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Modulation of Olfactory Perception by Visual Cortex
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When attempting to identify an object based on smell alone, people often visualize the perceived source of the odorant. This close
association between olfactory and visual functions is supported by neuroimaging studies demonstrating activation of visual cortex
during performance of purely olfactory tasks. Such activation might simply reflect the correlation between olfactory percepts and the
corresponding visual images, or it might reflect a causal contribution of visual processing to olfactory perception. Here we provide
evidence in support of the latter possibility. Using repetitive transcranial magnetic stimulation, we show that stimulating human visual
cortex improves performance on a task requiring discrimination among different odor qualities. No significant improvement is found for
tasks involving discrimination between intensities of the same odor, from stimulation of auditory cortex, or from “sham” stimulation.
These results are thus consistent with a specific visual cortical influence on high-level olfactory perception. They also demonstrate that
unimodal perceptual tasks are influenced by processing within cortical areas of other, seemingly unrelated, sensory systems.

Introduction

When presented with the smell of a strawberry, people often form
amental image of a strawberry. Analogously, neuroimaging stud-
ies have reported activation of visual cortical areas during the
performance of various purely olfactory tasks (Royet et al., 1999;
Qureshy et al., 2000; Zatorre et al., 2000; Dade et al., 2002). One
possible explanation for these visual-olfactory interactions is that
subjects decide upon the identity of the stimulus, based entirely
on processing within olfactory brain regions, after which they
visualize the corresponding object. In this case, visual cortical
activity would be correlated with olfactory perception, but it
would have no influence over the percept.

Alternatively, the visual cortex activation might reflect a pro-
cess by which activity in visual brain regions is incorporated into
the processing of the olfactory stimulus. For instance the process
of attempting to visualize the object associated with an olfactory
stimulus might improve the ability to identify that object. In that
case, experimental manipulations that influence visual cortex ac-
tivity would be expected to influence olfactory perception. Dis-
tinguishing between these two possibilities is important for
understanding the nature of cross-modal sensory processing:
Does activation of brain regions that are primarily dedicated to
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one sensory modality influence processing in other sensory
modalities?

One method of manipulating cortical activity is to use trans-
cranial magnetic stimulation (TMS) to introduce a small electri-
cal current in a targeted brain region. Previous work has shown
that repetitive application of TMS (rTMS) can affect brain activ-
ity and behavioral performance for time periods lasting from
several minutes to several hours (Huang et al., 2005; Tegenthoff
et al., 2005; Waterston and Pack, 2010). With respect to vision,
rTMS has been shown to improve performance on perceptual
tasks (Thompson et al., 2008; Waterston and Pack, 2010) and to
exert long-lasting effects on neuronal firing and synchrony (Pas-
ley et al., 2009). Thus rTMS provides an ideal method for testing
the hypothesis that visual cortical activation influences olfactory
perception.

Here we show that rTMS activation of early visual cortex
improves performance on a task that requires discrimination
among different odorants. No improvement is found following
stimulation of primary auditory cortex or for tasks that require
simply detecting the intensity of an odorant. These results are
thus consistent with a specific influence of visual cortical activa-
tion on a high-level olfactory task. More generally, these results
show that activation of an early sensory area can shape perfor-
mance on a relevant task in a different sensory modality.

Materials and Methods

Experiment 1—V-TMS

Participants. Twenty individuals (10 female; mean age 24) participated in
Experiment 1 involving visual and olfactory testing. All subjects were
naive as to the aims of the study and also as to which TMS coil was used
in a given session. Exclusion criteria included metal implants, prostheses,
family history of epilepsy or other neurological disorder, pregnancy, and
use of antidepressant medications. All subjects provided written and
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informed consent, and all aspects of the re-
cruitment procedures and experimental proto-
cols were approved by the Ethics Review Board
of the Montreal Neurological Institute.

rTMS stimulation. Sessions involving TMS
were performed using either a real TMS or a
“sham” TMS coil. For real TMS stimulation
over visual cortex (V-TMS), a Magstim Rapid 2
Air Film stimulating coil was used. Sham stim-
ulation (sham-TMS) used the Magstim Air
Film Placebo coil to replicate the feeling of
TMS while delivering only a very weak current
to the brain (<0.3T).
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Figure1. Experimental design. A, The Gabor patch, which was used as a stimulus in the visual testing sessions. Subjects had to

frequency continuous stimulation (Huang et al.,
2005). First, it provides longer-lasting effects,
which were necessary for olfactory testing; sec-
ond, it appears to provide more stable and reli-
able effects, as estimated from intersubject
variability; third, it requires relatively little time to
apply (~40 s), which reduces any discomfort experienced by subjects. Con-
sistent with these findings, our previous work has shown that theta burst
rTMS influences visual perception both more quickly and more reliably than
low-frequency (1 Hz) stimulation (Waterston and Pack, 2010). Because of
this latter result, we have used continuous theta burst here, despite the fact
that it was found in previous work to exert an inhibitory influence on motor
thresholds (Huang et al., 2005). The same study showed a facilitatory effect
of intermediate theta burst, but we have not explored this protocol in the
domain of visual perception.

For the regular TMS session, the coil was placed over V1 using the
inion as a starting point and then using phosphene detection in both
hemispheres. Similarly, the sham coil was placed using the inion as a
reference point. In both cases the coil was placed gently but securely
against the subject’s head; the coil housing was oriented so that it was flat
against the skull with the center point over the desired location. As the
connectivity between visual cortex and olfactory brain regions is not well
understood, we stimulated both hemispheres to maximize the possibility
of observing cross-modal interactions.

Visual stimuli and procedure. Subjects viewed the stimuli at a distance
of 57 cm from the display. Stimuli were generated using the Psychophys-
ics toolbox (Brainard, 1997; Pelli, 1997) and drawn on a HPA2717A CRT
monitor at a refresh rate of 75 Hz. Responses were collected using a
computer game pad with Matlab (MathWorks).

Subjects pressed a button on a keyboard to start each trial. The visual
stimulus was a Gabor patch (1.5° radius, 0.75 cycles/degree, 27 ms dura-
tion) presented at an eccentricity of 6° to the right of a central fixation
point (Fig. 1A). This location was chosen based on the eccentricity of
phosphenes in pilot studies and previous work using a similar setup
(Waterston and Pack, 2010). Subjects performed a two-alternative,
forced-choice task by indicating after each stimulus presentation
whether the Gabor patch was oriented vertically or horizontally (Fig.
1B). To modulate task difficulty, we varied stimulus contrast, after de-
termining each subject’s contrast threshold in preliminary testing. Con-
trast thresholds were obtained via a staircase procedure in which contrast
was decreased in increments of 0.1% after three correct trials and in-
creased by the same amount following one incorrect trial until a criterion
level of ~75% accuracy was reached. Subjects then performed 200 visual
trials at this fixed contrast. Subjects then received either no-TMS, the
sham-TMS or V-TMS, depending on the session. Next, subjects per-
formed 200 more visual trials at the same fixed contrast. In the no-TMS
session, a brief pause of approximately the same duration as it took to

many days of testing.

indicate whether it was oriented vertically or horizontally. B, Sequence of events during each trial of the visual testing sessions.
Subjects pressed a button to start the trial; after a delay they viewed the Gabor stimulus and then indicated their perceived
orientation. (, The sequence of events in an olfactory session. D, The sequence of sessions that were typically performed across

administer rTMS was introduced to mimic the other sessions. In addi-
tion, subjects received a 30 s break after each 40 trials to avoid eye strain.

Odor stimuli and procedure. Olfactory stimuli were delivered via the
Sniffin’ Sticks odor delivery kit (Hummel et al., 1997), which consists of
marker-like capped containers in which odorants at various concentra-
tions can be placed (Burghart MedizinTechnik). Subjects were blind-
folded for all olfactory testing.

Each olfactory testing session began with olfactory thresholding (de-
scribed below), after which we applied either real TMS, sham TMS or no
TMS. Subjects then performed the intensity discrimination task, which
was followed by the quality discrimination task (Fig. 1C). Both tasks are
described in detail below.

Odor quality discrimination task. Subjects were presented with three
iso-intense odors in random order, two being of identical quality and one
being of a different quality; the task was to identify which of the three was
of a different quality (described in detail by Lundstrém et al., 2008). The
odors in this task were all easily detectable and presented with an inter-
stimulus interval of 30 s between each triplet, using 16 repetitions of each
unique combination.

Perithreshold odor intensity discrimination task. As described in detail
previously (Lundstrém et al., 2008), we determined each subject’s olfac-
tory detection threshold for the odorant n-butanol, using a three-
alternative, forced-choice, seven reversals, staircase paradigm; the mean
of the last four reversals was used to estimate detection threshold. This
detection threshold value was subsequently used to set the baseline for
the perithreshold intensity discrimination test.

Following the threshold measurements, subjects completed trials in
which they were presented sequentially with two Sniffin’ Sticks contain-
ing the odorant n-butanol. One stimulus was always at the subject’s
detection threshold, and the other was one concentration step above or
below the threshold. Subjects were then asked to indicate which odor was
stronger. Each stimulus was presented for ~3 s with the second following
directly after the first. Each trial was separated by ~20 s with a total of 20
repetitions in each session.

Sessions. In Experiment 1, subjects participated in six primary sessions,
three for visual testing and three for olfactory testing (Fig. 1 D). The three
conditions for each modality were: (1) V-TMS stimulation, (2) sham-
TMS stimulation, and (3) a no-TMS control. Sessions were held with at
least one full day between them to eliminate any potential residual rTMS
effects. The first three sessions were devoted to visual testing, with the
first session involving a no-TMS control to familiarize the subject with
the visual discrimination task and to record a no-TMS baseline. The two
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subsequent sessions involved real or sham TMS, with the order alternat-
ing from one subject to the next.

The same sequence of sessions was used for olfactory testing (sessions
4-6). In each session, we initially determined the subject’s olfactory
threshold as described above, after which the subject received no-TMS,
regular TMS over V1 (left and right) or the sham-TMS over V1 (left and
right). This was followed by administration of the intensity discrimina-
tion task, a brief pause, and then the quality discrimination task. To avoid
practice effects and odor habituation, we did not administer the olfactory
discrimination tasks before the application of TMS. Thus, in the analysis
described above, the baseline for olfactory performance was taken from
the no-TMS session.

Experiment 2—auditory TMS

Fourteen of the original 20 subjects participated in Experiment 2, which
involved stimulation of auditory cortex (Al). Because of difficulties as-
sociated with retaining subjects over multiple sessions, no Al sham ses-
sions were performed. As with V-TMS sessions, we first determined
subjects’ olfactory thresholds before application of rTMS. Positioning of
the TMS coil over auditory cortex was accomplished using a procedure
described previously (Langguth et al., 2006). Briefly, the coil was placed
at the T3 position, and then moved ~2.5 cm upward along the T3-Cz line
and ~ 1.5 cm posterior, perpendicular to the T3-Cz line. The center of the
coil was just above the ear in the majority of subjects. Upon completion
of rITMS, subjects performed the olfactory tasks in the same manner and
in the same order as described above for Experiment 1.

Results

To examine the possibility that visual cortex activation influences
olfactory perception, we tested subjects’ olfactory perception be-
fore and after application of rTMS directed toward the visual
cortex, using an rTMS protocol that has previously been shown to
improve visual processing (Waterston and Pack, 2010). Because
rTMS modulates brain activity in the targeted area, it provides a
powerful test of the hypothesis that visual cortex activation mod-
ulates olfactory perception.

Influence of visual cortex rTMS on visual perception

To verify that rTMS modulated cortical processing, we first de-
termined how visual cortex rTMS affected visual perception. Spe-
cifically we asked subjects to indicate the orientation of a briefly
presented Gabor pattern (Fig. 1A). For each subject, stimulus
contrast was adjusted during preliminary thresholding so that
performance was ~75% correct. Subjects then performed 200
trials at threshold contrast before and after the application of
bilateral theta burst stimulation (Waterston and Pack, 2010) (the
V-TMS condition). In a separate session, subjects took part in
control experiments involving “sham” TMS, which replicated the
feeling of rTMS stimulation without the application of any cur-
rent. Additionally, as a baseline measure, we tested subjects on a
condition in which no TMS was applied.

Figure 2 shows the results of these visual testing sessions for all
20 subjects. Each point corresponds to the percentage of correct
responses for one subject before and after the application of
rTMS (or in consecutive blocks for the no-TMS condition).
Across subjects, the mean change in visual discrimination perfor-
mance was 0.1% (SD #£5.3) for the no-TMS condition, 2.3%
(SD *4.9) for the sham-TMS condition, and 5.5% (SD *5.7) for
the V-TMS condition.

A repeated-measures ANOVA revealed a significant difference in
visual discrimination performance across sessions (F, o, = 5.57,
p = 0.017), and subsequent linear Scheffe’s post hoc tests yielded
asignificant difference between the V-TMS and the no-TMS con-
ditions (p = 0.012), as well as between the V-TMS and the sham-
TMS conditions (p = 0.037). No significant difference was found
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Figure2. Performance on the visual task for the No TMS (A), Sham TMS (B), and V-TMS (C)
sessions. Plots show pre-TMS performance against post-TMS performance. Average improve-
ments for following the TMS condition are 0.1%, 2.3%, and 5.5% for No TMS, Sham TMS, and
V-TMS.

between the no-TMS and sham-TMS conditions (p = 0.301).
Importantly, only the change in percentage correct following real
TMS was significantly different from zero, as assessed with sepa-
rate one-sample Student’s ¢ tests (f,9) = 4.28, p < 0.001). To
account for any improvements due to practice effects, we used the
change in percentage correct from the no-TMS session as a base-
line measure of improvement within a session; this value was
subsequently subtracted from those obtained in the sham- and
V-TMS sessions. Only the V-TMS minus no-TMS change in per-
centage correct was significantly different from zero (Fig. 3), as
demonstrated with a one-sample Student’s t test (o) = 2.79, p =
0.012).

We also verified that performance was stable within each ses-
sion by comparing performance on the first and second 100 psy-
chophysical trials with a paired-samples Student’s ¢ test. We
found no difference between these two blocks of trials (t,4) =
0.519, p > 0.608), indicating that the improved perceptual per-
formance began rapidly after stimulation and lasted for many
minutes thereafter (Huang et al., 2005; Waterston and Pack,
2010).

Influence of visual cortex rTMS on olfactory quality
discrimination

The previous results demonstrate that our rTMS protocol mod-
ulates visual cortical activity. The second phase of the experiment
involved testing whether the same stimulation could modulate
olfactory perception. To examine this possibility, we tested olfac-
tory perception in the same 20 subjects under conditions that
were analogous to those used in the visual testing sessions. Sub-
jects participated in three sessions (no-TMS, sham-TMS and
V-TMS) in which they were probed on an olfactory perithreshold
intensity discrimination task and an olfactory quality discrimina-
tion task. The intensity discrimination task requires subjects to
identify which of two stimuli has the stronger concentration of a



3098 - J. Neurosci., February 29, 2012 - 32(9):3095-3100

single target odor (n-butanol). This task is
thought to probe absolute stimulus sensi-
tivity by requiring subjects to assess the
strength of an odorant based on instanta-
neously available information. On the
other hand the quality discrimination task
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requires subjects to discriminate the odd
odor from a group of three stimuli. Con-
sequently it is considered a higher order
olfactory task, as it demands the forma-
tion of a quality representation and its
maintenance in working memory. Thus,
while both tasks probe discrimination
performance, we reasoned that the quality
discrimination task might be more sus-
ceptible to the cognitive processes associ-
ated with multimodal integration.

We first analyzed our results with a
repeated-measures ANOVA on the ab-
solute percentage correct across the three TMS conditions;
this demonstrated a significant effect of session (F, ;4 = 3.78,
p < 0.033). Pairwise analysis of the olfactory discrimination
task yielded a significant difference only between performance
during the V-TMS and no-TMS conditions (p < 0.035), with
a statistical tendency toward an effect on performance be-
tween the V-TMS and sham-TMS sessions (p = 0.088) (Fig.
3). As in the visual task, we sought to eliminate practice effects
by subtracting the change in performance during the no-TMS
from the results of the V-TMS and sham-TMS sessions. rTMS
over the visual cortex increased the ability of subjects to dis-
criminate between odor qualities by an average of 10.92%
(SD £21.37), compared with a 3.98% (SD *14.61) increase
for the sham-TMS condition. Separate paired-sample Stu-
dent’s f tests demonstrated that the improvement in odor
quality discrimination following rTMS was significantly dif-
ferent from no-TMS (#,4) = 2.28, p = 0.034), whereas the
performance increase following sham-TMS was not signifi-
cantly different from no-TMS (t,4) = 1.22, p = 0.239).

Change in % Correct
CHOAANONARNRONSO

Figure 3.

TMS condition.

Influence of visual cortex rTMS on perithreshold odor
intensity discrimination

In contrast, the intensity discrimination task yielded no signifi-
cant difference in performance across the three TMS sessions, as
demonstrated by a repeated-measures ANOVA (F, 4y = 1.29,
p = 0.288). Performance on the intensity discrimination task
changed by an average 0of 2.5% (SD *16.4) following V-TMS and
—3.5% (SD *15.7) following sham-TMS relative to the no-TMS
condition. These baseline corrected values were not significantly
different from zero (Student’s ¢ tests, ¢, = 0.681, p = 0.504 and
tagy = —0.995, p = 0.332 respectively; Fig. 3). Thus, rTMS of
visual cortex improved olfactory perception in a task-specific
manner.

Influence of auditory cortex rTMS on olfactory perception

To assess the specificity of the effect of V-TMS on olfactory
discrimination, we repeated both the quality and intensity
discrimination tasks with 14 of the subjects in a condition in
which stimulation was directed toward primary auditory cor-
tex (A1) (Langguth et al., 2006). The results of this auditory
TMS (A-TMS) protocol are shown in Figure 3. As with the
V-TMS condition, Al stimulation had little effect on perfor-
mance on the olfactory intensity discrimination task, as shown
by a Student’s one sample ¢ test (mean change —0.71%; t(,5, =

Visual Discrimination

o

Quality Discrimination Intensity Discrimination

Baseline corrected values for the visual task (orientation discrimination), the olfactory quality discrimination
task, the olfactory intensity discrimination task, and the A-TMS study. Bars indicate SEM, and asterisks indicate significance
atthe p << 0.05 level. Sham TMS, real TMS (V-TMS), and A-TMS are baseline corrected by subtracting the result of the No

—0.172, p = 0.866, Fig. 3). Similarly, no improvement was
found following A-TMS on the olfactory discrimination task,
and in fact, performance appeared to decrease (mean change
—9.82%), although this change was not significant (¢,5, =
—1.501, p = 0.157). Thus the effects of rTMS appear to be
specific to the site of the stimulation. Consistent with this idea,
a repeated-measures ANOVA of the baseline corrected data
indicated a significant difference on the quality discrimination
task between the V-TMS and A-TMS conditions (F; ;3 =
6.12, p = 0.028).

Discussion

We have shown that rTMS of early visual cortex influences
olfactory perception. Specifically, we found a post-rTMS im-
provement in performance on a task requiring subjects to
discriminate between odor qualities, and not on one requiring
comparison of different intensities of the same odor. Sham
rTMS did not yield any consistent improvements on either
olfactory task. Similarly, there was no improvement on either
olfactory task following rTMS of primary auditory cortex.
These results are thus consistent with the idea that visual cor-
tex activity exerts a specific influence on olfactory perception.
More generally they provide a causal demonstration of the
notion that visual representations are important for the for-
mation of an odor quality percept.

Comparison to prior work

Several groups have previously reported that rTMS of visual
cortex can improve performance on visual perceptual tasks
(Thompson et al., 2008; Waterston and Pack, 2010; Tadin et al.,
2011). In these studies, as in the current work, the effects of TMS
were not specific to any particular stimulus, but rather, they ap-
pear to modulate cortical activity that was already present in
response to the specific stimulus shown on a given trial. Mecha-
nistically, rTMS might increase the amplitude of an existing vi-
sual representation, perhaps through disinhibition (Tadin et al.,
2011), or it might reduce noise that impairs stimulus discrimina-
tion (Waterston and Pack, 2010). Either of these mechanisms
could improve the fidelity of visual representations, and in the
process contribute to cross-modal interactions that rely on
vision.

Previous studies of the relationship between vision and
olfaction have demonstrated that an odorant can draw visual
attention to the semantically correspondent object in a com-
plex visual scene (Seigneuric et al., 2010; Seo et al., 2010a,b)
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and that visual objects can modulate the neural processing of
odors (Gottfried and Dolan, 2003; Seo et al., 2010a,b). Simi-
larly, visual perception in a binocular rivalry task is dominated
by the image that is associated with a simultaneously pre-
sented odorant of the same semantic quality (Zhou et al,,
2010). In these experiments the semantic identity of the stim-
ulus was crucial to the visual-olfactory interaction, supporting
the notion that quality discrimination is a higher-order olfac-
tory task.

There has been little previous work on rTMS and cross-modal
interactions. In blind subjects visual cortex TMS interferes with
both Braille reading and general tactile perception (Zangaladze et
al., 1999; Kupers et al., 2007). However, it is difficult to compare
studies using blind subjects to those using sighted subjects, as
visual cortex in blind subjects is often sensitive to inputs from
other modalities (Ptito et al., 2008).

Possible anatomical basis of visual-olfactory crossmodal
interaction

Recently it has been suggested that, whereas the piriform cor-
tex processes the initial stage of the formation of an odor
quality percept (Lundstrom et al., 2011), the orbitofrontal
cortex (OFC) is responsible for the final quality decision. Of
particular relevance to the present work is a neuroimaging
study (Savic et al., 2000) demonstrating that the OFC was
activated during an odor quality discrimination task and not
during an odor intensity discrimination task. Similarly, sub-
jects with damage to the OFC are impaired at olfactory dis-
crimination, but have normal olfactory detection (Zatorre and
Jones-Gotman, 1991). These results are consistent with the
general pattern of rTMS results reported here (Fig. 3), suggest-
ing OFC as a possible substrate for integration of visual and
olfactory stimuli (Rolls et al., 1996). Given the seemingly long-
lasting effects, this idea could be investigated by means of
neuroimaging techniques to probe OFC activity before and
after rTMS of the visual cortex.

Exactly how the visual cortex might influence processing in
OFC is unknown. At present no monosynaptic connections be-
tween these regions are known to exist, and to date, few neuro-
imaging studies have explored the interaction of visual and
higher-order odor perception. Thus the “feedforward” anatom-
ical route that connects the visual cortex to higher-order olfac-
tory perception is unknown, and indeed, our results are equally
consistent with a “feedback” modulation of information from
OFC to visual cortex.

Limitations of the present study
One possible explanation for our results is that rTMS of oc-
cipital cortex inhibits visual cortex activity, freeing up atten-
tional resources so that the subject can focus on olfactory
perception. Indeed, there is some evidence that our rTMS
protocol is inhibitory (Huang et al., 2005), and competition
across modalities is a well known phenomenon (Tellinghuisen
and Nowak, 2003; Lavie, 2005). We consider this account to be
unlikely for two reasons. First, the same rTMS protocol ap-
plied to auditory cortex did not improve olfactory perception
(Fig. 3), indicating that generalized intermodality competi-
tion is unlikely to provide an explanation for our findings.
Second, we blindfolded our subjects during performance of
the olfactory tasks, so that there was little external visual input
in any olfactory condition.

We have interpreted our results as evidence that that V-TMS
has an effect on higher order olfaction. However, an alternative
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interpretation is that V-TMS might improve performance on
higher order processing in general. Indeed, if V-TMS influences
processing in OFC, one might expect modulation of performance
in other domains in which OFC has been implicated, such as
gustatory or somatosensory tasks (Rolls et al., 1996). More gen-
erally it is conceivable that V-TMS might even influence other
cognitive tasks, such as language comprehension. Finally it is
possible that cross-modal interactions could be evoked following
purely sensory stimulation, rather than TMS, as recent work has
shown long-lasting perceptual changes following high-frequency
visual stimulation (Beste et al., 2011). These interesting possibil-
ities await further testing.
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