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Specific odors can induce memories of the past, especially those associated with
autobiographical and episodic memory. Odors associated with autobiographical
memories have been found to elicit stronger activation in the orbitofrontal cortex,
hippocampus, and parahippocampus compared with odors not linked to personal
memories. Here, we examined whether continuous odor stimuli associated with
autobiographical memories could activate the above olfactory areas in older adults and
speculated regarding whether this odor stimulation could have a protective effect against
age-related cognitive decline. Specifically, we used functional magnetic resonance
imaging to investigate the relationship between blood oxygen levels in olfactory
regions and odor-induced subjective memory retrieval and emotions associated with
autobiographical memory in older adults. In our group of healthy older adults, the
tested odors induced autobiographical memories that were accompanied by increasing
levels of retrieval and the feeling of being “brought back in time.” The strength of the
subjective feelings, including vividness of the memory and degree of comfort, impacted
activation of the left fusiform gyrus and left posterior orbitofrontal cortex. Further, our
path model suggested that the strength of memory retrieval and of the emotions induced
by odor-evoked autobiographical memories directly influenced neural changes in the left
fusiform gyrus, and impacted left posterior orbitofrontal cortex activation through the left
fusiform response.

Keywords: autobiographical memory, functional magnetic resonance imaging, fusiform gyrus, odor, older adults,
orbitofrontal cortex

INTRODUCTION

Specific odors can induce autobiographical memories (AM-odor), which are accompanied by the
visual experience of a spatial and emotional scene, feelings of “being brought back in time” to a
moment in the past, heightened emotional arousal, and the sensation of comfort (Willander and
Larsson, 2006). Compared with other sensory input such as auditory and visual cues, memory
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retrieval induced by a specific odor can induce powerful visual
imagery (Herz, 2004). Brain imaging studies have indicated that
AM-odors activate the hippocampus (HI) and amygdala (AMG)
(Herz, 2004; Masaoka et al., 2012a), and in younger individuals,
the posterior orbitofrontal cortex (POFC) as well (Watanabe
etal,, 2018). Because olfactory information is directly transmitted
to the piriform cortex, AMG, and entorhinal cortex (ENT), that
is, centers of emotion and memory processing, olfactory input to
these areas is directly associated with individual emotional past
experiences (Herz and Cupchik, 1992; Masaoka et al., 2012a).
The information finally converges in the OFC, which plays a role
in olfactory identification and conscious awareness of emotions.
Indeed, the level of OFC activation elicited by an AM-odor might
be associated with the strength of a particular memory, with
parallel activation of the para-HI (Watanabe et al., 2018).

The left POFC plays a role in reward processing (Breiter
etal.,, 2001) and motivation (Roberts et al., 2016). Consequently,
activation of the POFC by an AM-odor might influence
subsequent behavior or cognition, especially in older adults with
declining cognitive function and/or olfactory ability. Olfactory
ability is known to decline with age (Doty, 1989). In addition
to age-related decline, olfactory impairment has been reported
as a first sign of mild cognitive impairment (MCI) (Roberts
et al., 2016) and is observed in patients with Alzheimer’s disease
(Doty, 1989; Hawkes, 2003). Such olfactory impairment may
be caused by pathological changes, including the accumulation
of senile plaques and neurofibrillary tangles, which appear first
in the HI and AMG (Mesholam et al., 1998). These areas
are critical for functions of memory retrieval and reaction of
emotion. Consequently, episodic memory function declines as
people age (Park et al., 1996), and autobiographical memory
has been found to be impaired in patients with Alzheimer’s
disease (Fromholt and Larsen, 1991). In one study that used
facial expression stimuli in an emotion recognition task, older
people exhibited poorer emotion recognition performance than
younger individuals (Grainger et al, 2017). Thus, emotion
recognition may be an index of social function, and appears to
decline with age. Given the observed age-related decreases in
olfactory ability, memory, and social function, the stimulation
of emotions and memory via olfaction might decrease the
rate of cognitive change in older adults. Specifically, an odor
associated with an autobiographical memory might stimulate
emotion and memory retrieval, with corresponding activation of
the AMG, HI, and OFC.

To test this hypothesis in the present study, we had
two research objectives. First, we examined the brain areas
associated with AM-odor in older adults. If specific odors
are strongly linked to episodic and emotional memories, then
exposure to these odors may enhance neural responses in
specific areas of the brain. By setting these specific brain
areas as regions of interest, we examined whether connectivity
existed between these areas using psychological interaction
analysis (PPI) (Friston et al, 1997). Second, we used path
analysis to test how the identified brain areas interacted
with subjective scale scores, thus enabling us to create a
network model including subjective memory and emotions
induced by odor.

MATERIALS AND METHODS

Participants

The study participants comprised 30 older adults who were
living independently and had self-reported memory loss and
mild cognitive deficits. All subjects were recruited from the
Meguro Human Resource Center, Tokyo Japan. An experienced
neurologist assessed the subjects using the Japanese version of
the Montreal Cognitive Assessment (MoCA-]) (Nasreddine et al.,
2005). All participants had normal cognitive function (25.5 + 2,
indicated in Table 1; Fujiwara et al., 2010). No participants had
a personal history of seizures or head injury, or a diagnosis of a
neurological or psychiatric disorder.

We excluded two subjects with cerebral infarction and one
subject with a history of subarachnoid hemorrhage. Accordingly,
27 subjects underwent magnetic resonance imaging (MRI). Of
these, two subjects were excluded because of technical issues
and one resigned during the scanning processes because of
discomfort. Thus, the final sample included 24 subjects. All
30 initial subjects took part in experimental sessions on two
separate days. On the 1 day, we conducted interviews to
determine medical history, olfactory ability, and cognitive ability,
and conducted pre-testing to enable odor selection. On the
2 day, which took place 2 weeks after the 1 day, 27 subjects
underwent MRI scanning.

All experiments were conducted in accordance with the
Declaration of Helsinki https://www.wma.net/policies- post/
wma- declaration- of-helsinki-ethical- principles- for- medical-
research-involving-human-subjects/. The study was approved by
the Ethical Committees of Showa University School of Medicine,
and all participants provided written informed consent prior
to participation.

Olfactory Ability

We used the T&T olfaction test (Takasago International
Corporation, Tokyo, Japan) to measure olfactory detection
and recognition levels. This test is often used in the field
of otolaryngology to test the ability to detect (able to smell)
and recognize (identification or naming of odor) and is well
correlated with the Pennsylvania Smell Identification Test
(Kondo et al., 1998). The detailed methods are given in previous
studies (Watanabe et al., 2018).

TABLE 1 | Demographic data of older adult participants.

Total (M/F), No. 24 (Female, 12/Male, 12)

Age, y 74.4 £0.7
Handedness Right, 22, Left, 2
Years of education 139+ 25
MoCA-J 2565 +2
Olfactory detection 0.93 +£0.74
Olfactory recognition 295+1.5

MoCA-J, Japanese version of the Montreal Cognitive Assessment.
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Pre-testing for Odor Selection

During the pretest interviews on the first experimental day,
we tested five odors to determine whether they would induce
autobiographical memory in the participant group. The odors
were tatami (Japanese straw mat), osmanthus flower, baby
powder, citrus, and incense. These were the five odors that
induced the strongest autobiographical memories in a previous
study in which 30 volunteers were asked to describe memories
and rate the level of emotions evoked by the stimuli (Masaoka
et al,, 2012b). In the present study, all of the participants were
asked to describe the memories evoked by the five odors and
to rate the strength of the associated emotions. The odors
were presented in a randomized order. The participants were
exposed to each odor, and then asked to complete the following
questions:

(1) Does this odor elicit a specific memory associated with a
person, place, or event?

(2) Which age was associated with the memory induced by the
odor (younger than 10 years old, teenage years, 20s, 30s,
40s, 50s, 60s, and 70s)?

(3) Rate the degree of pleasantness felt when recalling the
memory induced by the odor and the memory context
(1 = very unpleasant; 5 = very pleasant).

(4) Rate the vividness of the memory context (1 = not at all
strong; 5 = extremely strong).

(5) How strong was the feeling of being “brought back in
time” to the occurrence of the event (1 = not at all strong;
5 = extremely strong)?

(6) How emotionally intense was the memory related to the
odor (1 = not at all strong; 5 = extremely strong)?

Of the five odors, the one that induced the most powerful
autobiographical memory for each participant was used as the
AM-odor for that individual. As in a previous study, f-phenyl
ethyl alcohol was used as a control odor (Masaoka et al., 2012a,b;
Watanabe et al., 2018). The previous study reported that the odor
of B-phenyl ethyl alcohol was similar to that of a rose odor, had
the characteristics of a “normal odor;,” and did not induce memory
retrieval but had the same level of pleasantness as one of the
AM-odors (Masaoka et al., 2012b; Watanabe et al., 2018).

Imaging Data Acquisition

All imaging protocol were the same as in the previous study
(Watanabe et al, 2018). MRI scanning (3 Tesla Magnetom
Trio scanner, Siemens, Erlangen, Germany) was conducted
at Ebara Hospital, Tokyo, Japan, and sessions took place
between 6 and 8 pm on Mondays after a brief clinical
examination. The scanner had a 32-channel head coil, and
functional imaging was acquired with multiband accelerated
gradient-echo echo planar imaging. To increase the temporal
resolution, four slices were acquired simultaneously. The
fMRI time series comprised 330 whole-brain volumes/session,
each comprising 39 axial slices (matrix: 80 x 80; TR:
1 s; TE: 27 ms; FOV: 16-22 cm, thickness: 2.5 mm; flip

angle: 90°). Anatomical MRI was also acquired using 3D-
magnetization-prepared rapid-acquisition-by-gradient-echo T1-
weighted sagittal sections.

Statistical analysis for the fMRI data was performed using
statistical parametric mapping (SPM12) software (Wellcome
Department of Cognitive Neurology, London, United Kingdom).
The software was implemented in MATLAB (R2013B; Math
Works Inc., Natrick, MA, United States) on a computer running
Mac OS X Yosemite. We performed image pre-processing
including motion correction, co-registration of functional and
structural images, normalization, physiological noise correction
(SPMS, Drifter Toolbox), and spatial smoothing with a 6-mm
FWHM Gaussian filter.

fMRI for Olfaction

The odor stimuli were delivered using the same custom-designed
MRI-compatible system that has been previously described
(Masaoka et al., 2014; Watanabe et al., 2018). The system delivers
an odorant when the participant breathes in through a nose
mask (ComfortGel Blue Nasal Mask 1070038, medium size,
Philips Respironics, PA, United States). Each subject wore a
nose mask fitted with a one-way valve unit that comprised a
valve for inspiration and a valve for expiration. The inspiration
valve was attached to three balloon valves, each of which was
attached to an odor cassette. The odor cassettes contained the
AM-odor, the control odor, and no odor, respectively. The
inflation and deflation of the balloon controlled the outside
scanner, and when the balloon valve was opened, the odor was
delivered to the subject via their force of their own inspiration
through the odor cassette. Respiratory rate and cardiac output
were measured by a respiratory pressure sensor in the nose
mask and a photoplethysmogram transducer (TSD200-MRI
and PPG100C-MRL Bio Pac, LA System, Japan), respectively.
End-tidal CO, was constant throughout the experiment (no-
odor baseline, 4.5 £ 0.05, control odor, 4.6 + 0.02, AM-odor,
4.62 £ 0.03, measured with an O, and CO; Analyzer, Acro
System, Chiba, Japan). Respiration, cardiac output, and end-
tidal CO, data were stored in LabChart on PowerLab (ML846,
AD Instruments, Aichi, Japan), and respiration and cardiac data
were used to eliminate physiological noise in the preprocessing
of the fMRI data.

As in our previously report, we conducted two fMRI
sessions for each participant, one in which the AM-odor
was interspersed with unscented air (no-odor baseline), and
one in which the control odor (rose) was interspersed with
unscented air (baseline). Each session comprised five unscented
and five scented 30-s blocks. We designed our study to have
30-s presentations of scented and unscented air to minimize
adaptation to the olfactory stimuli.

Subjective Data Analysis

We compared scores on subjective scales measuring the degree
to which the stimuli were perceived as pleasant and comfortable,
as well as the arousal level, vividness of the memory, level of
memory retrieval, and the degree to which the participant felt
“brought back in time” between the AM-odor and control odor
via non-parametric Mann-Whitney tests.
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fMRI Data Analysis

We generated SPM contrast images (first-level) by comparing the
AM-odor and no-odor baseline condition, and the control-odor
and no-odor baseline condition. At the group level for whole
brain analysis, we performed one sample t-tests for the AM-
odor vs. no-odor baseline and control odor vs. no-odor baseline
comparisons. For this analysis, we applied voxel-wise correction
with P < 0.05 and family-wise error (FWE) correction for the
whole brain volume. We inferred the difference between the
AM-odor and control odor conditions using a paired t-test
within the whole brain mask and corrected multiple comparisons
(FWE-corrected p < 0.05) based on minimum cluster-extent
thresholds estimated using the AlphaSim (AFNI; National
Institutes of Mental Health, Bethesda, MD, United States)
permutation procedure. Cluster-extent probability distributions
were estimated based on 1,000 permutations of simulated
Gaussian noise with a spatial smoothness of 9.2, 9.1, and 8.9
within the analysis mask. The permutation procedure resulted in
a minimum required cluster-threshold of 3,821 voxels.

For exploratory analysis, we conducted psychophysiological
interaction (PPI) analysis with SPM 12 to investigate the
functional connectivity between activated areas. As in our
previous report, the posterior orbitofrontal cortex (POFC) was
activated during the AM-odor trials, so the voxels corresponding
to this region (MNI coordinates: x = —38, y = 22, z = —10, sphere
6 mm) were set as voxels of interest. Then, we performed PPI
analysis to explore the functional connectivity between the left
POFC and all other voxels. PPI analysis was first performed for
individuals, and then the resulting contrast images were entered
into a group analysis with a one sample t-test for testing AM-
odor > no-odor baseline and control-odor > no-odor baseline
comparisons across the whole brain. For all of the above analyses,
a FWE-corrected P < 0.05 was applied.

Then, we investigated how the subjective scales of comfort,
vividness, level of memory retrieval, and level of being “brought
back in time” interacted with the activation level of the target
areas. The activation areas that were statistically significant
in the fMRI analysis and PPI analysis were the left POFC
and left fusiform gyrus. We conducted path analysis to
examine the causal connections between the BOLD signal
of the left POFC, that of the left fusiform gyrus, and the
subjective scale scores.

Raw mean BOLD signals were extracted from a 10-mm sphere
at the MNI coordinates x = —38, y = 22, z = —10 (left POFC)
and x = —20, y = —66, z = —14 (left fusiform gyrus) for AM-
odor PPI. For this analysis, we used the MarsBaR ROI toolbox
(SPM 8),! and entered the data into SPSS Statistics (IBM SPSS
Statistics, Version 23.0, IBM Corp, Armonk, NY, United States).
Before the path analysis, a number of analyses were performed
to refine the model. We determined the Pearson correlations
between the BOLD signals from the left POFC, the left fusiform
gyrus, and the scores on the subjective scales, and conducted a
multiple regression with interaction analysis.

Path analysis is similar to multiple regression analysis
except that path analyses can be used to estimate the

Uhttp://marsbar.sourceforge.net

relative importance and significance of hypothesized causal
connections between sets of variables. The statistical significance
of the path coefficients was determined using a function
in a structural equation modeling (SEM) program (IBM
SPSS Statistics Amos, Version 23.0, IBM Corp, Armonk,
NY, United States). Because our purpose was to create a
causal model with observed variables, we employed path
analysis instead of SEM, which takes into account the effect
of latent variables on observed variables. We assessed the
path model variability according to the goodness of fit index
(GFI) and the Bollen-Stine bootstrap method. A GFI close
to 1 and a Bollen-Stine bootstrap P value >0.05 were
adopted for the model.

RESULTS

Demographic Data and Subjective

Scales

Demographic data are given in Table 1. We confirmed that
the olfactory detection and recognition scores were all in the
normal range for older adults based on the data with that
from age-matched patients with neurodegenerative disorders
from our previous report (Masaoka et al., 2013). There was an
equal amount of participants of each sex (men, 12, women, 12).
A comparison between the AM-odor and control odor (Figure 1)
indicated that the AM-odor significantly increased ratings of
comfort (z = —2.1, P < 0.05), vividness (z = —2.52, P < 0.01),
level of memory retrieval (z = —2.9, P < 0.001), and level of
being “brought back to the past” (z= —0.32, P < 0.001) compared
with the control odor. There were no differences in the degree of
pleasantness (z = —0.56, P = 0.57) or arousal level (z = —1.84,
P =0.06) between the AM-odor and control odor trials.

fMRI Results

In the AM-odor > no-odor baseline comparison, the AM-odor
trials had activation in the left POFC, right inferior frontal
cortex, and bilateral fusiform gyrus (Figure 2 top left and
Table 2A). In the control odor > no-odor baseline trials, we
observed activation in the bilateral fusiform gyrus (Figure 2
top right and Table 2B). When comparing the AM-odor
and control odor trials, the AM-odor significantly activated
the left POFC compared with the control odor at corrected
significance thresholds corresponding to the whole-brain mask
(FWE-corrected p < 0.05) (indicated peak cluster in Figure 2
bottom and Table 2C, other cluster indicated in Supplementary
Figure 1). The PPI analysis confirmed that activation of the
left POFC area was associated with increased connectivity with
the areas surrounding the left POFC, right POFC, and bilateral
fusiform gyrus in the AM-odor trials, and that this was especially
the case for the left fusiform gyrus (Figure 3). In the control odor
trials, the left POFC appeared to be positively connected with the
right POFC and the areas surrounding the bilateral POFC but not
specifically the left fusiform gyrus. All cluster sizes, z scores, MNI
coordinates, and brain regions associated with the PPI analysis
are given in the Supplementary Table 1.
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FIGURE 1 | Comparison of subjective scale scores between trials with a control odor and those with an odor associated with an autobiographical memory (AM).
*P < 0.05, P < 0.01, ™P < 0.001.

Path Analysis

According to above results, we analyzed the data from
the left POFC and the bilateral fusiform gyrus using the
following path analysis.

To investigate how the BOLD signals at the left POFC and the
fusiform gyrus interacted with the subjective scales, we first tested
our hypothesis. BOLD signals were extracted from the left POFC
and the left fusiform gyrus in the AM-odor and control odor
trials. Before the path analysis, we conducted Pearson correlation
and multiple regression analysis to examine the relationship
between each area in which we observed BOLD signal and the
subjective scale scores. The statistical results of these correlation
analyses are given in Supplementary Table 2 (AM-odor) and
Table 3 (control-odor). In brief, in the AM-odor trials, we
observed correlations between the BOLD signal in the left POFC
and that in the left fusiform, and between the BOLD signal in the
left fusiform gyrus and the level of memory retrieval and level
of being “brought back in time.” The level of memory retrieval
was correlated with the degree of comfort, vividness, and the level
of being “brought back in time” (all P < 0.01). In the control
odor trials, there was no correlation between activity in the left
POEFC, activity in the left fusiform gyrus (P > 0.05), and the
subjective scale scores. The multiple regressions with interaction
analysis revealed a significant interaction between the AM-odor

and control odor trials in terms of the relationship between the
left fusiform BOLD signal and the level of memory retrieval
(B =072, t =196, P < 0.05), and between the left fusiform
gyrus BOLD signal and the level of being “brought back in time”
(B =071,t =195 P < 0.05) (Supplementary Figure 2). We
observed no interaction for the relationships between activity in
the left fusiform gyrus and vividness ( = 0.5, f = 1.6, P = 0.1) or
degree of comfort (§ = 0.9, t = 1.68, P = 0.09).

For path analysis, we first tested the full model including the
path between the following variables: the left POFC, left fusiform
gyrus, memory retrieval, degree of comfort, vividness, and level
of feeling “brought back in time” for each the AM-odor and
control odor trials.

After eliminating non-significant paths, we determined the
final path to have a GFI value of 0.9 with the Bollen-Stine
bootstrap method, p = 0.24. Figure 4 shows the path diagram
with a significant direct path for AM-odor. All statistical details
are given in Table 3. The degree to which the participant felt
they had been “brought back in time” had a significant path to
memory retrieval (r = 0.8, P < 0.0001). Further, memory retrieval
impacted the left fusiform gyrus (r = 0.44, P < 0.05), and the
left fusiform gyrus had a direct path to the left POFC (r = 0.69,
P < 0.0001). In terms of covariances, we found a correlation
between the degree of comfort and the level of feeling “brought
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FIGURE 2 | Top: Neural correlations in AM-odor (AM-odor > no-odor
baseline, left) and control odor (Control odor > no-odor baseline, right) trials.
Bilateral fusiform gyrus activation was common for both odors. Both results
corresponded to FEW-corrected P < 0.05. We used P < 0.001 with 3,000
voxels for visual purposes. Bottom: The AM-odor significantly activated the
left POFC compared with the control odor (bottom) at corrected significance
thresholds corresponding to the whole-brain mask (FWE-corrected p < 0.05)
(indicated peak cluster). L, left; R, right.

back in time” (r = 0.61, P < 0.05), between the degree of comfort
and vividness (r = 0.74, P < 0.01), and between the level of feeling
“brought back in time” and vividness (r = 0.8, P < 0.01). The
other scales of pleasantness and arousal level were not statistically
significant in the direct path results, and we found no significant
direct path from the left POFC to pleasantness (r = 0.34, P = 0.08).
However, given that the POFC was previously associated with
pleasant emotion (Gottfried et al., 2002), we expected to find an
indirect path from the variables.

Figure 5 shows the same diagram as in Figure 4 but includes
the significant indirect path of AM-odor. The statistical results of
the indirect path are given in Table 4. The level of vividness had
an indirect effect on activity in the left fusiform gyrus through
memory retrieval (blue dotted line). Further, the level of vividness
was connected via an indirect path to the left POFC through
memory retrieval and activity in the left fusiform gyrus (orange
dotted line) and also had an indirect effect on pleasantness
through memory retrieval, activity in the left fusiform gyrus,
and activity in the left POFC (purple dotted line). The degree
of memory retrieval had an indirect effect on activity in the
left POFC through the left fusiform gyrus (green dotted line),
and impacted pleasantness through the left fusiform and the left
POFC (pink dotted line). Activity in the left fusiform gyrus also
had an indirect effect on pleasantness through the left POFC (pale
blue dotted line).

For the control odor, we found an direct path between
the subjective scale scores but no significant direct or indirect

TABLE 2 | Contrast fMRI data.

A: AM odor > no-odor baseline

Peak voxel coordinate

Cluster Z scores X y z Regions
6 4.94 —24 —94 -8 L. fusiform
4 4.98 —-18 —76 —-18 L. fusiform
4 4.98 -28 22 -8 L. POFC
2 5.04 56 20 2 R. inferior frontal cortex
1 5.01 42 —62 —-30 R. fusiform
B: Control odor > no-odor baseline
Peak voxel coordinate
Cluster Z scores X y z Regions
14 5.04 -8 —-82 —-10 L. fusiform
10 4.96 26 —-90 -2 R. fusiform
7 4.93 -18 —94 —6 L. fusiform
C: AM odor > Control odor
Peak voxel coordinate
Cluster Z scores X y z Regions
4391 3.27 -36 21 -9 L. POFC
3.2 —36 40 -4 L. inferior frontal
3.2 —42 26 -8 L. inferior frontal

POFC, posterior orbitofrontal cortex; L, left; R, right.

path to the left fusiform gyrus (Supplementary Figure 3 and
Supplementary Table 4).

DISCUSSION

In this study, we examined the relationship between activity in
different brain regions and subjective emotional scale scores for
acquired odors via functional imaging of the left POFC and the
left fusiform gyrus during olfactory memory scanning sessions.
We found that activation of the left POFC was associated with
increased connectivity with the left fusiform gyrus, and path
analyses indicated that these two regions were associated with
memory retrieval and the feeling of being “brought back in time”
during AM-odor trials. Notably, the subjective level of memory
retrieval, vividness of the memory, and the associated degree of
emotional comfort impacted the level of activation of the left
fusiform gyrus and left POFC. Finally, the path model indicated
that high subjective memory and emotion scale scores in the AM-
odor trials were associated with activity in the left fusiform gyrus
and the left POFC, as well as the degree to which the odor was
rated as pleasant.

The role of the left POFC has been previous established in
terms of reward processing (Breiter et al., 2001), response to
attractive human faces (Aharon et al., 2001), and responses to
pleasant odor stimuli (Gottfried et al., 2002). The left POFC
is connected to the AMG, and the interaction between these
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FIGURE 3 | We performed PPl analysis to explore the functional connectivity between the left POFC and all other voxels. In AM-odor stimulation, activity in the left
fusiform gyrus increased with activation of the left POFC (left). FWE corrected P < 0.05 was applied. L, left; R, right.

Z=-10 L<€>R

two areas may involve emotional perception and awareness of
enhanced emotions Murray and Izquierdo, 2007). In non-human
primates, the caudal OFC is structurally connected to the AMG
(Barbas, 2007), and the OFC receives input from temporal visual
areas (Barbas, 1993). Indeed, in a human study, Frank et al.
(2019) reported that an enhanced BOLD signal in the AMG
was connected with activity in the OFC as well as the fusiform
gyrus while participants viewed photos of an emotional scene.
During this visual emotional perception, the neural response of
the AMG was correlated with that of the fusiform gyrus, which
is known to be a critical region for vision. These non-human
primate and human studies support our path model, and the
most interesting finding of the present study was that activation
of the fusiform gyrus (as indicated by the BOLD response)
was elicited not by visual but olfactory stimuli associated with
autobiographical memory.

Odors are known to induce strong mental imagery (Herz
and Cupchik, 1992). Further, an fMRI study reported that the
visual perspective during retrieval of autobiographical memories
activated the posterior part of the visual areas (St. Jacques et al.,
2017). According to these studies, fusiform activation might also
be associated with odor-induced visual imagery. Although our
results indicated that the control odor also activated the fusiform

TABLE 3 | Statistical results for the direct path in AM-odor trials.

Path r P value
Bring back — memory retrieval 0.83 P < 0.0001
Memory retrieval —L. fusiform 0.44 P =0.02
L. fusiform—L. POFC 0.69 P < 0.0001
|. POFC—pleasant 0.33 P =0.08
Comfortableness—bring back 0.61 P =0.01
Comfortableness —vividness 0.8 P =0.003
Bring back —vividness 0.8 P =0.003

Standardized regression weight, p value, correlations of covariances and p value.

gyrus, we expect that the connection between the POFC and
fusiform gyrus would more strongly increased during memory
retrieval and the feeling of being “brought back in time” during
exposure to the AM-odor vs. the control odor. The odors in this
study evoked imagery of autobiographical memories, including
emotional episodic scenes and emotional special scenes, and the
strength of these experiences was associated with the activation
of the left fusiform gyrus and left POFC. Indeed, most of the
subjects reported detailed descriptions of the evoked memories,
for example, a memory of being a child playing with friends in
a green field and smelling asmanthus flowers, or a memory of
talking with their grandmother on a tatami mat, and so on. The
fusiform gyrus is in the occipitotemporal gyrus, which is well
known to be involved in the visual processing of human faces
(Weiner and Grill-Spector, 2012), bodies (Peelen and Downing,
2005), and the perception of stimuli with high spatial frequency.
Compared with the experience of recalling the memories without
an odor, the scenes in the odor trials might have had an enhanced
sense of realism and vividness, reflecting an enhanced fusiform-
POFC connection.

One concern is that the anterior cingulate cortex (ACC) was
not activated in our study. The ACC, POFC, and the anterior
insula have previously been observed to exhibit activation at the
same time as the primary olfactory cortex (Poellinger et al., 2001).
Garcia-Cabezas and Barbas (2014) suggested that the ACC might
become activated at the same time as the primary olfactory cortex
to mediate the process of rapid attention to olfactory stimuli, and
to integrate this information with other sensory modalities via
the POFC and anterior insula. In the present study, subjective
feelings regarding the retrieved memories and the vividness of
the memories were related to the strength of the activation of
the fusiform gyrus and POFC. These results suggest that the
subjects may have attended more to the retrieved memory than
to the olfactory stimuli itself. Indeed, in a previous study, the
HI and AMG were activated during retrieval of autobiographical
memories via a specific odor (Herz, 2004). These data provide
information regarding how the ACC integrates inhibition and
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Odor-induced autobiographical memory, emotions and brain response
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FIGURE 4 | Path diagram showing the significant direct path for AM-odor trials. There were strong correlations among the subjective scales scores, and the level of
feeling “brought back in time” had the strongest impact on memory retrieval. The strength of memory retrieval had a direct effect on activation in the left fusiform
gyrus, and the level of activation of the left fusiform gyrus directly impacted that in the left POFC.

AM odor

Indirect effect

pleasant & L. POFC

L.. Fusiform

H
4
e

memory retrieval

444

comfortableness vividness F\:'m;_' back

L

FIGURE 5 | Path diagram showing significant indirect path for AM-odor trials. Each colored dot indicates the starting point of the indirect path and the same colored
arrow indicates the final affect variable. Subjective scale scores indirectly affected the left POFC through the left fusiform gyrus. The strength of memory retrieval
predicted the degree of pleasantness, which appeared to depend on the level of activation in the left fusiform gyrus and the left POFC.
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TABLE 4 | Statistical results for the indirect path in AM-odor trials.

From To Lower bounds Upper bounds P value
Bring back L. fusiform 0.11 0.59 P =0.01
Bring back L. POFC 0.03 0.5 P =0.01
Bring back Pleasant 0 0.25 P =0.05
Memory retrieval L. POFC 0.03 0.5 P=0.02
Memory retrieval Pleasant —0.001 0.3 P =0.05
L. fusiform Pleasant —0.01 0.54 P=01

Standardized regression weight, p value, correlations of covariances and p value.

excitation with activation of the parahippocampus, HI, POFC,
and fusiform gyrus, although further research is needed.

Although the AMG, fusiform gyrus, and OFC had been
proposed to have directional interconnectivity in emotional scene
perception (Frank et al., 2019), the AMG was not included in the
path analysis in our study.

Particularly, the AMG did not survive the GLM analysis with
FWE correction. As in the previous study, the piriform cortex,
AMG, and hippocampus, which are regarded as the primary
olfactory areas, did not reach statistical significance. There are
two possible reasons for this. First, in terms of primary olfactory
fMRI activation, these regions may rapidly habituate to olfactory
stimuli (Masaoka et al., 2014; Watanabe et al., 2018). Specifically,
repeated presentation of the same odorant may lead to decreased
neural responses in the PIR, ENT, and AMG, and in turn, a
decreased BOLD response. Although the primary olfactory areas
are known to habituate very quickly, downstream secondary areas
of the OFC continue to respond to recurrent odor presentation
(Poellinger et al., 2001; Sobel et al., 2001).

The other possibility is that the areas related to conscious
awareness of emotion or memory, as well as visual spatial
processing, had more powerful responses to the stimuli. Thus,
the strong mental imagery might have strengthened the statistical
power of activation in the frontal and occipital areas. Further
studies that compare activation observed during odor-induced
memory or emotion and that accompanied by visual stimuli are
needed to more clearly understand the role of AMG activation.

As with previous reports, activation in the left OFC and
left fusiform was more significant than that on the right
side. Svoboda et al. (2006) indicated in a meta-analysis that
autobiographical memory was associated with a network of
left-lateralized structures including the medial and ventrolateral
prefrontal regions. For instance, the left OFC was dominant
during conscious assessment of the emotional quality of an odor
(Royet et al., 2003). In terms of left fusiform activation, Spagna
et al. (2021) reported that robust activity in the left fusiform
gyrus was associated with visual mental imagery. Evidence from
patients with brain damage indicates that visual mental imagery is
impaired after extensive damage of the temporal lobe, especially
that in the left hemisphere (Bartolomeo, 2002). Specifically, a case
study of patients with selective damage to the right lingual gurus
and left posterior medial fusiform gyrus revealed impaired visual
mental imagery. The left fusiform activation observed in our
study was located near the medial posterior regions, suggesting
that this left fusiform area may be implicated in semantic and

lingual processing associated with mental imagery, especially
given that with the left OFC plays a role in conscious awareness
of memory and emotion.

LIMITATIONS

Several limitations should be noted. First, we analyzed a small
number of subjects, and thus studies with a larger number of
subjects, including those with MCI, are needed to clarify the path
direction of brain activation in terms of subjective memory level
and emotions. Second, although we used a subjective scale to
measure odor-evoked autobiographical memory, the participants
also reported that the odors elicited episodic and spatial memory.
Further studies should include evaluations of autobiographical
memories (Kopelman et al., 1989), as well as detailed descriptions
of the retrieved memories. In addition, future studies should
compare neural activities according to the characteristics of the
evoked autobiographical memories. Third, we used a careful
procedure to clean the odor stimuli from our experimental
device, and used only two odors for each participant to reduce the
risk that the odors would mix in the valve. In the future, we hope
to develop an odor delivery system that enables the presentation
of several AM-odors and control odors, as this would enable us to
test the relationship between the neural response and subjective
scales scores for each odor. Fourth, although we obtained an
optimized path model, we could not determine the cause-and-
effect relationships between points in the pathway. To investigate
this relationship, a method with a higher time resolution such as
electroencephalogram (Frank et al., 2019) might be helpful.

SUMMARY

Olfactory abilities are known to decline with age, and olfactory
decline may predict further decreases in cognitive and emotional
function (Roberts et al., 2016). Our data indicate that in healthy
older adults, odors induced autobiographical memories along
with activation of the left POFC. This result was consistent with
our previous report, which involved young subjects. In older
adults, an increased level of memory retrieval and feeling of being
“brought back in time” accompanied activity in the left POFC and
left fusiform gyrus. Subjective feelings such as the vividness of the
memory and degree of comfort impacted the level of left fusiform
gyrus and left POFC activation. Our path model suggested that
the strength of the memory and emotions elicited by the odor-
induced autobiographical memory, which was associated with
neural changes in two brain regions, could indirectly impact
subjective pleasantness. Activation of the POFC appears to be
important for cognitive function and motivation (Watanabe
et al., 2018), and retention of these functions is important for
older adults. Glachet and El Haj (2019) suggested that odor
exposure could be a useful tool for improving the quality of
autobiographical memory retrieval and increasing the number
of positive memories in patients with Alzheimer’s disease. Taken
together, the existing data indicate that continuous stimulation
with an odor associated with a strong memory may elicit a
continuous neural response in the POFC, and that this neural
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response could play a role in protecting cognitive function. In
the future, we plan to continue to explore how odors associated
with autobiographical memory exposure might contribute to the
clinical features of neurodegenerative disorders. However, more
work is required to investigate whether odors that evoke positive
memories and emotions can contribute to healthy aging in terms
of all physiologically, cognitive and emotional function.
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