modulation in the human brain when a rapid
olfactory-visual association is initially formed.
Another aspect of the interplay between olfaction and vision that is not wellknown, is the role that lexical, semantic visual cues compared to non-lexical abstract
symbols, play in integration of these two sensory systems. Studies that do focus on this
aspect have shown that lexical visual cues can have a profound effect on olfactory
judgements of target stimuli. For instance, participants in a behavioral study were found
to rate an odor significantly more unpleasant when it was labeled “body odor” compared
to being labeled “cheddar cheese” (212). Furthermore, results from an fMRI study
revealed that simply reading odor-related words has the ability to activate the POC
(213). Reciprocally, odors have also been shown to exercise influence over processing
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of semantically related terms (214). Language-related brain regions have also been
found to be activated in tandem with visual and olfactory regions in contexts of odor
naming, identification, and semantic processing (40, 215-217). In addition to this
functional evidence, several findings have also supported that olfactory and language
processing share similarities in spatio-temporal patterns, possibly leading to the
occurrence of interference (218, 219). Since it is known that humans struggle with
naming odors, particularly in the absence of visual information (105, 220), it is most
likely that olfactory-visual-lexical interactions occur in order to subserve odor naming
processes, with early stages of the olfactory-language pathway involving object
perception, followed by lexical-semantic integration, and culminating in odor naming
(57-59).
Interestingly, though many studies have traditionally concentrated on visualauditory relationships, research aimed at exploring the olfactory-visual functional
connection in general is lacking (3, 161). In addition, because the olfactory system has
been shown to be closely involved with several other psychiatric and neurodegenerative
diseases, it is clinically important for a better understanding of the complexity of normal
olfactory function be gained in order to more effectively differentiate between healthy
and disease states in humans (125, 208, 221). Therefore, the aim of this study was to
investigate the underlying processes involved in the formation of olfactory-visual
associations using fMRI, including the role of lexical semantic information on the
dynamics of these associations. It was hypothesized that olfactory-visual associations
could be rapidly formed using neutral, non-lexical abstract symbols as the visual cue, as
evidenced by significant olfactory cortex activation in response to a test condition
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consisting of presentation of a visual cue that was previously associated with an odor
compared to a unassociated visual cue. It was also hypothesized that a lexical
semantically congruent visual cue would produce greater olfactory-visual activation
during both the acquisition and test phases compared to the use of a lexical
semantically incongruent or a neutral, non-lexical symbol. Since humans are largely
visually-guided beings, this insight will provide vital information regarding the modulation
of an olfactory-visual functional connection, which is both of clinical and normative
significance.

2.3 Methods
2.3.1 Participants
Young (n=16, mean age = 24.88 + 3.96 years, age range = 19-35 years, 8
females), cognitively healthy right-handed subjects were recruited from the community
through advertisement for the study. Subjects were screened for psychiatric and
neurological conditions, conditions related to olfactory dysfunction (e.g. allergies, head
trauma, viral infections), and MRI safety (e.g. metal implants, claustrophobia) before
being permitted to participate. The study was approved by the Pennsylvania State
University College of Medicine Institutional Review Board. Each participant provided
written informed consent before participating. Participants were also screened for any
knowledge of the Chinese language to ensure that the Chinese characters used during
the neutral symbol fMRI paradigm were devoid of any lexical, semantic meaning.
All subjects were administered the University of Pennsylvania Smell Identification
Test (UPSIT, Sensonics Inc., Haddon Heights, NJ, USA) to evaluate their olfactory
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identification function. The UPSIT is a self-administered, forced-choice, scratch and
sniff standardized test with scores ranging from 0-40 (204, 222). UPSIT scores were
used to ensure all subjects were within the normal range (Score: 32-40) of olfactory
performance scores. Two participants were excluded based on abnormal UPSIT scores,
decreasing the total number of subjects from 16 to 14.

2.3.2 Olfactory-Visual Association Paradigms
Participants underwent three separate olfactory-visual association paradigms
that were administered in a pseudo-randomized fashion (Order: neutral symbol,
semantic congruent, semantic incongruent; semantic incongruent, semantic congruent,
neutral symbol, etc), and included either neutral, semantically congruent, or
semantically incongruent visual cues paired with an odor (Figure 2-1). Each of the
paradigms consisted of the same basic components, including an acquisition and test
phase. During the acquisition phase of each paradigm, the subject was presented with
a paired condition, in which a specific visual cue was presented simultaneously with an
odor to the nose, and an unpaired condition, in which a separate visual cue was
presented alone. Subsequently, during the test phase, the previously odor-paired visual
cue and the unpaired visual cue were presented with no
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Figure 2-1. Olfactory-visual association paradigms. A) Neutral symbol paradigm, B)
semantic congruent, and C) semantic incongruent. During the acquisition phase, a
distinct visual cue is paired with an odor, while another is presented alone. During the
test phase, both visual cues are presented alone. The cycle is repeated 3 times.
Participants were instructed to press a button each time they saw a symbol or word
appear in the black box. Each paradigm followed the same pattern with different visual
cues.

37

concurrent odor presentations to the nose. In each paradigm, the cycle of these
conditions was completed 3 times.
During the neutral symbol paradigm, Chinese characters, which are presumed to
carry no inherent semantic or lexical meaning for English speakers, were used as
neutral symbols. The semantic congruent paradigm consisted of pairing the olfactorycongruent visual cue “Smell” with an odor and the visual cue “Look” alone, whereas the
semantic incongruent paradigm involved the opposite, with the olfactory-incongruent
“Look” being paired with an odor and “Smell” presented alone.
The visual cues were presented to the subjects on a LED screen during scanning
using E-Prime. A simple gray screen with a black box in the center served as the
baseline conditioned and was presented prior and during each visual cue presentation.
Participants were instructed to press a button in their left hand each time a visual cue
appeared in the box. A respiration sensor was used to monitor respiratory patterns and
to ensure wakefulness of the participants. Participants were instructed to breathe
normally throughout the duration of the paradigms. An MR-compatible olfactometer
(Emerging Tech Trans, LLC, Hershey, PA, USA) was used to deliver the odor bilaterally
to the subject’s nostrils along with constant airflow of 6 L/min at room temperature and
50% relative humidity. Lavender oil diluted in 1,2-propanediol (Sigma, St. Louis, MO,
USA) was chosen as the target odorant due to its relative pleasantness, its minimal
propensity to activate the trigeminal system, and also its ability to facilitate rapid
olfactory-visual associations in past studies (55, 223-225). In order to offset any effect
of habituation, the intensity of the odorant was increased with each cycle across the
paradigms (0.032%, 0.10%, and 0.32%, respectively).

38

2.3.3 Post-Test Questionnaire
A post-test questionnaire was administered to 10 of the 14 subjects, in order to
evaluate the level of conscious awareness of the formation of the olfactory-visual
association between the odor and the neutral symbols presented in the neutral symbol
paradigm. The questionnaire consisted of six distinct questions, including whether or
not they were able to detect an odor, identification of the symbols used in the paradigm
from a list of other symbols, and finally discrimination of which symbol was paired with
the odor. This questionnaire specifically referred to the neutral symbol paradigm, since
the semantic congruent and incongruent paradigms consisted of opposite pairings,
which would inevitably create confusion as both cues “Smell” and “Look” were at one
point paired with an odor throughout the paradigms.

2.3.4 Imaging Acquisition
A Siemens 3.0 T Prisma system (Siemens Medical Solutions, Erlangen,
Germany) with a 20 channel head coil was used to acquire MR images of the entire
brain using BOLD sensitive T2*-weighted echo planar imaging. The following
parameters were used in the sequence for each functional paradigm: repetition time =
2000 ms, echo time = 30 ms, flip angle = 90°, field of view = 230 x 230 mm 2, acquisition
matrix = 80 x 80, number of slices = 34, slice thickness = 4 mm, acceleration factor = 2,
acquisition time = 412 s, and number of repetitions = 206. T 1-weighted MPRAGE
anatomical images were also acquired for overlay for the functional data with the
following parameters: repetition time = 1540 ms, echo time = 2.34 ms, field of view =

39

256 x 256 x 176 mm3, acquisition matrix = 256 x 256 x 176, number of slices = 176,
slice thickness = 1mm, and acquisition time = 4 min 32 s.

2.3.5 Data Processing and Analysis
The fMRI data were pre-processed using SPM8 software (Wellcome Trust
Centre for Neuroimaging, University College London, UK) according to standard
procedure, including slice-timing correction, realignment, co-registration, normalization
to the Montreal Neurological Institute (MNI) brain template (226), and smoothing (8 x 8 x
8 mm3 Gaussian kernel) (227). The first 6 images of the EPI data series were removed
to eliminate initial signal instability (127). The statistical parametric map for each
participant was calculated using motion corrected, normalized functional data after
convolving with a canonical hemodynamic response function (p < 0.001, corrected with
an extent threshold = 100).
In order to comprehensively assess activity in the olfactory and visual systems,
several olfactory and visual regions of interest (ROIs) were analyzed, including the
primary olfactory cortex (POC), insular cortex, orbitofrontal cortex (OFC), primary visual
cortex (Brodmann Area 17), and visual association cortices (Brodmann Areas 18 & 19).
The POC, which includes the piriform cortex, anterior olfactory nucleus, olfactory
tubercle, entorhinal cortex, amygdala, and periamygdaloid cortex, receives direct
projections from the olfactory bulb and is considered the earliest site of central olfactory
processing (228). The insula, which receives projections from the olfactory tract (125)
has been consistently found to be activated in response to olfactory stimulation (109,
126, 229, 230). The OFC is also a common site of olfactory activation, with evidence
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suggesting its involvement with processing the congruency of olfactory-visual pairings,
and has been proposed as an area of convergence for olfactory and visual information
(20, 54, 121). The primary visual cortex (BA 17) is the major conduit of visual input to
the neocortex, being the initial processing site from visual information from the retina via
the lateral geniculate nucleus of the thalamus (231). Finally, further image processing,
feature extraction, orientation, and image interpretation is accomplished in the
extrastriate cortex, which encompasses Brodmann areas 18 and 19 (BA 18 and BA 19)
(232, 233). In addition to these ROIs, left Brodmann area 22 (BA 22), which contains
Wernicke’s area and is heavily involved in language processing (234, 235), was also
investigated in order to assess the role of language processing in olfactory-visual
associations that utilize specific lexical semantic visual cues. While the ROI of the POC
was generated by manual segmentation of T1-weighted anatomical images of a
cognitively healthy control population, the ROIs of the insula and OFC were generated
based on the segmented standard brain atlas from automated anatomical labeling
(AAL), whereas the language and visual ROIs were produced via the WFU PickAtlas
software using Brodmann area definitions (236, 237).
Group activation maps for both acquisition and test conditions of each paradigm
were performed in SPM8 using a one sample t-test. In addition, MarsBaR was used to
extract the BOLD response from all of the previously mentioned ROIs (238). Each
olfactory and visual ROI was analyzed for differences in activation between the
conditions of each paradigm and also across each paradigm with one-way ANOVA and
multiple comparisons tests using GraphPad Prism (with p < 0.05 as the threshold for
significance).
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Finally, single event analysis was also performed for the ROIs of BA 17 and the
POC during each of the paradigms in order to observe any differences in activation
across the duration of the paradigms. This was accomplished by delineating each
experimental event as an independent condition at the individual level and then
calculating the mean BOLD response at the group level. MarsBar was used to extract
the BOLD response from the beta files of the single events for each participant. Any
outliers were identified and excluded. One-way ANOVA and multiple comparisons tests
were performed to assess any differences between each single event for each
experimental paradigm using GraphPad Prism. In addition, linear regression analyses
were utilized in order the assess correlative relationships between POC and BA 17
activation in each condition of the three paradigms.

2.4 Results
2.4.1 Behavioral Evaluation
All participants fell within the normative range of olfactory performance based on
UPSIT scores (35.57 + 1.65). In regard to the post-test questionnaire, overall
participants appeared to have been consciously aware of the association between the
target olfactory and visual stimuli, with a mean accuracy of 85.82% in recognizing both
the symbols they had seen during the neutral symbol paradigm and also in identifying
which of the symbols had been paired with the odor.

42

2.4.2 Olfactory-Visual Association
Figure 2-2 shows the brain activation based on one-sample t-tests (p < 0.001,
and extent threshold = 100 to reach a corrected p < 0.008) for each of the experimental
conditions of all three olfactory paradigms.
During the semantic congruent paradigm, visual-related activation in BA 17, 18
and 19 was observed in each condition, while olfactory-related activation in the POC
was observed during the Paired and Paired Test conditions in response to the olfactorycongruent visual cue “Smell” presented with an odor and to the cue “Smell” alone,
respectively (Table 2-1). POC activation was also observed to a lesser degree in the
Unpaired Test condition. Secondary olfactory activation was observed in the insula
during all three of these conditions and also in the OFC only during the Paired condition,
when the odorant was present with the visual cue (Figure 2-2A).
On a similar note, significant visual activation was observed in all conditions of
the Neutral Symbol paradigm (Figure 2-2B). Interestingly, though significant POC
activation was only observed in the Paired condition of this paradigm when an actual
odorant was present, secondary olfactory activation in the insula and OFC were
observed during the Paired Test condition in response to a neutral, abstract visual cue
that had been previously paired with an odor (Table 2-2). This secondary olfactory
activation was not observed in response to the neutral symbol alone in either the
Unpaired or Unpaired test condition.
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Figure 2-2. One sample t-tests showing whole brain activation in response to each
condition of the A) semantic congruent paradigm, with arrows indicating activation in
olfactory (POC), visual, and language areas, B) the neutral symbol paradigm, and C)
the semantic incongruent paradigm (p < 0.001, extent threshold = 100 for corrected p
value < 0.008).

44

Table 2-1. Significant activation in olfactory, visual, and language regions during each
condition of the semantic congruent paradigm.
Paired

Region

Size

Coordinates
Y
Z
2
-14
-2
4
20
-12
0
-2
-92
-14
-88
-14
-88
-16

POC
Insula
OFC
BA 22
BA 17
BA 18
BA 19

1314
699
1234
459
1391
5309
161

X
36
-40
-34
44
-16
-20
-22

BA 17
BA 18
BA 19

1037
3634
1094

18
-38
26

-90
-86
-96

POC
Insula
BA 22
BA 17
BA 18
BA 19

869
541
318
1368
5157
1588

34
-46
-56
12
-26
-36

POC
Insula
BA 17
BA 18
BA 19

131
149
1025
3445
957

36
34
16
20
-30

T

PFWE

12.14
15.13
11.95
1.13
15.21
18.95
18.74

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

-4
-6
8

14.57
11.39
9.29

<0.001
<0.001
0.002

0
6
8
-92
-86
-82

-12
-8
-2
-8
-12
-12

11.54
9.23
8.98
13.46
15.7
13.49

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

12
12
-92
-90
-84

-14
-12
-10
-12
-6

5.82
5.7
12.47
10.24
8.18

0.033
0.018
<0.001
<0.001
0.008

Unpaired

Paired Test

Unpaired
Test

Note: POC, primary olfactory cortex; OFC, orbitofrontal cortex; BA 22, Brodmann Area
22; BA 17, Brodmann Area 17; BA 18, Brodmann Area 18; BA 19, Brodmann Area 19.
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Table 2-2. Significant activation in olfactory, visual, and language regions during each
condition of the neutral symbol paradigm
Paired

Region

Size

Coordinates
Y
2
10
20
0
-90
-86
-86

T

PFWE

Z
-20
-10
-12
4
-16
-16
-16

9.9
12.65
11.95
7.81
14.62
21.5
21.5

<0.001
<0.001
<0.001
0.002
<0.001
<0.001
<0.001

POC
Insula
OFC
BA 22
BA 17
BA 18
BA 19

1091
736
1234
288
1348
5082
1471

X
-36
36
-34
-62
-14
-18
-18

BA 17
BA 18
BA 19

321
1615
1273

-30
-30
40

-96
-96
-84

-12
-12
-6

13.54
13.54
13.4

<0.001
<0.001
<0.001

Insula
OFC
BA 17
BA 18
BA 19

425
827
870
3391
1543

40
42
-16
-36
-36

18
20
-98
-86
-86

-8
-12
-8
-14
-14

8.86
10.82
11.31
13.48
13.48

0.001
<0.001
<0.001
<0.001
<0.001

BA 17
BA 18
BA 19

672
3300
1365

22
22
36

-92
-92
-74

-14
-14
-16

13.61
13.61
12.42

<0.001
<0.001
<0.001

Unpaired

Paired Test

Unpaired
Test

Note: POC, primary olfactory cortex; OFC, orbitofrontal cortex; BA 22, Brodmann Area
22; BA 17, Brodmann Area 17; BA 18, Brodmann Area 18; BA 19, Brodmann Area 19.

46

Table 2-3. Significant activation in olfactory, visual, and language regions during each
condition of the semantic incongruent paradigm.
Paired

Region

Size

POC
Insula
BA 22
BA 17
BA 18
BA 19

408
407
208
1119
4137
1213

Coordinates
X
Y
36
2
38
0
-58
8
-16
-94
-18
-90
-30
-82

T

PFWE

POC
Insula
BA 22
BA 17
BA 18
BA 19

216
377
272
1157
4486
1387

-22
38
-48
-16
30
-30

8
6
8
-96
-94
-94

-18
0
-4
-6
-6
-4

6.95
10.21
6.77
14.13
18.57
13.05

0.009
<0.001
<0.001
<0.001
<0.001
<0.001

POC
Insula
OFC
BA 22
BA 17
BA 18
BA 19

285
433
284
211
1196
4746
1277

24
-42
-46
-44
-14
22
22

6
0
48
-4
-96
-90
-88

-24
-6
-8
-8
-6
-14
-16

6.02
7.04
6.8
6.29
15.42
15.05
11.86

0.029
0.004
0.026
0.009
<0.001
<0.001
<0.001

Z
-12
0
0
-12
-12
-16

7.18
12.8
6.7
15.12
13.67
13.27

0.007
<0.001
0.005
<0.001
<0.001
<0.001

Unpaired

Paired Test

Unpaired
Test
POC
667
26
-2
-18
8
0.003
Insula
519
44
4
2
10.63
<0.001
OFC
921
48
18
-10
8.37
0.004
BA 22
237
-52
6
2
7.9
0.001
BA 17
1315
14
-94
-6
16.54
<0.001
BA 18
5254
-8
-96
4
15.49
<0.001
BA 19
1743
20
-86
-16
12.74
<0.001
Note: POC, primary olfactory cortex; OFC, orbitofrontal cortex; BA 22, Brodmann Area
22; BA 17, Brodmann Area 17; BA 18, Brodmann Area 18; BA 19, Brodmann Area 19.
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Table 2-4 Summary of olfactory and visual activation during each paradigm
Semantic
Congruent
P

U

Primary Olfactory

+

Secondary Olfactory

Semantic
Incongruent

Neutral Symbol

PT UT

P

U

PT UT

P

U

-

+

+

+

-

-

+

-

+

+

+

-

Primary Visual

+

+

+

+

+

Secondary Visual

+

+

+

+

+

PT UT

-

+

+

+

+

+

-

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Note: P = Paired (Odor+Visual); U = Unpaired (Visual Only); PT = Paired Test (Visual
Only); UT = Unpaired Test (Visual Only)
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Finally, during the Semantic Incongruent paradigm, significant olfactory and visual
activation was observed during all conditions, in response to both the olfactoryincongruent cue “Look” presented with and without an odor and then also in response to
the visual cue “Smell” (Figure 2-2C, Table 2-3).
2.4.3 Modulation of Visual Activation by Olfactory Information
When comparing between conditions within each paradigm, significant
differences were found in the conditions during both the semantic congruent (one-way
ANOVA, p = 0.0008) and neutral symbol paradigms (one-way ANOVA, p = 0.0113).
Specifically, significantly greater visual activation was observed in BA 17 in both the
Paired and Paired Test conditions compared to the Unpaired and Unpaired Test
conditions, respectively (Figure 2-3). This was the case for both voxel-based (Paired ttest, p < 0.001, uncorrected, extent threshold = 100) and ROI-based multiple
comparison analyses (p < 0.05 as a threshold for significance). In particular, for the
semantic congruent paradigm, an ROI-based Tukey test revealed significantly greater
activation in BA 17 during the Paired condition compared to the Unpaired condition
(adjusted p = 0.0142) and Unpaired Test (adjusted p = 0.0063) and also during the
Paired Test condition compared to both the Unpaired (adjusted p = 0.0349) and
Unpaired Test (adjusted p = 0.0165) conditions. Moreover, for the neutral symbol
paradigm, a similar trend was displayed with higher visual activation in BA 17 during the
Paired Test compared to the Unpaired Test and significantly greater activation was
observed during the Paired condition compared to the Unpaired condition (adjusted p =
0.0185).
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Figure 2-3. Voxel-based (left, Paired T-test, p < 0.001, uncorrected, extent threshold =
100) and ROI-based (right, Tukey’s multiple comparisons test, p < 0.05) analyses
showing greater visual activation in BA 17 in response to the Paired and Paired Test
conditions during the semantic congruent and neutral symbol paradigms
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In contrast, for the semantic incongruent paradigm, ROI-based analyses (Tukey’s
multiple comparisons test p < 0.05) revealed a markedly different pattern of activation
for both visual and olfactory regions across the conditions (Figure 2-4). Specifically, no
significant differences were observed in olfactory and visual activation between
response to the olfactory-incongruent visual cue “Look” during the Paired and Paired
test conditions and the visual cue “Smell,” presented during the Unpaired and Unpaired
Test conditions.

2.4.4 Olfactory-Congruent Lexical Cues Enhance Visual and Language-related
Activation
When comparing across paradigms (Tukey’s multiple comparisons test, p <
0.05), olfactory-visual association to the olfactory-congruent cue “Smell” elicited a
pattern of greater visual activation compared to the neutral symbol and the olfactoryincongruent cue “Look” (Figure 2-5). Specifically, for BA 17, the visual cue “Smell”
resulted in stronger activation during the Paired condition compared to both the neutral
symbol (adjusted p = 0.0443) and the visual cue “Look” (adjusted p = 0.0354).
Furthermore, this effect was also detected in the case of the Paired Test condition of the
semantic congruent paradigm compared to that of the neutral symbol paradigm
(adjusted p = 0.0077). This was also observed during the Unpaired (adjusted p =
0.0009) and Unpaired test (adjusted p < 0.0001) conditions of the semantic incongruent
paradigm compared to the neutral symbol paradigm.
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Figure 2-4. ROI-based analyses showing visual and olfactory-related activation during
the semantic incongruent paradigm (p > 0.05). Bars represent mean with SEM.
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Additionally, the cue “Smell” elicited greater visual activation in BA 17 during the
Unpaired Test condition of the semantic incongruent paradigm compared to the same
condition using the cue “Look” during the semantic congruent paradigm (adjusted p =
0.0039). Similarly, for BA 18, greater activation was observed with the cue “Smell”
during the Unpaired Test condition of the semantic incongruent paradigm compared to
the same condition in both the neutral symbol (adjusted p = 0.0033) and semantic
congruent (adjusted p = 0.0014) paradigms. Additionally, increased activation during
the Paired condition of the semantic congruent paradigm compared to that of the
semantic incongruent paradigm was also seen (adjusted p = 0.0431) Finally, this was
also found for BA 19 when comparing the Unpaired Test condition of the semantic
incongruent paradigm to the semantic congruent paradigm (adjusted p = 0.0158).
Similar results for the language area, BA 22, were also observed, with the visual
cue “Smell” eliciting greater activation in this region during the Paired condition of the
semantic congruent paradigm compared to both the neutral symbol (adjusted p =
0.0228) and the visual cue “Look” (adjusted p = 0.0212) (Figure 2-6A). This was also
observed in response to the Paired test condition with the visual cue “Smell” in the
semantic congruent paradigm compared to the neutral symbol (adjusted p = 0.0139)
and during the Unpaired test condition of the semantic incongruent paradigm compared
to the that of the neutral symbol paradigm (adjusted p = 0.0306).
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Figure 2-5. ROI-based analyses showing greater visual activation in response to the
olfactory-congruent cue “Smell” across paradigms (Tukey’s multiple comparisons test, p
< 0.05 as a threshold for significance).
Note: NS = Neutral Symbol, SC = Semantic Congruent, SI = Semantic Incongruent.
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Furthermore, significant differences being observed between the conditions of
the semantic congruent paradigm (one-way ANOVA, p = 0.0006). Specifically, a
Tukey’s multiple comparisons test revealed significantly greater activation in BA 22
during the Paired compared to the Unpaired (adjusted p = 0.0006) and the Unpaired
Test (adjusted p = 0.0336) and during the Paired test compared to the Unpaired
(adjusted p = 0.0183) conditions (Figure 2-6B)

2.4.5 Temporal Behavior
Single event analysis revealed interesting trends within the different conditions
across the duration of each paradigm (Figure 2-7). Specifically, for both the semantic
congruent and neutral symbol paradigms, the Paired and Paired Test conditions display
a strong trend of greater activation in BA 17 compared to both the Unpaired and
Unpaired test conditions, even during the first cycle of the paradigms. Furthermore,
though more variable, a similar pattern in observed within the POC of the semantic
congruent and neutral symbol paradigms. In fact, linear regression analyses
demonstrated that during the semantic congruent paradigm, POC activity correlated
significantly with BA 17 activity during the Paired (r = 0.700, p = 0.0053) and Unpaired (r
= 0.634, p = 0.0149) conditions and during both the Paired (r = 0.583, p = 0.0288) and
Paired Test (r = 0.672, p =0.0085) conditions of the neutral symbol paradigm. Finally,
for the semantic incongruent paradigm, both the visual and olfactory response appear to
increase in response to the olfactory-congruent visual cue “Smell” even without an odor
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Figure 2-6. A) ROI-based post-hoc multiple comparisons test (Tukey test, p < 0.05 as a
threshold for significance) demonstrating greater language-related activation in BA 22 in
response to the olfactory-congruent lexical cue “Smell.” B) Multiple comparisons test
(Tukey test, p < 0.05 as a threshold for significance) within the semantic congruent
paradigm showing greater BA 22 activation during the Paired and Paired test
conditions.
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present, compared to the olfactory-incongruent cue “Look,” even when an odor is
present during the Paired condition.
Tukey’s multiple comparisons analyses revealed significant differences within
each respective phase only during the semantic congruent paradigm (p < 0.05).
Specifically, a marked difference was observed in BA 17 in response to the first Paired
condition compared to the first Unpaired condition (adjusted p = 0.0333). The same
effect was observed in the POC, comparing the first Paired condition to both the first
(adjusted p = 0.002) and second (adjusted p = 0.0015) Unpaired conditions.

2.5 Discussion
The purpose of this study was to investigate the innate neural network dynamics
involved in the formation of specific olfactory-visual associations using fMRI and to
assess the role of congruency of semantic, lexical visual cues on these dynamics.
Interestingly, though the data appear to strongly support the hypothesis that rapid
formation of olfactory-visual associations can occur using neutral, non-lexical visual
cues, the main effect is observed via modulation of the visual cortices by the POC,
rather than the opposite, as originally presumed (55).
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Figure 2-7. Single event analysis displaying the temporal behavior of the POC and BA
17 over the course of each paradigm.
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2.5.1 Olfactory-Visual Association
The data presented here clearly support the formation of rapid olfactory-visual
associations, particularly during the semantic congruent and neutral symbol paradigms.
Specifically, during both paradigms, olfactory-related activation was observed in both
the Paired condition, consisting of presentation of a visual cue with an odor, and during
the Paired test condition, which consisted of presentation of the visual cue alone (Figure
2-2). The strong olfactory activation identified during the Paired test condition, in which
olfactory stimulation was absent, suggests that an association had been formed
between the visual cue and the odorant during the Paired condition of the acquisition
phase. Moreover, the majority of participants (mean accuracy = 85.82%) were able to
correctly identify which symbol had been paired with an odor and which had not,
providing strong evidence that they had indeed consciously learned the association.
Interestingly, formation of the olfactory-visual association was not exclusively
detected with an olfactory-congruent cue, but was also observed using abstract, neutral
symbols, presumably devoid of any lexical or semantic meaning for non-Chinese
speakers. These similar patterns of olfactory-visual associative behavior suggest that
this effect can not only be generated with congruent olfactory-visual stimuli, but also by
neutral visual cues without semantic meaning. While most studies have aimed to study
the effect of congruency on olfactory-visual pairings (10, 11, 53), research aiming to
understand the role of neutral visual objects is lacking. Here, we demonstrate support
for the hypothesis that olfactory-visual associations can be effectively formed using
neutral visual cues with a similar pattern to semantically congruent visual cues.
Together, this indicates that the functional connection between the olfactory-visual
systems may operate in a reflexive manner, in which olfactory and visual stimuli
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presented within close temporal and spatial proximity become rapidly associated, even
after a single pairing. These rapid associations may be necessary for proper facilitation
of object recognition, allowing for quick identification and localization of an odor source
based on the reflexive nature of the olfactory-visual functional connection.

2.5.2 Modulation of Visual Activation by Olfactory Information
Overall, the data also support a significant modulation of visual activation by the
primary olfactory cortex underlying rapid olfactory-visual associations. Specifically,
greater visual activation was observed during both the semantic congruent and neutral
symbol paradigms in response to both the Paired condition, where a visual cue was
paired with an odor and then also in the Paired Test condition in response to the visual
cue alone that had been previously paired with an odor (Figure 2-3). This suggests that
the olfactory-visual association between the odorant and the visual cue during the
Paired condition modulates future visual processing of the visual cue when it is
subsequently presented alone during the test phase. It is also suggested that this effect
is not specific for the olfactory cortex, but is for the visual cortex. Though the majority
of studies have focused on the effect of visual information on olfactory activation (10,
55), here we show the reverse relationship, with the dominant effects of olfactory-visual
association formation being observed in the visual cortices, the possibility of which has
been suggested by several studies (157, 161, 162).
Taken together, these data suggest a unique, intrinsic mechanism between the
olfactory and visual systems that provides odors an avenue to influence visual
processing of stimuli. As aforementioned, it has been suggested that such a pathway
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may exist in order to facilitate location and identification of an odor source (161). It is
well-known that odors are difficult to identify, especially in the absence of other sensory
cues, namely visual inputs (105, 154). However, a mechanism allowing for an odorant
to affect visual processing by allocating attention to a visual object could significantly
aide in odorant identification, thus highlighting the importance of olfactory-modulated
visual processing (30-32, 35, 37, 38, 161).

2.5.3 Olfactory-Congruent Lexical Cues Enhance Visual and Language-related
Activation
The results of this study reveal a notable effect of semantic congruency of the
visual cue on olfactory-visual association formation. As demonstrated in numerous
studies (3, 11, 37-39, 53, 105, 155), the data here show increased visual and languagerelated activation in response the lexical, olfactory-congruent cue “Smell” compared to
both a neutral symbol and the olfactory-incongruent cue “Look” (Figure 2-5). Likewise,
during the semantically incongruent paradigm, there was no significant difference
between the average BOLD response to paired and unpaired conditions, with the
congruent, lexical cue “Smell” alone producing comparable activation to the incongruent
cue “Look” presented both with and without an odor. In addition, similar to the semantic
congruent paradigm, greater visual activation was observed during the test phase in
response to a visual cue that was previously paired with an odor compared to one that
remained unpaired from an odorant (Figure 2-4). In all, these data strongly support that
the significant effect of congruence of olfactory and visual stimuli on the process of
olfactory-visual associations, with the multimodal, olfactory-visual lexical congruent
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conditions producing greater visual and language activation compared to the unimodal
and/or incongruent conditions. As mentioned previously, it is most likely that olfactoryvisual-lexical interactions occur in order to subserve odor naming processes, with
greater activation in these regions in response to lexical semantically congruent visual
cues resulting in more effective and efficient naming, in contrast to a neutral cue that
carries no inherent meaning or a semantically incongruent cue that could interfere with
these processes (57-59).

2.5.4 Temporal Behavior
Moreover, the findings of this study also support that formation of these olfactoryvisual associations is quite rapid, aligning with previous investigations (55). Specifically,
single event analysis demonstrated the effect of the olfactory-visual association was
prominent in the primary visual cortex even during the initial test phase in both the
semantic congruent and neutral symbol paradigms (Figure 2-7). As mentioned
previously, the rapidity of these associations could underlie facilitation of odor source
recognition and localization neural processes. Future studies should investigate
whether or not these associations also undergo a process of rapid extinction or if they
remain intact for some time.

2.5.5. Limitations
There were several limitations in this study that should be mentioned. First,
though the data here seem to strongly suggest a mechanism of olfactory-modulated
visual processing, the reverse effect of the visual cortex on the olfactory processing was
not determined here. It is possible that the effects of the olfactory-visual associations
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were not able to be detected in the olfactory cortex due to higher susceptibility of this
brain region to confounds, such as habituation and desensitization, and also MRI
artifacts at the air-tissue interface (109). Secondly, though a post-test questionnaire
was included, it is difficult to accurately determine the effect of behavior of these rapidly
formed olfactory-visual associations. Further investigations should be conducted to
adequately assess the behavioral correlate of the neural associations formed. Thirdly,
due to a need to increase statistical power of the experimental conditions, a traditional
classical conditioning paradigm design, such as that used during behavioral studies
where a multitude of acquisition olfactory-visual pairings are administered before a
single test phase, could not be utilized. Finally, this study did not include an evaluation
of the process of extinction of this olfactory-visual phenomenon. Therefore, though we
can conclude that an olfactory-visual association can be acquired very rapidly, even
after just two pairings, we are unable to determine how long this association lasts or if it
would be seen at later time points. Further research should focus on determining the
extinction process and also the length of time that the olfactory-visual phenomenon
remains intact.

2.5.6 Conclusion
Taken together, these findings strongly support a significant modulation of the
visual cortex by the primary olfactory cortex during the formation of olfactory-visual
associations, an effect that was presumed to occur in the opposite direction. This was
particularly shown during the neutral symbol paradigm, where an abstract visual cue,
devoid of any semantic meaning, that was paired with a visual cue elicited stronger
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visual activation during both the acquisition and test phases compared to an equally
neutral visual cue that was never paired with an odor. Furthermore, the results also
reveal a strong effect of lexical semantic meaning on this modulation. This was
supported by the finding that greater visual and language-related activation was
observed in response to the congruent cue “Smell” compared to the neutral symbol and
also by the increased visual activation during the unpaired conditions during both the
acquisition and test phases of the semantically incongruent paradigm. This suggests
that a semantically, lexical congruent cue (“Smell”) increases the effect of the primary
olfactory cortex over the primary visual cortex during olfactory-visual associations. In
summary, though several studies have suggested a role of a visual cue over olfactory
processing, here we demonstrate the reciprocal effect, with the primary olfactory cortex
significantly acting on visual and language processing, most likely as a neural
mechanism underlying processes involved in odor source naming and localization.
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Chapter 3
Attentional Task Modulation of Olfactory-Visual Functional Connection Dynamics

3.1 Abstract
Though many studies have focused on the olfactory system and its components, there
remain many facets of central olfactory control that are not fully understood.
Interestingly, several fMRI studies have provided support that attention to a specific
modality can enhance activation both in the primary sensory cortex of that modality and
also the secondary cortices involved in the particular processing pathway of that
stimulus. Given this evidence, the purpose of this study was to elucidate the role of
attentional modulation in olfactory-visual association using two distinct sensory-specific
attention tasks. This investigation included two groups of participants, one of which is
the same as that described in section 2.3.1. The second participant group (n = 16,
mean age = 26.19 + 3.56 years, age range = 23-36 years, 10 females) also consisted of
cognitively normal, right-handed individuals that were recruited from the community
through advertisement for the study. Each experimental group was instructed to
perform a different sensory-related task during each paradigm, one an odor-attention
task and the other a visual-attention task. The findings of this investigation strongly
support that rapid olfactory-visual associations can be formed, regardless of task
context, but that task context does have a significant influence on the dynamics of these
associations.
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3.2 Introduction
Though many studies have focused on the olfactory system and its components,
there remain many facets of central olfactory control that are not fully understood. One
particular aspect that this dissertation will aim to elucidate is the reciprocal influence of
other sensory inputs on olfactory processing in humans. As mentioned previously,
recently, evidence from studies performed by our lab has suggested that visual stimuli,
in particular, may have a significant impact on central olfactory processing in humans
through formation of associations (55). In an olfactory fMRI paradigm that initially
paired lavender odorant with the visual cue “Smell?”, healthy participants were found to
have significant activation in the primary olfactory cortex (POC), the earliest site of
central olfactory processing, in response to subsequent visual cues both with and
without the actual presence of the odorant. Participants were instructed to respond
every time the visual cue “Smell?” appeared on the screen with a right hand button
press if they did smell the lavender odorant and a left hand button press if they did not.
Despite significant POC activation during the visual only conditions, all subjects
reported they did not perceive any odor.
As discussed in Chapter 2, these data suggest that an association may have
been formed between the stimuli of the two sensory systems. In addition, independent
component analysis (ICA), a technique that can provide supplementary information by
revealing concurrent spatial and temporal information of functionally connected regions,
suggested that such an association between the two sensory systems could be formed
rapidly by a single odor-visual pairing, a notion that has been supported by prior
research and also in the findings described in section 2.4.5 (82). However, the results
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from this original study raised many questions, including whether or not the inherently
olfactory-related task that was given to the participants, in which they actively searched
for an odorant with each visual cue presentation, could have been partially, if not solely,
responsible for the olfactory activation observed in response to visual cue presentation
without an odorant.
Interestingly, several fMRI studies have provided support that attention to a
specific modality can enhance activation both in the primary sensory cortex of that
modality and also the secondary cortices involved in the particular processing pathway
of that stimulus. For instance, Plailly et al (239) found that during odor-auditory
pairings, selective attention to the odor activated differential secondary olfactory
processing pathways compared to when the tone was attended to, enhancing the
indirect olfactory pathway from the mediodorsal thalamus to the OFC. In addition, when
participants were asked to actively detect an odor or a taste, increased activation was
observed in the respective primary sensory cortices of each modality, compared to
when they were expected to passively sample each type of stimuli (240). This has been
found to be the case for other sensory modalities as well, with tasks involving attending
to whether or not a certain stimulus is present causing activation in primary sensory
cortices, even in the absence of the specific sensory stimulus (228, 241-244) This
attentional modulation of primary sensory cortices has also been observed when
participants are instructed to attend to certain aspects of a specific sensory stimulus,
resulting in increased activation in the primary regions involved in coding those aspects
(245, 246). In fact, again using fMRI, Zelano et al (228) identified specific subregions of
the human POC that are attention-dependent and those that are attention-independent,
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providing a mechanism for attentional modulation at even the earliest levels of sensory
processing.
Given this evidence, the purpose of this study was to elucidate the role of
attentional modulation in olfactory-visual functional dynamics using two distinct sensoryspecific attention tasks. Based on previous findings, it was hypothesized that an odorattention task involving higher-order cognitive decision-making and attentional
processes to an olfactory stimulus will elicit significantly stronger olfactory-visual
associative neural activation compared to less complex visual-attention task that
requires only detection of a visual stimulus. The findings of this investigation will
provide valuable insight on how attention influences multisensory integration
mechanisms, particularly with olfactory-visual associations.

3.3 Methods
3.3.1 Participants
This investigation included two groups of participants, one of which is the same
as that described in section 2.3.1. The second participant group (n = 16, mean age =
26.19 + 3.56 years, age range = 23-36 years, 10 females) also consisted of cognitively
normal, right-handed individuals that were recruited from the community through
advertisement for the study. Subjects in this group were also screened for psychiatric
and neurological conditions, conditions related to olfactory dysfunction (e.g. allergies,
head trauma, viral infections), and MRI safety (e.g. metal implants, claustrophobia)
before being permitted to participate. The study was approved by the Pennsylvania
State University College of Medicine Institutional Review Board. Each participant in
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both groups provided written informed consent before participating. Participants were
again screened for any knowledge of the Chinese language to ensure that the Chinese
characters used during the neutral symbol fMRI paradigm were indeed devoid of any
lexical, semantic meaning . One subject from the odor-attention task group was
excluded from analysis of the neutral symbol paradigm due to prior understanding of
Chinese.
As outlined in 2.3.1, all subjects were administered the University of
Pennsylvania Smell Identification Test (UPSIT, Sensonics Inc., Haddon Heights, NJ,
USA) to evaluate their olfactory identification function. Four participants total were
eliminated based on abnormal UPSIT scores, decreasing the total number of subjects
from 16 to 14 for each experimental group.

3.3.2 Olfactory-Visual Association Paradigm Tasks
The olfactory-visual association paradigms were previously discussed in section
2.3.2 and Figure 2-1. Though the paradigms were the same, each experimental group
was instructed to perform a different sensory-related task during each paradigm. As
described previously, the participant group from sections 2.3.1 and 2.3.2 was instructed
to perform a visual-attention task, in which they press a button in their left hand every
time a word or symbol appears in the black box on the screen, attending their focus on
the visual cues alone. The second participant group that was included in this
investigation was asked to perform an odor-attention task; each time a word or symbol
appeared in the black box on the screen, participants were instructed to press a button
in their right hand if they detected an odor and a button in their left hand if they did not.
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In contrast to the visual-attention task, this task focuses attention on the presence or
absence of an odor rather than on the visual cue.

3.3.3 Imaging Acquisition
The same imaging acquisition methods as discussed in section 2.3.3 were also
utilized here. A Siemens 3.0 T Prisma system (Siemens Medical Solutions, Erlangen,
Germany) with a 20 channel head coil was used to acquire MR images of the entire
brain using BOLD sensitive T2*-weighted echo planar imaging in order to compare the
activation patterns of the two experimental task groups in the target ROIs.

3.3.4 Data Processing and Analysis
The fMRI data were processed using SPM8 software (Wellcome Trust Centre for
Neuroimaging, University College London, UK) according to standard procedure as
outlined in section 2.3.4. Olfactory-visual activity was assessed using the same target
ROIs as discussed in section 2.3.4. Group activation maps for each experimental task
group were generated for each condition of the 3 paradigms and MarsBaR was used to
extract the BOLD response from all previously mentioned ROIs, with all outliers
identified and excluded (238). Once again, activation maps for both acquisition and test
conditions of each paradigm were generated at the group-level using a one sample ttest. Differences between the experimental task groups across conditions in each
paradigm were assessed in voxel-based analysis with one-way ANOVA and in ROIbased analysis using 2-way ANOVA with Sidak’s multiple comparisons test using
GraphPad Prism (p < 0.05 as the threshold for significance). Linear regression analysis
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was also utilized in order the assess correlative relationships between POC and BA 17
activation in each condition of the three paradigms

3.4 Results
3.4.1 Behavioral Evaluation
As with the visual-attention task group (described in section 2.4.1), all
participants in the odor-attention task group also fell within the normative range of
olfactory performance based on UPSIT scores (34.79 + 1.93). Furthermore, there was
no significant difference in UPSIT score (p = 0.2574) or age (p = 0.4026) between the
two groups.

3.4.2 Olfactory-Visual Associative Activation during Odor-Attention Task
Figure 3-1 illustrates whole-brain activation based on one sample t-tests (p <
0.001, and extent threshold = 100 to reach a corrected p < 0.008) for each of the
experimental conditions of all three olfactory paradigms for the odor-attention task
group. Please refer to Figure 2-2 for the whole-brain activation maps for the visualattention task group.
In contrast to the activation observed when performing the visual-attention task
(Figure 2-2), the odor-attention group displayed significant olfactory and visual
activation in all four conditions of each paradigm. Specifically, activation was observed
during both the acquisition and test phases of each paradigm in the visual-related
regions of BA 17,18, and 19 and in olfactory-related regions, namely the POC and
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Figure 3-1. One sample t-tests showing whole brain activation for the odor-attention
group in response to each condition of A) the semantic congruent paradigm, with arrows
indicating olfactory (POC) and visual regions, B) the neutral symbol paradigm, and C)
the semantic incongruent paradigm ( p < 0.001, extent threshold = 100 for corrected p
value < 0.008).
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Table 3-1. Significant activation in olfactory and visual regions in the odor-attention
group during each condition of the semantic congruent paradigm.
Paired

Region

Size

POC
Insula
OFC
BA 17
BA 18
BA 19

1129
685
915
1279
4127
1305

Coordinates
X
Y
-20
-6
-26
-8
48
24
14
-86
-44
-76
-44
-74

T

PFWE

POC
Insula
OFC
BA 17
BA 18
BA 19

244
572
355
1144
4100
1420

-32
-36
-30
16
-36
-38

18
20
30
-86
-86
-86

-14
6
-4
-4
-10
-8

5.78
7.60
7.24
10.33
11.87
11.03

0.040
0.001
0.010
<0.001
<0.001
<0.001

POC
Insula
OFC
BA 17
BA 18
BA 19

124
556
377
1294
4634
1624

20
32
50
18
16
-38

-4
24
20
-86
-82
-66

12
4
-12
-4
-8
-16

6.46
7.01
6.59
9.09
9.94
10.45

0.010
0.002
0.019
<0.001
0.001
0.001

POC
Insula
OFC
BA 17
BA 18
BA 19

370
509
389
1160
4221
1440

24
-36
40
16
14
-34

10
20
28
-86
-82
-84

-26
8
-2
-4
-4
-12

4.96
8.06
6.28
11.12
9.14
7.99

0.043
<0.001
0.014
<0.001
0.001
0.002

Z
-10
14
-14
-4
-12
-12

7.89
7.31
7.09
8.54
12.94
13.07

0.003
0.002
0.016
0.001
<0.001
<0.001

Unpaired

Paired Test

Unpaired
Test

Note: POC, primary olfactory cortex; OFC, orbitofrontal cortex; BA 17, Brodmann Area
17; BA 18, Brodmann Area 18; BA 19, Brodmann Area 19.
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Table 3-2. Significant activation in olfactory and visual regions in the odor-attention
group during each condition of the neutral symbol paradigm.
Paired

Region

Size

POC
Insula
OFC
BA 17
BA 18
BA 19

927
638
341
306
1410
1072

Coordinates
X
Y
16
0
40
-2
46
18
-22
-96
-24
-98
-8
-78

T

PFWE

POC
Insula
OFC
BA 17
BA 18
BA 19

614
734
348
410
1930
1662

-36
-36
-28
16
28
30

0
-20
32
-100
-90
-92

-34
6
-4
-2
-4
0

9.59
11.64
7.78
12.30
14.02
13.62

0.001
<0.001
0.012
<0.001
<0.001
<0.001

POC
Insula
OFC
BA 17
BA 18
BA 19

965
622
1086
967
4217
2145

32
32
32
-22
-24
30

0
22
24
-96
-98
-90

-12
0
-6
-6
-6
20

7.77
11.41
8.90
13.10
13.41
13.18

0.004
<0.001
0.003
<0.001
<0.001
<0.001

POC
Insula
BA 17
BA 18
BA 19

447
555
232
1481
1202

20
36
20
24
26

-2
10
-98
-96
-96

-16
2
2
10
10

6.25
5.94
9.22
18.99
17.83

0.020
0.014
0.001
<0.001
<0.001

Z
-24
4
-12
-6
-8
-8

12.00
11.34
8.28
14.05
15.85
12.03

<0.001
<0.001
0.006
<0.001
<0.001
<0.001

Unpaired

Paired Test

Unpaired
Test

Note: POC, primary olfactory cortex; OFC, orbitofrontal cortex; BA 17, Brodmann Area
17; BA 18, Brodmann Area 18; BA 19, Brodmann Area 19.
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Table 3-3. Significant activation in olfactory and visual regions in the odor-attention
group during each condition of the semantic incongruent paradigm.
Paired

Region

Size

POC
Insula
OFC
BA 17
BA 18
BA 19

1196
712
576
1140
3529
1084

Coordinates
X
Y
38
10
40
14
30
12
22
-92
-34
-90
-36
-86

T

PFWE

POC
Insula
OFC
BA 17
BA 18
BA 19

844
580
561
1092
3879
1438

26
-36
48
16
-36
-44

2
16
20
-90
-88
-86

-8
6
-12
-12
-6
-2

6.99
8.07
8.67
7.90
11.60
10.82

0.006
0.001
0.002
0.001
<0.001
<0.001

POC
Insula
OFC
BA 17
BA 18
BA 19

957
769
707
1320
4757
1727

-18
42
40
-22
-33
-34

-6
-4
30
-98
-90
-90

-8
6
-2
-8
-2
0

9.52
10.85
12.64
12.46
16.62
16.60

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

POC
Insula
OFC
BA 17
BA 18
BA 19

321
630
1016
1234
3954
1219

-38
30
36
14
38
38

2
28
32
-86
-84
-84

-12
2
-2
-4
-6
-6

6.81
8.06
9.37
10.32
12.04
12.04

0.006
0.001
0.001
<0.001
<0.001
<0.001

Z
-20
-8
-24
-10
-8
-8

11.1
11.75
8.35
11.51
17.93
13.03

<0.001
<0.001
0.004
<0.001
<0.001
<0.001

Unpaired

Paired Test

Unpaired
Test

Note: POC, primary olfactory cortex; OFC, orbitofrontal cortex; BA 17, Brodmann Area
17; BA 18, Brodmann Area 18; BA 19, Brodmann Area 19.
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Table 3-4. Summary of olfactory and visual activation during each paradigm for the
Odor-Attention task
Semantic

Semantic
Neutral Symbol

Congruent
P

U

Primary Olfactory

+

+

+

Secondary Olfactory

+

+

Primary Visual

+

Secondary Visual

+

Incongruent

PT UT

P

U

PT UT

P

U

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

PT UT

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Note: P = Paired (Odor+Visual); U = Unpaired (Visual Only); PT = Paired Test (Visual
Only); UT = Unpaired Test (Visual Only)
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secondary olfactory cortices including the OFC and insula (Table 3-1 through Table 33).
3.4.3 Modulation of Visual Activation by Olfactory Attention and Association
When comparing between the conditions within each paradigm for the odorattention task group, prominent trends of greater visual activation were observed during
the Paired test compared to the Unpaired test condition of the neutral symbol paradigm.
Specifically, voxel-based analysis revealed significantly greater visual activation was
observed in BA 17, 18, and 19 (Paired t-test, p < 0.001, extent threshold = 100 for
corrected p of 0.008) during the Paired test condition compared to the Unpaired test
condition (Figure 3-2, left). Though significant differences were not observed between
conditions using ROI-based analysis, a noticeable trend was observed with higher
visual activation in response to the Paired test condition (Figure 3-2, right). Please refer
to Figure 2-3 for similar observed patterns of greater visual activation across conditions
for the visual-attention group.
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Figure 3-2. Voxel-based (left, Paired t-test, p < 0.001, uncorrected, extent threshold =
100) and ROI-based (right, Tukey’s multiple comparisons test, p < 0.05 as a threshold
for significance) analyses demonstrating clear trends of greater visual activation in BA
17,18, and 19 in response to the Paired test condition of the neutral symbol paradigm.
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3.4.4 Odor-Attention Task Requires Greater Visual and Olfactory Activation
When comparing activation patterns between the two experimental task groups,
it appears that the odor-attention task generated patterns of greater visual and olfactory
activation, even when no odorant was present. Specifically, voxel-based analysis
revealed significantly greater secondary olfactory activation in the insula during the
Unpaired condition and significantly greater visual (BA 18 and 19) and olfactory (insula
and POC) activation during the Paired test condition of the neutral symbol paradigm
(Figure 3-3A). ROI-based analysis also revealed significant group differences (2-way
ANOVA, p < 0.05 as a threshold for significance) during the neutral symbol paradigm in
BA 18 (p = 0.0328), BA 19 (p = 0.0282), the POC (p < 0.0001), and the insula (p <
0.0001), with the odor-attention task group demonstrating patterns of stronger activation
in these ROIs. Specifically, Sidak’s multiple comparisons tests (p < 0.05 as a threshold
for significance) revealed that the odor-attention task group had significantly greater
activation than the visual-attention group in the neutral symbol paradigm in BA 18
during the paired test condition (adjusted p = 0.0473), in the POC during the unpaired
(adjusted p = 0.027), paired test (adjusted p = 0.0021), and unpaired test (adjusted p =
0.0185) conditions, in the insula during the unpaired (adjusted p = 0.0004), paired test
(adjusted p = 0.0007), and the unpaired test (adjusted p = 0.0004) conditions (Figure 33B). A trend of greater activation in BA 19 during the neutral symbol paradigm was also
observed for the odor-attention group in the unpaired, paired test, and unpaired test
conditions.
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Figure 3-3. A) Voxel-based (one-way ANOVA, p < 0.001, uncorrected, extent threshold
= 100) and B) ROI-based analyses (Sidak’s multiple comparisons test, p < 0.05 as a
threshold for significance) demonstrating greater visual and olfactory activation during
the neutral symbol paradigm in the odor-attention task group compared to the visualattention task group.
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Furthermore, as discussed in section 2.4.6, significant correlations were
observed between olfactory and visual activation in several conditions in the visualattention group. Similar correlations were also observed with the odor-attention group,
except with a much greater number of the conditions, being present in all conditions,
except for the paired condition in both the semantic congruent and semantic
incongruent paradigms (Table 3-4). In addition to a greater number of correlations
being found between olfactory and visual activation in the odor-attention group, slope
comparison of the correlations between the two groups revealed several conditions in
which the odor-attention group demonstrated stronger correlations compared to the
visual-attention group (Figure 3-4). Specifically, .the odor-attention group displayed
stronger olfactory-visual correlations in response to the visual cue “Smell” during the
paired test condition of the semantic congruent paradigm and during both the unpaired
and unpaired test conditions of the semantic incongruent paradigm (Figure 3-4).
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Table 3-5. Significant correlations between BA 17 and POC activation for the odorattention group for all conditions of each of the three olfactory-visual fMRI paradigms.

Semantic
Congruent

Neutral Symbol
r

p

Paired

0.652

0.0116

Unpaired

0.662

0.01

0.597

Paired Test

0.818

0.0003

Unpaired Test

0.726

0.005

r
------

Semantic
Incongruent
p

p

------

-------

0.031

0.765

0.0014

0.709

0.0067

0.609

0.0208

0.794

0.0012

0.801

0.0006

82

-------

r

Figure 3-4. Linear regression analyses demonstrated significant differences between
the slopes of the olfactory-visual correlations in the odor-attention and visual-attention
task groups. Significant differences were observed in the paired test condition (p =
0.001627) of the semantic congruent paradigm and in the unpaired (p = 0.02036) and
unpaired test (p =0.0158).
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3.5 Discussion
Neural mechanisms underlying selective attention allow for pertinent stimuli in
our environment to drive goal-directed behavior (240, 247-249). Despite the knowledge
that has been gained in each sensory system on its own, little is known of the effect of
attentional modulation on olfactory-visual functional dynamics. Therefore, the purpose
of this study was to delineate the role of sensory-specific attention in olfactory-visual
multisensory associations using fMRI. Two experimental task groups, an odor-attention
and a visual-attention group, participated in the same three olfactory-visual association
fMRI paradigms. Depending on the paradigm, whenever a word or symbol was
presented on a screen, the visual attention group was instructed press a button their left
hand, while odor-attention task group was instructed to attend to and respond as to
whether or not an odor was present. While the former placed the attentional emphasis
on the visual cue, the latter focused attention on odor detection. Overall, though the
general patterns of olfactory-visual activation were similar between the two groups
across the paradigms, the odor-attention task group had significantly enhanced
activation in both types of sensory regions, suggesting that attentional modulation of
olfactory regions may also affect visual processing regions as part of an innate
functional connectivity between these two sensory systems.

3.5.1 Olfactory-Visual Associative Activation during Odor-Attention Task
In contrast to the visual attention task group, which demonstrated clear evidence
of rapid olfactory-visual associations (Figure 2-2), the odor-attention group rather
displayed strong indications of task-specific attentional modulation of the POC during
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each of the three fMRI paradigms (Figure 3-1). Specifically, significant olfactory
activation was observed during all four conditions of each paradigm, with no specificity
shown for cues previously paired with an odor and regardless of whether an odorant
was actually present. This suggests that attending to whether or not an odor is present
elicits significant olfactory activation, including both at the primary sensory level of the
POC and in the secondary olfactory regions, the OFC and insula. One possible
neurobiological reason for this activation in the absence of a sensory stimulus, known
as a “baseline shift,” could be that it allows for cortical regions involved in the earliest
stages of sensory processing to increase their sensitivity to future incoming sensory
signals, thereby facilitating more effective and efficient processing.

3.5.2 Modulation of Visual Activation by Olfactory Attention and Association
Interestingly, though the odor-attention task group clearly displayed a pattern of
attentional modulation of the POC in all three paradigms due to the olfactory-related
nature of the task, both voxel-based and ROI-based analyses revealed that it also
retained a pattern of greater visual activation in response to a neutral visual cue that
had been previously paired with an odorant (Figure 3-2). A similar finding was observed
with the visual-attention group, with a clear multisensory facilitation of visual activity as a
result of the presence of olfactory information (Figure 2-3).
Taken together, this indicates that regardless of the sensory-specific attention
task being performed, the innate mechanism underlying olfactory and visual interactions
in the human brain remains intact. As mentioned in section 2.5.2, this mechanism
allowing for an odorant to affect visual processing could serve as a facilitation tool for
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odorant identification by allocating attention to a specific visual object, thus potentially
assisting in location and identification of an odor source (30-32, 35, 37, 38, 161). It
appears as though this mechanism is a task-independent event, possibly allowing for
improved odor identification irrespective of the task environment.

3.5.3 Odor-Attention Task Requires Greater Visual and Olfactory Activation
Surprisingly, the findings of this study indicate that an odor-attention task
requires greater recruitment of both visual and olfactory areas, in contrast to a visualattention task. Specifically, greater activation in visual association areas and in both
primary and secondary olfactory regions was observed in the odor-attention group
compared to the visual-attention group during the neutral symbol paradigm (Figure 3-3).
Since this pattern was observed primarily in the neutral symbol paradigm, which is
presumably devoid of any activation enhancement that could be due to congruency of
the multisensory stimuli, it suggests that attending to an odor, rather than a visual cue,
may result in stronger associations between the olfactory and visual cues. This was
supported by the linear regression analyses, demonstrating both a greater amount of
and stronger correlations between primary olfactory and visual activity across the
conditions of the three experimental paradigms (Table 3-4, Figure 3-4).
It is possible that, compared to the visual-attention task, the odor-attention task
employed during this study, being an odor detection task at its core, involves a greater
cognitive load, requiring for an active decision to be made regarding whether or not an
odor is present in response to each visual cue presentation. The visual-attention task,
in turn, is presumably cognitively simpler, with no requirement of a decision, but rather
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only a button press in response to each visual cue presentation. Therefore, it is
possible that this higher cognitive load could correlate with increased top-down
attentional control of the primary sensory cortices, resulting in this enhanced activation
in both visual and olfactory regions (243). Furthermore, one of the olfactory-regions that
was specifically demonstrated to be subject to this effect of attentional modulation was
the insula, (Figure 3-3) which has been indicated in neural mechanisms of both general
attention and perceptual control (230, 240, 250-252). This enhanced activation in the
insula suggests that the odor-attention task may have required cognitively increased
attention compared to the visual-attention task, in turn providing a possible neural
mechanism for the widespread increased activation observed in olfactory regions and
secondary visual regions.
Despite these similarities, the influence of congruency between the visual and
olfactory cues appeared to be reduced in the odor-attention group in comparison to the
visual-attention group. While the visual-attention group displayed significant differences
across paradigms (Figure 2-5), particularly in the visual domain, activation of the target
ROIs in the odor-attention group did not reflect this same pattern.

3.5.4 Limitations
There are several limitations of this study that should be addressed. First, due to
the detection task nature of the odor-attention task used in this study, it is possible that
participants engaged in sniffing behavior in order to assess whether or not an odor was
present. Though the participants were clearly instructed to breathe normally throughout
the duration of the three paradigms, it is possible that sniffing was involuntarily used in
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their search of an odorant with each visual cue presentation. Sniffing has been shown
to elicit POC activation, even in the absence of an olfactory stimulus, thus potentially
confounding the effect size of the increased olfactory activation observed in the odorattention task group (110). Though each subject’s respiration was monitored
throughout the course of the experiment, with indications of sniffing being grounds for
exclusion from further analyses, it would be impossible to definitively rule out any effect
of sniffing on the activation patterns observed here.
Second, due to technical design flaws, no post-test questionnaire was
administered to the odor-attention group. Though the results strongly support that
olfactory-visual associations were still formed at the neural level (Figure 3-2), this study
was limited in its ability to assess the behavioral outcome of these formations. Third,
unlike that visual-attention group that displayed a clear modulation of visual activation
by the relative congruency of the odor-visual pairings, this pattern was not observed in
the odor-attention group, with virtually no significant differences being observed across
paradigms. It is possible that the enhanced olfactory and visual activation observed in
this group due to top-down attentional modulation overshadowed any observable effect
of congruency of the sensory cues. Future studies should seek to definitively determine
whether or not congruency still has a significant influence on olfactory-visual dynamics
in the context of an odor-attention task. Fourth, it is most likely that the majority of these
group differences described here are attributable to the difference in cognitive load
between the two tasks. While the odor-attention task required higher cognitive
processes, including sensory detection and decision-making, the visual-attention task
was much simpler, requiring only a button press each time a visual cue appeared on the
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screen. Further investigation utilizing tasks of equal cognitive load is necessary in order
to accurately determine the effect of different sensory-specific tasks on olfactory-visual
dynamics.
Finally, it is also possible that some variance between the groups could be due to
the differences in the motor component of the two tasks. Specifically, while the visualattention task only required button-pressing from the left hand of the participants, the
odor-attention task required both left and right hand button pressing, depending on the
experimental condition. While this study focused primarily on using bilateral ROI
analysis, it is necessary for subsequent studies to utilize both left and right ROI
delineations in order to properly observe any lateralization effects from the differing
motor components of each of these tasks.

3.5.5 Conclusion
In summary, the findings of this investigation strongly support that rapid olfactoryvisual associations can be formed, regardless of task context, but that task context does
have a significant influence on the dynamics of these associations. Specifically, though
similar patterns of enhanced visual activation in conjunction with olfactory information
were observed in both experimental task groups, supporting the former notion, the odorattention group demonstrated both overall increased olfactory and visual activation and
stronger relationships between these activation patterns, supporting the latter. These
results indicate that tasks requiring higher order cognitive processes may strengthen
olfactory-visual association dynamics in the human brain, thus enabling more effective
and efficient odor source location and identification.
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Chapter 4
Differential Patterns of Age-Related Effects on Olfactory-Visual Functional
Connection in Men and Women

4.1 Abstract
Age-related olfactory decline, or presbyosmia, is a prevalent condition with
potentially devastating consequences on both quality of life and safety. Despite clear
evidence for this decline, it is unknown whether presbyosmia is sex-dependent and also
its effects on the olfactory-visual functional connection in the human brain. Therefore,
the goals of this study were to investigate age-related olfactory decline in olfactoryvisual functional dynamics in thirty-seven (18 women, 19 men) healthy older participants
using olfactory-visual association functional MRI (fMRI) paradigms. Age was found to
be negatively correlated with fMRI activation in olfactory-related regions. Significant
aging effects on olfactory-visual interactions were identifiable in male participants in all
target regions. Female participants, however, showed a different pattern of decline.
Extended unified structural equation modeling (euSEM) analysis revealed that the
effective functional connectivity profile was drastically different between male and
female participants, with females manifesting a top-down mechanism to offset agerelated olfactory activation decline. Our results support the hypotheses that age-related
olfactory decline has significant effects on olfactory-visual integration, and that
resilience to age-related olfactory decline in women may be due to their profuse
olfactory network effective connectivity.
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4.2 Introduction
Along with other sensory systems, the sense of smell declines with age in a
condition known as presbyosmia, which affects over half of individuals between the
ages of 65 and 80 and between 62-80% of those over the age of 80 (91, 253). Many
studies have documented the effect of normative aging on the human olfactory system,
with elderly individuals frequently presenting with odor threshold, memory, and
identification deficits (203-206). Beyond normative olfactory decline, severe olfactory
deficits are considered to be early symptoms for several neurodegenerative diseases,
such as Alzheimer’s disease and Parkinson’s disease (208, 254). In addition, due to
the fact that “flavors” of food are predominately mediated by the sense of smell and
eating behaviors by both olfactory and visual processing, presbyosmia has adverse
effects on both quality of life and proper nutrition (91, 92). Despite clear evidence for
age-related olfactory function decline, the precise neurofunctional correlates of this
biological process still remains elusive, particularly in regard to an olfactory-visual
functional connection (255).
The olfactory system includes both peripheral olfactory epithelium and nerve, and
central olfactory system regions including the olfactory bulb and tract, piriform cortex,
anterior olfactory nucleus, olfactory tubercle, and parts of the entorhinal cortex and
amygdala. While the peripheral components function to detect odors, the central
components process and integrate olfactory afferent signals and other sensory stimuli to
form an odor percept (93, 228). From a neuropathological perspective, the question of
how this natural olfactory decline that is observed behaviorally relates to degenerations
of the central and peripheral olfactory nervous system is still largely unknown (255).
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Along the same lines, though several behavioral studies have demonstrated that
women typically outperform men on olfactory tasks during normal aging, it is unclear
whether this is due to differences in peripheral sensory function or central cognitive
processing of olfactory information, particularly during olfactory-visual association
formation (204, 207).
Though there is still much to be learned, functional magnetic resonance imaging
(fMRI) studies have been at the forefront of seeking the answers to these questions and
have significantly contributed to the current understanding of the effects of age and sex
on olfactory function. Specifically, fMRI studies have found that activation in olfactoryrelated structures, such as the piriform cortex, the amygdala, and the entorhinal cortex,
is decreased in elderly individuals compared to young, healthy subjects (256-258).
Additionally, for the middle age range, a recent fMRI study on sniffing behavior found
significant age- and sex-related decline in second-order olfactory structures, with men
displaying significant aging effects (259). On a similar note, decreased activation in
olfactory-related regions of the cerebellum has also been observed in elderly subjects
(260). In addition, electrophysiological studies have reported significantly longer latency
and weaker amplitude of olfactory event-related potentials (OERPs) in older adults
consistently found OERP latencies increasing with age and that young adults had
significantly greater OERP amplitudes compared to older subjects (261, 262). In
summary, these studies provide evidence for the effects of aging and sex on olfactory
function and have also highlighted the utility of neuroimaging techniques in evaluating
these relationships. However, as previously mentioned, the effects of age on an innate
olfactory-visual functional connection, as well as the specific neural correlates
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underlying the prominent behaviorally-observed sex differences in these interactions
remains largely undefined.
Therefore, the goal of this study was two-fold. First, this study sought to evaluate
the effect of age on neural activity in the central olfactory system in older, cognitively
normal participants using an olfactory-visual association fMRI paradigm that was
specifically designed to investigate olfactory-visual interactions (55). Based on previous
findings, it was hypothesized that a significant effect of age on central olfactory neural
activity would be observed. Secondly, this study sought to uncover the neural
correlates of the sex differences in aging of the central olfactory system. Based on
previous behavioral studies, it was hypothesized that men would display significantly
greater deficits in olfactory-visual associative activation compared to women.

4.3 Methods
4.3.1 Participants
Older (n=37, mean age = 69.2 + 9.6 years, 18 women, 19 men), cognitively
healthy participants (age range = 50-85 years) were recruited from the community
through advertisement for the study. Prior to study participation, participants were
screened for conditions related to olfactory dysfunction (e.g. allergies, head trauma,
viral infections), psychiatric and neurological conditions, and MRI safety (e.g. metal
implants, claustrophobia). The study protocol was approved by the Pennsylvania State
University College of Medicine Institutional Review Board, which required that each
subject give verbal and written informed consent before participating.
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4.3.2 Behavioral Tests
Olfactory function of all participants was evaluated using the University of
Pennsylvania Smell Identification Test (UPSIT) (Sensonics Inc., Haddon Heights, NJ,
USA). The UPSIT is a self-administered, forced-choice, scratch-and-sniff standardized
test, consisting of 4 booklets containing 10 odorants each, with scores ranging from 040 (204, 222). UPSIT scores were analyzed for the effects of age and sex and were
also used in correlative analyses of the fMRI data.
Normal cognition and learning ability was assessed using three
neuropsychological evaluations, including the Mini-Mental State Examination (MMSE),
California Verbal Learning Test-Second Edition Short Form (CVLT-II), and the Mattis
Dementia Rating Scale-2 (DRS-2). The MMSE is a brief, 11-question screen that
provides a measure of cognitive status in adults by testing five areas of cognition,
including registration, attention, recall, orientation, calculation, and language (263). The
CVLT-II is a comprehensive and detailed assessment of verbal learning and memory for
older adolescents and adults that consists of five learning trials of 16 words (264).
CVLT-II scores are reported in this study as sex- and age-scaled short-term memory
scores (T score). Finally, the DRS-2 is composed of 36 tasks and 32 stimulus cards
that aim to evaluate an overall level of cognitive functioning, with five subscales that
provide further information on attention, construction, conceptualization,
initiation/perseveration, and memory (265). DRS-2 data reported for this study
represent the age-corrected scaled scores for the total test score.
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4.3.3 Olfactory-Visual fMRI Association Paradigm
The olfactory fMRI paradigm is shown in Figure 4-1, consisting of alternating
“odor+visual” and “visual-only” conditions. During odor+visual conditions, an odorant
was presented for a duration of 6 s simultaneously with the visual cue “Smell?” and then
followed by 12 s of fresh air with the visual cue “Rest.” During visual-only conditions,
the same visual cue “Smell?” was presented for 6 s simultaneously with fresh air.
Lavender oil was used as the stimulation odorant (Givaudan Flavors Corporation, East
Hanover, NJ, USA) because it is typically perceived as pleasant in the general
population and has minimal trigeminal stimulation (223-225). The odorant was
delivered bilaterally to each participant’s nostrils directly using an MR-compatible
olfactometer (Emerging Tech Trans, LLC, Hershey, PA, USA) at a constant airflow rate
of 6 L/min at room temperature and 50% relative humidity. Four intensities of lavender
(0.032%, 0.10%, 0.32%, and 1.0% concentrations diluted in 1,2-propanediol (Sigma, St.
Louis, MO, USA)) were administered sequentially. This protocol consisting of
incremental odor intensities was previously shown to effectively minimize the
habituation effects on BOLD signal (224). Each odor intensity was presented 3 times
before being increased to the next intensity. The cycle was repeated 4 times and the
odor intensities were presented from weakest to strongest.
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Figure 4-1. Olfactory-Visual fMRI paradigm. Each intensity of lavender was presented 3
times. Every time the visual cue "Smell?" appeared on the screen, the participants were
instructed to respond with a right button press if they did smell lavender and a left button
press if they did not. Green lettering indicates the correct response for each condition,
whereas red indicates the incorrect response. The cycle was repeated 4 times.
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To ensure task compliance, each time the visual cue “Smell?” appeared on the
screen, participants were asked to perform the same odor-attention task as described in
section 3.3.2, responding with a button press corresponding to whether or not they
smelled the odor. Participants were instructed that a left hand button press indicated
“no” and a right hand button press indicated “yes.” In addition, participants’ respiration
was monitored and recorded throughout the olfactory paradigm using a chest belt.

4.3.4 Imaging Acquisition
A Siemens 3.0 T system (Magnetom Trio, Siemens Medical Solutions, Erlangen,
Germany) with an 8 channel head coil was used to acquire MR images of the entire
brain using BOLD sensitive T2*-weighted echo planar imaging. The following
parameters were used in the sequence: TR = 2000 ms, TE = 30 ms, FA = 90°, FOV =
230 x 230 mm2, acquisition matrix = 80 x 80, slices = 34, slice thickness = 4 mm,
acceleration factor = 2, acquisition time (TA) = 7 mins 48 s, and number of repetitions =
234. T1-weighted MPRAGE anatomical images were also acquired for overlay for the
functional data with the following parameters: TR = 1540 ms, TE = 2.34 ms, FOV = 256
x 256 x 176 mm2, acquisition matrix = 256 x 256 x 176, and acquisition time (TA) = 4
min 32 s.

4.3.5 Data Processing and Analysis
The fMRI data were pre-processed using SPM8 software (Wellcome Trust
Centre for Neuroimaging, University College London, UK) with standard parameters,
including slice-timing correction, realignment, co-registration, normalization to the
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Montreal Neurological Institute (MNI) brain template (226), and smoothing (8 x 8 x 8
mm3 Gaussian kernel) (227). The first 5 images were removed to eliminate early
transient signal fluctuations (127). The statistical parametric map (SPM) of each
participant was calculated using motion-corrected, normalized functional data after
convolving with a canonical hemodynamic response function (family-wise error
corrected p < 0.05, extent threshold = 10). Contrasts were generated for both the
odor+visual and visual-only conditions.
This study included analysis of BOLD activity in several regions of interest
(ROIs), including the primary olfactory cortex (POC), insula, hippocampus, and
dorsolateral prefrontal cortex (dlPFC), which we defined a priori. The POC consisted of
regions that receive direct projections from the olfactory bulb including the piriform
cortex, anterior olfactory nucleus, olfactory tubercle, entorhinal cortex, amygdala, and
periamygdaloid cortex, and is thus, considered to be one of the earliest sites of central
olfactory processing (228). The insula is also a common site of fMRI activation for both
olfactory and gustatory stimulation. In particular, the agranular (anterior) insula, which
receives projections from the olfactory tract (125), and the right central insula have been
consistently found to be activated in response to olfactory stimulation (109, 126).
Likewise, the hippocampus receives direct input from the entorhinal cortex, which is part
of the POC, and has been shown to be involved in odor memory and olfactory-based
spatial learning (127-131). Finally, the dlPFC has been shown to be extensively
involved in executive functioning and working memory, possessing a critical network
with the hippocampus (132, 266). Therefore, it was expected that the dlPFC would be
activated during this paradigm due to the demand of working memory and associative
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learning processes. The ROI of the POC was generated by manual segmentation of
the T1-weighted anatomical images using FMRIB Software Library View (FSLview,
Analysis Group, FMRIB, Oxford, UK) (267). The ROIs of the insula and hippocampus
were generated based on the segmented standard brain atlas from AAL, while the
dlPFC was generated based on the observed activation maps of the fMRI data (237).
Group comparisons with a priori masks were performed in SPM8 using a one
sample t-test for both the odor+visual and the visual-only conditions. In addition,
MarsBaR was used to investigate the BOLD response from all of the previously
mentioned ROIs (238). Each ROI was analyzed for age effects, as well as any
relationships between the behavioral olfactory test scores.
Linear regression was also performed to evaluate the effect of age on olfactoryvisual interactions. In order to observe this effect, age was used as a covariate and
correlation analyses were performed. In addition, correlation analyses were undertaken
using the UPSIT scores to assess the relationship of the scores with the BOLD
response of each ROI. Sex differences in olfactory function were also assessed for
each ROI for both odor+visual and visual-only conditions by directly comparing the
calculated age effect slopes of male and female participants using GraphPad Prism (p <
0.05).
A unique aspect of this study was the use of brain connectivity analysis using
extended unified structural equation modeling (euSEM) to understand sex differences in
olfactory function in terms of effective functional connectivity (199). Specifically,
euSEM, a technique that estimates without a priori knowledge both the direct and
modulating external experimental influences on BOLD response, was combined with the
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Group Iterative Multiple Model Estimation (GIMME) technique to evaluate sex
differences in causal connections of the optimal olfactory network for this fMRI paradigm
(196, 268). This technique generates a model of effective connectivity, or the influence
of one neural system over another, and provides a map of the directional couplings
between predefined ROIs (196, 197). The connectivity estimation is operationalized by
means of neuronal model parameters that are aimed at explaining identified brain
activity dependencies (55, 269, 270). Moreover, euSEM is able to 1) used for both
group and individual data, 2) model the effects of event-related stimuli on ROI activity,
3) simultaneously estimate both contemporaneous and lagged directed coupling
parameters among ROIs, 4) estimate the effect of experimental manipulation on ROI
couplings, and 5) be generated using confirmatory, partially, or entirely exploratory
approaches based on the Lagrange multiplier test (196).
Unlike other effective connectivity modeling techniques, euSEM combines the
vector autoregression (VAR) and standard structural equation modeling (SEM) to
accurately model the influence of specific stimuli on ROI BOLD responses during eventrelated fMRI designs (198). Specifically, SEM pathways are generated via minimization
of the discrepancy between implied and observed correlations of hemodynamically
convolved BOLD signals (199). euSEM model estimation first involves creating a block
Toeplitz matrix denoting the relations among ROIs, experimental input, and the
multiplication of each of these at time (t) and time minus one (t-1), which allows for
quasi-likelihood autoregressive (AR) processes to be estimated that asymptotically
approach true maximum likelihood (271, 272). Variables of interest are then selected
to predict ROI series at time (t) and only those parameters that predict this ROI activity
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at (t) can be freed, either by a priori theory or automatic search, and all others remain
fixed (196). The automatic search method can estimate the euSEM to identify the
optimal model by first estimating an empty model and utilizing Lagrange multiplier tests
to search for the parameter that would most improve the overall fit of the model. This
parameter is then freed and allows for the model to be reestimated in the next iteration,
a cycle that continues until no one parameter would improve the overall fit (196).
The automatic search technique is also able to almost always determine
structural identifiability if a convergent solution is obtained based on the quasi-likelihood
method, which allows for standard identifiability theory to be applied at a more
theoretical level. Taken together, the steps involved in euSEM allow this method to
estimate the modulating effects of experimental manipulation on the BOLD response of
select ROIs, making it an optimal method for investigating the dynamics of event-related
fMRI data (196, 198, 199). Specifically in this study, euSEM was used to investigate
effective functional connectivity differences between the sexes by directly comparing the
presumed olfactory networks for the current event-related design for male and female
participants.

4.4 Results
4.4.1 Behavioral Evaluation
Based on the neuropsychological evaluations, all male and female participants
were within the range of healthy, normal cognition and no sex differences were
observed in the average scores of the MMSE (males = 28.47 + 1.39, females = 28.06 +
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Table 4-1. Peak activation in olfactory regions during odor+visual and visual-only
conditions
Odor+Visual Region

Size

Coordinates

T

X

Y

Z

PFWE

POC

988

-24

-2

-14

13.86 <0.001

Insula

795

34

18

0

14.67 <0.001

Hippocampus 504

-20

-4

-16

11.20 <0.001

dlPFC

456

6

42

44

6.36

POC

1037

-24

-2

-12

11.23 <0.001

Insula

808

34

20

2

12.66 <0.001

Hippocampus 649

-18

-6

-14

8.92

<0.001

dlPFC

-32

50

24

8.29

<0.001

<0.001

Visual-Only

772

Notes: One-sample t test
Family-wise error (FWE) corrected, p < 0.05, cluster size > 10 voxels.
POC = Primary Olfactory Cortex, dlPFC = Dorsolateral Prefrontal Cortex
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Figure 4-2. One sample t-tests showing significant activation when masked in the
primary olfactory cortex (POC), insula, hippocampus, and dorsolateral prefrontal cortex
(dlPFC) (p < 0.05, Family-wise error (FWE) corrected, extent threshold = 10) during the
olfactory paradigm for both odor+visual and visual-only conditions.
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1.86), DRS-2 (males = 13.00 + 1.76, females = 12.89 + 1.57), or CVLT-II (males =
63.11 + 14.99, females = 62.06 + 11.35).

4.4.2 Effects of Age on BOLD Response to Olfactory-Visual Paradigm
Table 4-1 shows the activated regions for both the odor+visual and visual-only
conditions using the olfactory fMRI paradigm in Figure 4-1. Significant activation (p <
0.05, Family-wise error (FWE) corrected) for both conditions was observed in the POC,
insula, hippocampus, and dlPFC as shown in Figure 4-2.
The linear regression analysis (p < 0.001, uncorrected) detected significant
negative correlations between age and the activation in the POC, insula, and dlPFC for
both the odor+visual and visual-only conditions (Table 4-2). The slopes of the age
curves for the odor+visual and visual-only conditions were not statistically different in
any of the predefined ROIs.

4.4.3 Sex Differences in Age-Related Decline in BOLD Response to OlfactoryVisual Paradigm
Figure 4-3 shows the age correlations with the BOLD signal for male and female
groups during odor+visual and visual-only conditions in four brain structures. Significant
differences were found between male and female groups in the slopes of the age
curves during the odor+visual condition. Under this condition, the male group exhibited
a highly significant age decline in BOLD signal, while the female group did not. In
contrast, under visual-only conditions, age declines were found in both groups.
Behaviorally, there was no significant difference between the average UPSIT scores for
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Table 4-2. Negative age correlations for both odor+visual and visual-only conditions.
Odor+Visual

Visual-Only

r

p

r

p

POC

0.465

0.0043

0.486

0.0026

Insula

0.602

0.0001

0.543

0.006

Hippocampus 0.374

0.0248

0.342

0.0413

dlPFC

0.0053

0.53

0.0007

0.449

Note: POC = Primary Olfactory Cortex, dlPFC = Dorsolateral Prefrontal Cortex
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Figure 4-3. Sex Differences in BOLD Response. Primary olfactory cortex (POC), insula,
hippocampus, and dorsolateral prefrontal cortex (dlPFC) BOLD responses to
odor+visual and visual-only conditions in men and women. The difference between men
and women was found to be significant in the POC (p = 0.006), insula (p = 0.0164), and
hippocampus (p = 0.0056) during the odor+visual condition. However, no significant
difference was observed between the two sex groups in the dlPFC (p = 0.1861) during
the odor+visual condition or during the visual-only condition in the POC (p = 0.2811),
insula (p = 0.4807), hippocampus (p = 0.2342), or dlPFC (p = 0.6269).
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male and female participants (females = 33.82 + 1.142, males = 32.94 + 0.9128) and
UPSIT scores were not found to be significantly correlated with age in either group. The
fMRI-related behavioral responses, however, were significantly faster for female
participants than for male participants (p = 0.0034) for the odor+visual condition.
Additionally, UPSIT scores were not significantly correlated with the BOLD response of
any of the target ROIs in either condition.
Figure 4-4 shows a direct comparison of the respective euSEM models for male
and female groups estimated using time courses of the four a priori defined ROIs.
These models revealed prominent differences in effective functional connectivity
patterns between males and females during the performance of this olfactory-visual
fMRI paradigm. Specifically, the model for the male group identified mostly output
connections from the POC to secondary olfactory structures, such as the insula,
hippocampus, and to the dlPFC via the insula. In contrast, the model for the female
group identified bidirectional connections between the POC and the insula.
Furthermore, opposite directional connectivity was found between the insula and the
dlPFC in females when compared to the model obtained for the male group. However,
when the euSEM data for all participants were stratified according to sex, no significant
differences were found between the connection strengths of the common directional
connectivities of male and female groups.
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Figure 4-4. Extended unified structural equation modeling results for male and female
participants. Values represent the average β estimates. The presented model for male
participants demonstrates output from the primary olfactory cortex (POC), but no direct
input into it. The model for female participants contains direct input into the POC from
secondary olfactory structures, indicating a possible compensatory mechanism to offset
age-related central olfactory system decline, specifically during odorant processing.
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4.5 Discussion
Our paradigm produced significant activation in the POC for both the odor+visual
and visual-only conditions. Note that during visual-only conditions, the activation in the
POC was produced by a visual cue without an odor. As demonstrated previously,
participants were undergoing rapid odor-visual association during this paradigm, in
which likely an association between the visual cue “Smell?” and an odor stimulus was
formed, thereby eliciting a similar activation response in the POC by a subsequent
visual cue (55). This paradigm, therefore, provides an effective way to stimulate the
central olfactory system even in the absence of an afferent olfactory sensory signal.

4.5.1 Effects of Age on BOLD Response to Olfactory-Visual Paradigm
The results of this study revealed a significant effect of age on the central
olfactory nervous system. Specifically, the linear regression analysis showed a
significant negative correlation between age and the BOLD signal during both the
odor+visual and visual-only conditions for all of the central olfactory structures. These
data support the hypothesis that a significant decrease in BOLD signal in the brain in
response to our olfactory-visual paradigm reflects an age effect in the central nervous
system. During the odor+visual condition, both the peripheral and central olfactory
systems are actively involved in odor processing and encoding of odor-visual pairings.
Specifically, under this condition, lavender odorant molecules bind to the receptors of
the olfactory sensory neurons (OSNs) located peripherally in the epithelium of the nasal
cavity. These neurons project to the olfactory bulb by means of the olfactory nerve and
subsequently to the POC, the major component of the central olfactory system, and
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other higher-order cortical areas via mitral and tufted cells (94, 255, 273). The POC
then sends olfactory information to secondary olfactory structures, such as the insula,
hippocampus, and dlPFC, interactively. On the other hand, as demonstrated previously
(55), during visual-only conditions, the central olfactory structures are also activated by
the visual cues that have been paired with an odor in preceding odor+visual conditions.
The activation in this case was presumably being produced without any involvement of
the peripheral olfactory nervous system. Furthermore, in the same previous study, with
an alternative paradigm during which no odor was presented throughout, there was no
significant POC activation observed by the visual cue, suggesting that the initial pairing
of the odor and visual stimulus was necessary to elicit the central olfactory activation in
the subsequent visual-only conditions. As such, the significant age-related BOLD signal
decline observed in this study during the visual-only condition should reflect an age
effect on the central olfactory system during olfactory-visual interactions. Thus, our
odor-visual association paradigm provides an effective avenue to isolate contributions of
the peripheral nervous system from that of the central system during olfactory
processing.

4.5.2 Sex Differences in Age-Related Decline in BOLD Response to OlfactoryVisual Paradigm
As shown in Figure 4-3, the BOLD responses to odor+visual stimulations
exhibited a clear trend of difference in the effect of age between female and male
groups. While there was a significant decline in the BOLD signal of central olfactory
structures with age in the male group, only the insula showed a trend of decline in the
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female group. In contrast, visual-only conditions showed trends of age-related decline
in the BOLD signal in the four brain structures and for both sexes.
To better understand this apparent sex difference in the age effect from a
systems level perspective, an euSEM was performed and the results in Figure 4-4
revealed markedly different effective functional connectivity models between males and
females during this paradigm. Specifically, for the male group, there were unidirectional
connections from the POC to the hippocampus and the insula, and also from the insula
to the dlPFC. For the female group, however, there were bidirectional connections of
the POC to and from the insula. The insula also received directed input from the dlPFC,
a connection that was opposite in male participants. Although this model of effective
functional connectivity was far from complete, it revealed that, compared to males, the
POC of female participants, tends to receive greater input from secondary structures, a
tendency for a top-down mechanism during olfactory processing. Assuming that, with
an odor stimulation, the afferent signal from the peripheral sensory nerves to the POC
declines with age, then the activation of the POC must also be reduced, as has been
previously reported (256-258).
For women, however, the bidirectional effective connectivity between the POC
and secondary olfactory structures could provide an effective compensatory mechanism
that was utilized to offset age-related decline in the olfactory nervous system. This
compensatory mechanism for odor processing could explain why age-related decline
was more apparent in visual-only conditions. Under this condition, neuronal activity in
the POC is driven by the central olfactory system as a result of previously formed
associations between the olfactory and visual cues. Thus, the observed age decline of
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the BOLD signal should predominantly reflect an effect of age on the central olfactory
system where compensatory mechanisms for perceiving odors in females are no longer
effective.
The differences in euSEM models between male and female groups may also
highlight fundamental differences in processing olfactory sensory stimuli between men
and women, which provides a plausible interpretation from a functional connectivity
perspective for the observed sex differences in olfactory behavioral measurements
across studies. This notion has been supported by previous chemosensory studies that
have shown that women appear to allocate greater attention to intranasal stimuli
compared to men, thus suggesting an implicit difference in the cognitive processing of
sensory stimuli in men and women (274, 275). Similarly, it has been previously pointed
out that the sex dimorphisms of both cerebral hemispheres and asymmetry could also
be a potential factor in the clear sex differences observed in chemosensory processing
(276).
On a special note, dlPFC activation is typically not observed in response to odor
stimulation. However, our paradigm has been shown to evoke rapid association of odor
and visual cues, where working memory is involved (55). (55). With this paradigm, the
dlPFC was activated during odor and visual pairings and during subsequent visual-only
conditions. As seen in Figure 4-3, it is intriguing that for the visual-only condition, both
male and female participants show a similar effect of age in all four brain structures,
including the dlPFC. One plausible explanation for this is since the dlPFC is not directly
involved in basic odor processing, but rather in higher-order cognitive processing, such
as working memory, the negative correlation of activation with age in the dlPFC could
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reflect the effect of age on the central nervous system. Our previous study of the fMRI
time-course data obtained using this paradigm from a young cohort indicated that the
activation in the dlPFC during the visual-only condition temporarily leads to activation in
the olfactory structures via the hippocampus, indicating that the dlPFC may be involved
in triggering activations in olfactory structures by the visual cue (55).

4.5.3 Limitations
There were several limitations to this study. First, the sample size of the cohort
needs to be enlarged in order to increase reliability of the findings. In addition, with a
few more subjects in the age range of 65-70 years, the results would be significantly
stronger. Second, in order to fully understand the olfactory changes occurring over the
lifetime, a middle-aged population would need to be included in future studies. Future
research should also focus on determining the age range where these olfactory deficits
typically begin and if there are environmental, health and/or other factors that possibly
promote or protect against such changes.

Third, numerous studies have strongly

supported a significant aging effect on the primary visual cortex (277). Due to technical
design flaws, participants were not screened for proper visual function, thus, preventing
the investigation of visual regions specifically due to the high likelihood of significant
confounds in visual activation in this cohort. Finally, several lines of evidence,
particularly in rodents, have indicated a deterioration in the peripheral olfactory system
could be a cause of age-related olfactory decline (253, 255). While the cohort of this
study was carefully screened via questionnaires to rule out potential clinical issues in
the peripheral olfactory system and evaluated behaviorally with UPSIT, there was no
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biological data collected in the peripheral olfactory system such that the contribution of
the aging effect from the peripheral system could not be evaluated concurrently.

4.5.4 Conclusion
Overall, with our novel olfactory-visual fMRI paradigm, we demonstrated a clear
age-related activation decline in the central olfactory system during instances of
olfactory-visual associations in our cohort. In addition, we observed sex differences in
the relationship of olfactory activation during these associations with age. Our euSEM
analysis suggested that such sex differences in aging characteristics could be attributed
to the differences in odor perception between men and women, even in contexts with
congruent visual information. Our data and analyses supported the hypothesis that the
central olfactory system is involved in age-related decline that is observed behaviorally
in olfactory performance during olfactory-visual interactions. Furthermore, the results
provide normative aging data that are essential for generating a more comprehensive
profile of age-related olfactory decline in both men and women. Taken together, these
findings highlight the effect of age on olfactory-visual interactions and that prominent
sex differences in age-related olfactory behavior could be attributed to the differences in
causal functional connections of central olfactory structures during odor perception.
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Chapter 5
Conclusion
5.1 Evidence for Innate Olfactory-Visual Functional Connection
Though it has been postulated that rapid olfactory-visual associations can be
formed in the brain in response to an olfactory-related visual cue “Smell?” (55),
indicating the existence of an innate olfactory-visual functional connection, it was
unclear whether similar associative behavior would be observed in response to neutral,
abstract visual cues with no inherent lexical meaning. Therefore, one specific aim of
Chapter 2 of this dissertation was to determine whether this innate olfactory-visual
functional connection would be observable in contexts utilizing neutral, non-lexical
visual cues. Based on known findings, it was hypothesized that olfactory-visual
associations could be rapidly formed using neutral, non-lexical abstract symbols as the
visual cue, as evidenced by significant olfactory activation in response to a test
condition consisting of presentation of a visual cue that was previously associated with
an odor compared to a unassociated visual cue.
The data presented in section 2.4.2 clearly support the formation of rapid
olfactory-visual associations, particularly during the semantic congruent and neutral
symbol paradigms. Specifically, during both paradigms, olfactory-related activation was
observed in both the Paired condition, consisting of presentation of a visual cue with an
odor, and during the Paired test condition, which consisted of presentation of the visual
cue alone (Figure 2-2). The strong olfactory activation identified during the Paired test
condition, in which olfactory stimulation was absent, suggests that an association had
been formed between the visual cue and the odorant during the Paired condition of the
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acquisition phase. Interestingly, formation of the olfactory-visual association was not
exclusively detected with an olfactory-congruent cue, but was also observed using
abstract, neutral symbols, presumably devoid of any lexical or semantic meaning for
non-Chinese speakers, supporting the hypothesis that these associations could be
formed in response to neutral, non-lexical cues.
While most studies have focused on studying the effect of congruency on
olfactory-visual pairings (10, 11, 53), research aiming to understand the role of neutral
visual objects is lacking. Here, we demonstrate support for the hypothesis that
olfactory-visual associations can be effectively formed using neutral visual cues to a
similar degree as semantically congruent visual cues. Together, this indicates that the
functional connection between the olfactory-visual systems may operate in a reflexive
manner, in which olfactory and visual stimuli presented within close temporal and spatial
proximity become rapidly associated, even after a single pairing. These rapid
associations may be necessary for proper facilitation of object recognition, allowing for
quick identification and localization of an odor source based on the reflexive nature of
the olfactory-visual integrative processing.

5.2 Modulation of Visual Activation by Olfactory Information
Overall, the data presented in both section 2.4.3 and 3.4.3 strongly support a
significant modulation of visual activation by the primary olfactory cortex underlying
rapid olfactory-visual associations, regardless of task context, an effect that was
expected to occur in the reverse direction. Specifically, in response to a visual-attention
task, greater visual activation was observed during both the semantic congruent and
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neutral symbol paradigms in response to both the Paired condition, where a visual cue
was paired with an odor and then also in the Paired Test condition in response to the
visual cue alone that had been previously paired with an odor (Figure 2-3).
Interestingly, this pattern of greater visual activation in response to a neutral visual cue
that had been previously paired with an odorant (Figure 3-2) was retained during an
odor-attention task.
These findings suggest that the formed olfactory-visual associations between the
odorant and the visual cue during the Paired condition modulates future visual
processing of the visual cue when it is subsequently presented alone during the test
phase, regardless of which sensory stimulus is being attended to. It also suggested that
this effect is not specific for the olfactory cortex, as originally presumed, but for the
visual cortex. Though the majority of studies have focused on the effect of visual
information on olfactory activation (10, 55), here we show significant evidence of the
reverse relationship, with the dominant effects of olfactory-visual association formation
being observed in the visual cortices, which has been suggested by several studies
(157, 161, 162).
Taken together, these data suggest a unique, intrinsic mechanism between the
olfactory and visual systems that provides odors an avenue to influence visual
processing of stimuli, regardless of which sensory cue is selectively attended to. As
aforementioned, it has been suggested that such a pathway may exist in order to
facilitate location and identification of an odor source (161). It is well-known that odors
are difficult to identify, especially in the absence of other sensory cues, namely visual
inputs (105, 154). However, a task-independent mechanism allowing for an odorant to
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affect visual processing by allocating attention to a visual object could significantly aide
in odorant identification, thus highlighting the importance of olfactory-modulated visual
processing (30-32, 35, 37, 38, 161).

5.3 Olfactory-Congruent Lexical Cues Enhance Visual and Language-related
Activation during Selective Visual Attention
The results described in section 2.4.4 reveal a notable effect of semantic
congruency of the visual cue on olfactory-visual association formation during
performance of a task requiring attention to visual stimulus. As demonstrated in
numerous studies (3, 11, 37-39, 53, 105, 155), the data here show increased visual and
language-related activation in response the lexical, olfactory-congruent cue “Smell”
compared to both a neutral symbol and the olfactory-incongruent cue “Look” (Figure 25). Likewise, during the semantically incongruent paradigm, there was no significant
difference between the average BOLD response to paired and unpaired conditions, with
the congruent, lexical cue “Smell” alone producing comparable activation to the
incongruent cue “Look” presented both with and without an odor. In addition, similar to
the semantic congruent paradigm, greater visual activation was observed during the test
phase in response to a visual cue that was previously paired with an odor compared to
one that remained unpaired from an odorant (Figure 2-4).
Interestingly, the influence of congruency between the visual and olfactory cues
appeared to be reduced in the odor-attention group in comparison to the visual-attention
group. While the visual-attention group displayed significant differences across
paradigms (Figure 2-5), particularly in the visual domain, activation of the target ROIs in
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the odor-attention group did not reflect this same pattern. It is possible that the
enhanced olfactory and visual activation observed in this group due to top-down
attentional modulation overshadowed any observable effect of congruency of the
sensory cues.
In all, these data strongly support a significant effect of congruence of olfactory
and visual stimuli on the process of olfactory-visual associations, with the multimodal,
olfactory-visual lexical congruent conditions producing greater visual and language
activation compared to the unimodal and/or incongruent conditions. As mentioned
previously, it is most likely that olfactory-visual-lexical interactions occur in order to
subserve odor naming processes, with greater activation in these regions in response to
lexical semantically congruent visual cues resulting in more effective and efficient
naming, in contrast to a neutral cue with no inherent meaning or a semantically
incongruent cue that could interfere with these processes (57-59). Furthermore, as
evidenced by the odor-attention group, it is possible that under more cognitively
demanding task environments, the influence of congruency becomes negligible, with the
enhanced activation due to higher cognitive loads overshadowing any observable effect.

5.4 Attentional Modulation of the Innate Olfactory-Visual Functional Connection
The findings presented in section 3.4.4 indicate that an odor-attention task
requires greater recruitment of both visual and olfactory areas, in contrast to a visualattention task. Specifically, greater activation in visual association areas and in both
primary and secondary olfactory regions was observed in the odor-attention group
compared to the visual-attention group during the neutral symbol paradigm (Figure 3-3).
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Since this pattern was observed primarily in the neutral symbol paradigm, which is
presumably devoid of any activation enhancement that could be due to congruency of
the multisensory stimuli, it suggests that attending to an odor, rather than a visual cue,
may result in stronger associations between the olfactory and visual cues. This was
supported by the linear regression analyses, demonstrating both a greater amount of
and stronger correlations between primary olfactory and visual activity across the
conditions of the three experimental paradigms (Table 3-4, Figure 3-4).
It is possible that, compared to the visual-attention task, the odor-attention task
employed during this study, being an odor detection task at its core, involves a greater
cognitive load, requiring for an active decision to be made regarding whether or not an
odor is present in response to each visual cue presentation. The visual-attention task,
in turn, is presumably cognitively simpler, with no requirement of a decision, but rather
only a button press in response to each visual cue presentation. Therefore, it is
possible that this higher cognitive load could correlate with increased top-down
attentional control of the primary sensory cortices, resulting in this enhanced activation
in both visual and olfactory regions (243). Furthermore, one of the olfactory-regions that
was specifically demonstrated to be subject to this effect of attentional modulation was
the insula, (Figure 3-3) which has been indicated in neural mechanisms of both general
attention and perceptual control (230, 240, 250-252). This enhanced activation in the
insula suggests that the odor-attention task may have required cognitively increased
attention compared to the visual-attention task, in turn providing a possible neural
mechanism for the widespread increased activation observed in olfactory regions and
secondary visual regions.
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5.5 Differential Aging Effects on the Innate Olfactory-Visual Functional
Connection in Men and Women
The results of this study revealed a significant effect of age on the central
olfactory nervous system during olfactory-visual integration. Specifically, linear
regression analyses showed a significant negative correlation between age and the
BOLD signal during both the odor+visual and visual-only conditions for all of the central
olfactory structures investigated in this study. These data support the hypothesis that a
significant decrease in BOLD signal in the brain in response to our olfactory-visual
paradigm reflects a significant age effect in the central nervous system in response to
olfactory-visual association formation.
As shown in Figure 4-3, the BOLD responses to odor+visual stimulations
exhibited a clear trend of difference in the effect of age between female and male
groups. While there was a significant decline in the BOLD signal of central olfactory
structures with age in the male group, only the insula showed a trend of decline in the
female group. In contrast, visual-only conditions showed trends of age-related decline
in the BOLD signal in the four brain structures and for both sexes.
Furthermore, the results from euSEM described in Figure 4-4 revealed markedly
different effective functional connectivity models between males and females during this
paradigm. These differences in euSEM models between male and female groups may
highlight fundamental differences in processing olfactory sensory stimuli between men
and women, which provides a plausible interpretation from a functional connectivity
perspective for the observed sex differences in olfactory behavioral measurements
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across studies. This notion has been supported by previous chemosensory studies that
have shown that women appear to allocate greater attention to intranasal stimuli
compared to men, thus suggesting an implicit difference in the cognitive processing of
sensory stimuli in men and women (274, 275). Similarly, it has been previously pointed
out that the sex dimorphisms of both cerebral hemispheres and asymmetry could also
be a potential factor in the clear sex differences observed in chemosensory processing
(276).
Overall, with the novel olfactory-visual fMRI association paradigm, significant sex
differences in the relationship of olfactory activation during these associations with age
were observed. The euSEM analysis suggested that such sex differences in aging
characteristics could be attributed to the differences in odor perception between men
and women, even in contexts with congruent visual information. Our data and analyses
supported the hypothesis that the innate olfactory-visual functional connection is
susceptible to age-related decline that is observed behaviorally in olfactory performance
during olfactory-visual interactions. Furthermore, the results provide normative aging
data that are essential for generating a more comprehensive profile of age-related
olfactory decline in both men and women. Taken together, these findings highlight the
effect of age on the innate olfactory-visual functional connection and that prominent sex
differences in age-related olfactory behavior could be attributed to the differences in
causal functional connections of central olfactory structures during odor perception.
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5.6 Limitations and Future Studies
The results of this dissertation provided further evidence of and elucidated
several previously unknown aspects of an innate olfactory-visual functional connection,
providing groundwork for future investigations on this topic. First, due to the nature of
the olfactory-visual paradigms utilized in Chapters 2 and 3 and also to the higher
susceptibility of the POC to confounds, such as habituation and desensitization (109), it
is possible that the effect of the visual cortex on olfactory processing was not
detectable. Further investigation with modified olfactory-visual association paradigms is
necessary to fully determine the role of lexical semantic congruence and attentional
modulation on visual-to-olfactory dynamics. Secondly, though a post-test questionnaire
was utilized for the visual-attention participant group in Chapter 2, future studies should
focus on developing more accurate assessments of the behavioral outcome of the
innate olfactory-visual functional connection, in order to further ensure that the
differences being observed at the neural level correlate with some observable
behavioral change.
Third, while the findings in this dissertation further aligned with previous studies,
supporting that olfactory-visual associations can occur rapidly, even after a single
pairing (55, 82), it has still not been determined if they undergo a process of rapid
extinction as well. Further fMRI paradigms and behavioral assessments should be
designed that allow for the investigation of extinction of olfactory-visual associations,
both with neutral, non-lexical cues and lexical ones, in order to determine the precise
length of time these associations remain intact. Fourth, since this study employed
experimental task groups that most likely involved different levels of cognitive
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requirements, forthcoming studies should focus on utilizing tasks that involve equivalent
cognitive loads, in order to more accurately assess true differences between attentional
task modulation on the innate olfactory-visual functional connection dynamics.
Finally, though this study supported a clear effect of aging on this innate
olfactory-visual functional connection, with differential aging patterns observed between
men and women in a older, cognitively normal cohort, future research should involve a
middle-aged cohort in order to definitively determine the age range where these agerelated changes typically begin and if there are environmental, health, and/or other
factors that possibly promote or protect against such changes. In addition, future
studies should include screening procedures that take age-related changes in visual
performance into account, in order for proper investigation of the effect of normal
specifically in visual regions in olfactory-visual integration.

5.7 Summary
In summary, the findings of this dissertation uncovered many previously unknown
aspects of the innate functional connection between the olfactory and visual systems
using novel olfactory-visual fMRI association paradigms. First, Chapter 2 reinforced
that rapid olfactory-visual associative behavior could be achieved with the use of
neutral, non-lexical visual cues, via modulation of visual activation by olfactory
information, indicating that these olfactory-visual associations may be formed in an
innately, reflexive manner to aide in facilitation of odor naming processes. Furthermore,
lexical, semantically congruent, inherently multisensory visual cues were found to elicit
patterns of greater visual and language-related activation, mostly likely subserving an
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olfactory-visual-lexical integrative process that is further responsible for proper odor
identification and naming.
The findings of Chapter 3 indicate that these rapid olfactory-visual associations
may be formed via modulation of the visual system by olfactory information, regardless
of task context. This suggests a unique, intrinsic mechanism between the olfactory and
visual systems that provides odors an avenue to influence visual processing of stimuli,
regardless of which sensory cue is selectively attended to. This task-independent
mechanism allowing for an odorant to affect visual processing by allocating attention to
a visual object could significantly aide in odorant identification, thus highlighting the
importance of olfactory-modulated visual processing (30-32, 35, 37, 38, 161). Chapter
3 also supported that sensory attention tasks that require higher-order cognitive
processes could enhance the olfactory-visual functional connection, via increased topdown modulation of olfactory and visual processing.
Finally, Chapter 4 highlighted a significant effect of normal aging on the olfactoryvisual functional connection. However, differential patterns of decline were observed in
men and women, with women appearing to be more resilient to this effect. This is most
likely due to sex-dependent differences in olfactory network effective connectivity
profiles, with women possessing a possible compensatory mechanism that correlates
with their outperformance on olfactory tasks compared to men (204) and indicates
possible fundamental differences in how men and women generate the olfactory
percept.
In conclusion, though additional research is necessary to further delineate the
innate olfactory-visual functional connection in the human brain, this dissertation made
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significant strides in elucidating several unknown aspects of this under-researched
piece of brain function. Specifically, the effects of different types of visual cues, task
attention, and age and sex were investigated in the context of olfactory-visual functional
dynamics, revealing that each has a profound effect on this relationship.
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