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Background:Odor identification (OI) ability is a suggested early biomarker of Alzheimer’s

disease. In this study, we investigated brain activity within the brain’s olfactory network

associated with OI in patients with amnestic mild cognitive impairment (aMCI) and mild

Alzheimer’s dementia (mAD) to uncover the neuronal basis of this impairment.

Materials and Methods: Patients with aMCI (n = 11) or mAD (n = 6) and 28

healthy older adults underwent OI functional MRI (fMRI) at 3T, OI, odor discrimination,

and cognitive tests and apolipoprotein-e4 (APOE4) genotyping. Eleven patients had

cerebrospinal fluid (CSF) analyzed. Those with aMCI were followed for 2 years to examine

conversion to dementia.

Results: The aMCI/mAD group performed significantly worse on all OI tests and the odor

discrimination test compared to controls. The aMCI/mAD group had reduced activation

in the right anterior piriform cortex compared to the controls during OI fMRI [Gaussian

random field (GRF) corrected cluster threshold, p< 0.05]. This group difference remained

after correcting for age, sex education, and brain parenchymal fraction. This difference

in piriform activity was driven primarily by differences in odor discrimination ability and

to a lesser extent by OI ability. There was no group by odor discrimination/identification

score interaction on brain activity. Across both groups, only odor discrimination score

was significantly associated with brain activity located to the right piriform cortex. Brain

activity during OI was not associated with Mini Mental Status Examination scores. At

the group level, the aMCI/mAD group activated only the anterior insula, while the control

group had significant activation within all regions of the olfactory network during OI fMRI.

There was no association between brain activity during OI fMRI and total beta-amyloid

levels in the CSF in the aMCI/mAD group.
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Conclusion: The OI impairment in aMCI/mAD patients is associated with significantly

reduced activity in the piriform cortex compared to controls. Activation of downstream

regions within the olfactory network is also significantly affected in the aMCI/mAD group,

except the anterior insula, which is impinged late in the course of Alzheimer’s disease.

OI tests thus reflect Alzheimer’s disease pathology in olfactory brain structures.

Keywords: smell, olfaction, neurodegenaration, central nervous system (CNS), cognition

INTRODUCTION

Odor identification (OI) is considered an early biomarker of
Alzheimer’s disease (1). Patients with amnestic mild cognitive
impartment (aMCI) who are at risk of developing AD and
patients with Alzheimer’s dementia (AD) have a specific
impairment in OI but also display reduced odor detection and
odor discrimination abilities (2–6). As healthy older adults also
experience a decline in odor detection and discrimination, but
not a similar reduction in OI, OI is considered to separate people
with aMCI or AD from older people with intact cognition (5, 7).
Importantly, OI ability is shown to predict both a later diagnosis
of MCI in healthy older adults and conversion from MCI to
dementia (8, 9). Hence, OI testing can be used as an inexpensive
and non-invasive supplement in the clinical evaluation of
suspected AD (1, 10). OI’s utility as a clinical tool and biomarker
of dementia risk depends on a better understanding of the
neuronal correlates underlying OI impairment in the early
symptomatic phase of Alzheimer’s disease.

In the brain, olfactory stimuli are processed in the olfactory
network (ON), which includes the primary (piriform cortex,
entorhinal cortex, amygdala) and secondary (hippocampus,
thalamus, orbitofrontal cortex, and insula) olfactory regions (11,
12). These regions are affected in a sequential manner by tau
and beta-amyloid pathologies during the course of Alzheimer’s
disease. In the early symptomatic period of Alzheimer’s disease
when aMCI presents, tau pathology is found in the entorhinal
and piriform cortices, the amygdala, and to a limited degree
in the hippocampus, while β-amyloid is present in the
orbitofrontal cortex. As the disease develops and dementia is
diagnosed, tau pathology has spread to the anterior insula
while β-amyloid plaques can be detected in the amygdala and
allocortical structures (e.g., entorhinal and piriform cortex,
hippocampus) (13–17).

Previous functional MRI (fMRI) studies of olfaction in
patients with MCI and AD have focused on aspects of odor
perception. They report greatly reduced whole-brain activity to
smelling (18, 19) as well as fewer activated voxels or lower
fMRI signal in regions of interest in the piriform cortex/primary
olfactory cortex and/or hippocampus during smelling, applying
uncorrected statistical approaches (19, 20). Moreover, impaired
cross-adaptation (19) and habituation (21, 22) of the fMRI signal

Abbreviations: OI, odor identification; ON, olfactory network; aMCI, amnestic

mild cognitive impairment; mAD, Alzheimer’s dementia of mild degree; fMRI,

functional magnetic resonance imaging; BOLD, blood oxygen level-dependent; B-

SIT, Brief Smell Identification Test; SSIT, Sniffin’ Sticks Test; SSDT, Sniffin’ Sticks

Discrimination Test.

have been demonstrated in regions of interest in the piriform
cortex using uncorrected statistics in patients with AD and MCI.
Taken together, the knowledge is sparse with regard to the neural
substrates of OI impairment in patients with aMCI and dementia
due to Alzheimer’s disease (AD).

We investigated OI using fMRI at 3T in patients with aMCI
and Alzheimer’s dementia of mild degree (mAD) compared to
healthy older adults. To this end, we used an OI paradigm that
provides robust activation within all regions of the ON (23).
We hypothesized reduced OI fMRI activity in patients with
aMCI/mAD in the ON regions affected early in the course of
Alzheimer’s disease, i.e., the entorhinal and piriform cortices, and
amygdala, while the insula would be less affected due to the later
occurrence of Alzheimer’s disease pathology in this region.

MATERIALS AND METHODS

Participants
Nineteen patients (between 65 and 81 years) from the Memory
Clinic, Geriatric Department, St. Olav’s Hospital, Trondheim,
Norway, agreed to participate and were MRI compatible.
Inclusion criteria were a diagnosis of aMCI probably caused
by Alzheimer’s disease or mAD according to a comprehensive
clinical assessment at the time of inclusion, age >55 years, and
MRI compatibility. Patients were examined and diagnosed by
an experienced geriatrician according to the research criteria
of the International Classification of Diseases (ICD-10) and
the National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) (18, 24). Patients
fulfilling the accepted US National Institute on Aging–
Alzheimer’s Association (NIA-AA) diagnostic criteria for aMCI
were also included (25, 26). The examination encompassed
a diagnostic workup with medical history obtained from
both patient and their caregivers and clinical examination
including neurological examination, cardiovascular status, and
cerebral MRI. Cognitive function was assessed with the Mini
Mental Status Examination (MMSE), Trail Making Tests A
and B (TMT-A and TMT-B, respectively), and the Ten-
Word Test (TWT) from the Consortium to Establish a
Registry for Alzheimer’s disease (CERAD) (27). Handedness was
determined with the Edinburgh Handedness Inventory (28).
Ethylenediaminetetraacetic acid (EDTA) blood samples were
obtained to determine apolipoprotein-e4 (APOE4) allele status.
In 11 patients, the cerebrospinal fluid (CSF) biomarker β-amyloid
was analyzed.
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Two patients were excluded; one because of an olfactory
meningioma uncovered in this study, and the second patient
developed late-onset bipolar depression, which was considered
the cause of the initial aMCI diagnosis. Thus, 17 patients, 11
(four men and seven women) with aMCI and six (four men and
two women) with mAD, were included. At 6 months’ follow-
up, 13 of the aMCI patients had progressed to dementia due
to AD, while four were still diagnosed as aMCI. After 2 years,
two of those with aMCI had converted to dementia, while two
remained aMCI. These two participants with aMCI after 2 years
of follow-up had typical symptoms of Alzheimer’s disease. All
included aMCI/mAD patients were right-handed as determined
with the Edinburgh Handedness Inventory, with a mean score of
93.0± 9.7.

A control group of 35 healthy adults was recruited from
senior citizen centers, advertisements, and personal networks.
MRI compatibility was an inclusion criterion. In total, 28 controls
(14 men and 14 women) between 55 and 81 years were included.
The participants in the control group performed the same
cognitive test battery (MMSE, TMT-A, TMT-B, and TWT) plus
the Edinburgh Handedness Inventory, and blood was obtained
for APOE4 allele testing. Seven controls were excluded due
to technical problems during MRI scanning. Of the control
participants included, 93% were right-handed and 7% were left-
handed with a mean Edinburgh Handedness Inventory score of
82.4± 29.

The sample size for this fMRI study was determined
based on analyses of pilot data and data from previous
fMRI studies we have conducted. In addition, we performed
an a priori power analysis using G∗Power (https://www.
psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-
und-arbeitspsychologie/gpower.html). With an assumed
medium effect size of 0.55, 80% power, and alpha = 0.05, the
sample size of n= 21 per group was estimated.

At the time of the MRI, all participants completed a self-
evaluation form of previous and present smoking habits. Anterior
rhinoscopy was performed in all participants, and they were
systematically checked for a history of olfactory, nasal, and/or
respiratory problems (trauma, septum deviation, nasal/sinus
surgery, hypertrophic rhinitis, drug-induced rhinitis, cold, upper
respiratory tract infection, acute or chronic sinusitis, nasal
tumors, Sjøgren’s syndrome, or nasal polyposis). Five participants
had seasonal pollen/grass allergy, but none had active allergy
when the experiment was conducted.

The study was approved by the Regional Committee of
Medical Research Ethics (REC-mid Norway) and the Norwegian
data inspectorate. All participants had the capacity to consent to
participation, and they gave written informed consent after the
procedure had been carefully explained and after they had the
opportunity to ask questions about the research.

MRI
MRI examinations were performed on one Siemens Trio
3T system (Siemens, Erlangen, Germany) equipped with a
12-channel head coil. Foam pads were used to minimize
head motion. The scan protocol included a high-resolution

T1-weighted three-dimensional (3D) MPRAGE sequence (196
slices; TE 30ms; TR 2,300ms; isotropic voxels of 1 mm3),
followed by a T2-weighted image series of the sinuses and
nasal cavity (40 slices; TE 77ms; TR 4,290ms; slice thickness
2mm). The latter sequence was used to exclude individuals with
pathology in the nasal cavity, sinuses, and/or olfactory bulbs
and tract. If the participant did not have a structural pathology,
the nasal mask (Respironics, ScanMed AS, Norway) was put on
before fMRI. The subject was repositioned in the scanner, and a
new scout image for positioning of the fMRI scans was obtained.

Two OI fMRI runs were performed using a T2∗-weighted
blood oxygen level-dependent (BOLD) sensitive, single echo-
planar imaging (EPI) pulse sequence [47 slices; TE 30ms; TR
2,600ms; field of view (FoV) 230mm, giving a resolution of 3 ×
3× 3mm; acquisition matrix 80× 80]. Each fMRI run consisted
of 265 volumes plus three dummy scans for magnetization
stabilization, giving a total acquisition time of 12min for each
run. The slices were angled as perpendicular to the long axis of the
hippocampus as possible and the slice package anterior border
was the frontal pole to optimize imaging of the ON, which is
prone to susceptibility artifacts (29).

The Olfactometer
Odor stimuli were presented with a custom-built MRI-
compatible, automated olfactometer built by an engineer at the
Norwegian University of Science and Technology (NTNU) based
on modifications of earlier MRI-compatible olfactometers (30–
32). The olfactometer has 14 glass chambers for deposition of
liquid odors and allows the odor stimuli in the chambers to be
delivered into the nasal mask in a preprogrammed and timed
order, i.e., each odor is presented at a certain time for a certain
duration (Figure 1). The olfactometer was positioned 2.25m
from the magnet’s isocenter during fMRI. Medical air flowing at a
rate of 12 L/min went into the odor-filled chambers, allowing the
odors to be released. From each chamber, the odor was conveyed
via a separate tubing into the main Teflon tubing entering the
nasal mask (Figure 1). Since odors were released in the air
into the mask and not delivered directly into the nostrils, body
temperature heated the incoming scented air (33). An additional
hole at the superior end of the mask was connected to the
hospital’s gas evacuation system via tubings to ensure continuous
airflow and removal of scented air. All tubings were made of very
low adsorbent material (Teflon fluorinated ethylene propylene)
to minimize absorption of odor molecules into the tubes (33).
The olfactometer was started by the experimenter using a remote
control from the scanner operating room exactly at the time of
initiation of fMRI scanning.

Olfactory fMRI Paradigm
The participants performed an OI task during fMRI based on
Kjelvik et al. (23). They were told not to sniff, just breath regularly
throughout the experiment, and let the air with the odor pass
over and into the nose. The participants were asked to identify
the odors, and in case they were confident of correct OI, to
press a response button (NordicNeuroLab AS, Bergen, Norway).
This design was deemed feasible for older adults based on OI
fMRI pilot studies that showed that collecting responses using,
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FIGURE 1 | The top row (A) displays photos of the automated olfactometer to the left, followed by a person wearing the olfactory mask in the middle, and the setup in

the scanner room on the right. (B) The lower row shows the design of the fMRI experiment. The experiment consisted of two fMRI runs with odor identification (OI)

followed by psychophysical olfactory tests completed after MRI scanning. The fMRI paradigm was a mixed block (OI state)–event (successful OI) design (bottom row).

Each run consisted of 11 olfactory blocks, and each olfactory block consisted of three odors in a random order, followed by a 7.8-s null event period (to ensure

removal of scented air) and a non-odor baseline condition (water). The persons in the photos have provided consent for publication.

for instance, forced choice between odor names presented on a
screen during fMRI was too complicated for this group.

The participants were familiarized with the odor task,
breathing, the mask, and the response button before scanning.
Scanning started when participants performed the task correctly.
The participants were informed that they would be asked to
identify the same odors after scanning.

The OI fMRI paradigm was a mixed block (OI state)–event
(self-reported successful OI) design. Ten odor chambers were
filled with liquid odorants, and one chamber was filled with
water. Two milliliters of odor-liquids were used for each of
the 10 odors; lemon, chocolate toffee, musk, anise, banana,
and rose (Stockholm’s Essence Fabric, Wallinggatan 14, 111
24 Stockholm, Sweden; www.essencefabriken.se), vanillin and
apple (Sigma Aldrich, Germany), and fresh coffee and cinnamon
from local suppliers were in water solutions. Each odorant was
presented for 10.4 s to ensure that at least one breathing cycle
was completed within the stimulus’ duration (Figure 1) (23).
Each olfactory block consisted of three odors in a random order;
e.g., lemon–coffee–cinnamon. The total duration of an odor
block was 31.2 s. A total of 22 olfactory blocks (i.e., 66 odor
exposures) were presented to each participant across two runs.
Each of the 10 odors was presented between six and 10 times
in a pseudo-random manner. Water was used as the baseline

non-odor condition and presented in blocks of 26 s between the
olfactory blocks. A 7.8-s period following each odor block was
used as a null event to ensure removal of scented air (Figure 1).
The participants were asked to identify the odors duringOI fMRI,
and in case they were confident they were correct, to press the
response button.

Between participants, the olfactometer was carefully cleaned,
and the nasal mask was disinfected with PeraSafe (Puls AS,
Oslo, Norway). The short tubings from each chamber were
removed, and new tubings were added after each day of scanning,
and new odor-liquids were used at the day of scanning. After
each experiment, medical air from the hospital’s gas provision
system was used for 10min to clean the long tubings and
the olfactometer.

Post-scan Assessment
After fMRI acquisition, the participants were presented with an
OI task with the same 10 odors as during fMRI. The odors were
presented in a random order, each in 1-ml liquid solutions in
glass bottles. Participants were asked to identify the odors first
spontaneously, and then with forced multiple choice with four
alternatives. Subsequently, two standard clinical OI tests were
used to evaluate the participants’ OI abilities: the Brief Smell
Identification Test (B-SIT; Sensonics Inc., Haddon Heights, NJ,
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USA) and the Sniffin’ Sticks Identification Test (SSIT, Burghart
Messtechnik, Wedel, Germany). B-SIT is a scratch and sniff
test with 12 microcapsulated odorants and a forced multiple
choice between four items per odorant. The SSIT consists of
16 penlike odor-dispensing devices, with common odors, and
uses forced multiple choice between four items per test odorant.
The participants were allowed to sniff at the Sniffin’ Sticks pens
once or twice for 3–4 s. In both tests, the alternatives were given
orally twice from the experimenter; in addition, the participants
read the alternatives themselves on a card presented with the
odor. The participants were told to give an answer for all odors,
even if they did not smell anything, to make the tests valid. No
feedback was given during the administration of the tests. The
Sniffin’ Sticks Discrimination Test (SSDT, Burghart Messtechnik,
Wedel, Germany) was performed to evaluate odor discrimination
abilities. The SSDT was completed in 13 of the patients (nine
aMCI and four mAD) due to fatigue in the others. The SSDT
consists of 16 triplets, where two pens have the same smell, while
one of the three pens contains a different odor. Participants were
asked to identify the pen that had the different odor and were
blindfolded because the pens were color-coded. Participants were
asked to choose one of the three pens of the triplet even if they
did not perceive or recognize a difference between the odors. In
each olfactory test, correctly identified odors received one point,
giving a possible score range of 0–12 points for B-SIT, 0–16 for
SSIT, and 0–16 for SSDT.

Statistical Analysis of Demographic and
Behavioral Data
Statistics were performed using SPSS version 26 (SPSS, IBM).
Characteristics of the control group and the aMCI/mAD group,
as well as performance on cognitive tests, were compared using
Student’s t-tests. Differences with regard to cognitive test scores
between the aMCI and mAD groups were also assessed with
Student’s t-tests. Group differences on psychophysical tests (free
recall, multiple choice test, B-SIT, SSIT, and SSDT) were analyzed
with Student’s t-tests and Cohen’s d and handedness with the
chi-square test. The Pearson correlation-test was used to assess
correlations between SSIT and SSDT and age and smoking in
each group. Results are presented as a percentage or mean± SD.
Statistical significance threshold was set at p < 0.05.

Analysis of fMRI Data
Olfactory Network Region of Interest Analysis
An ON region of interest mask was used in the fMRI analyses.
The ONmask consisted of the piriform cortex, entorhinal cortex,
anterior parahippocampal gyrus, hippocampus, amygdala,
orbitofrontal cortex, insula, and thalamus and was created
by combining the probabilistic maps of the Harvard–Oxford
Structural Atlases and the Juelich Histological Atlas (part of FSL;
http://www.fmrib.ox.ac.uk/fsl/fslview/atlas-descriptions.html#
ho) as well as anatomical landmarks for the piriform cortex (34).

fMRI Analysis
Imaging data were analyzed using FSL 6.0.3 (Analysis Group,
FMRIB, Oxford, UK). First, non-brain tissue was removed from
the T1-weighted 3D images using BET 2 with robust center

estimation (Brain Extraction Tool, FMRIB, Oxford, UK). The
resulting images were transformed to the Montreal Neurological
Institute (MNI) 1× 1× 1 mm3 template (Montreal Neurological
Institute, Montreal, QC, Canada) non-linearly with FNIRT
(FMRIB, Oxford, UK). The fMRI data were motion corrected
using MCFLIRT with the median volume of each run as
reference. Importantly, none of the subjects showed a mean
relative root mean square displacement above 0.5mm, the
threshold in FSL for movement considered too severe to be
corrected by MCFLIRT. Subsequently, each functional run was
co-registered to the anatomical T1-weighted image before it was
transformed into MNI space by using the transformation matrix
obtained with the T1-weighted image. The functional data were
smoothed with a 9-mm full-width at half-maximum Gaussian
filter and temporally high-pass filtered with a cutoff time of 130 s.

Within the ON mask, voxelwise statistical analysis was
performed using FEAT (FMRIB, Oxford, UK). For each subject,
the two runs were analyzed separately (first level) and then
combined within individuals using a fixed-effects GLM analysis
(second level). Finally, effects across individuals were estimated
by using separate GLM models and FLAME 1 (FMRIB’s Local
Analysis of Mixed Effects) (third level). At the first level, the
explanatory variables were odor presentation (OI state blocks),
scent removal (a 7.8 s period following odor presentation to
ensure removal of scented air), and water baseline. At the third
level, five GLM models investigated differences in activation
within the ON using the contrast OI state > water baseline
between the patients with aMCI/mAD and the control groups.
The first model included one categorical variable for the
aMCI/mAD and one categorical variable for the control group
to evaluate group differences during the OI state. In the second
model, age, sex, education, and brain parenchymal fraction
(35, 36) were added as separate regressors. The parenchyma
brain fraction was obtained from the T1weighted MPRAGE
volume and estimated using FreeSurfer 6.0.0 (http://freesurfer.
net/fswiki). One patient and one control were excluded from
this analysis because their education level was missing, and
two more patients were excluded because they did not pass the
FreeSurfer quality assessment (https://surfer.nmr.mgh.harvard.
edu/fswiki/QATools). In the third model, the average SSIT score
was added as a separate regressor to the first model to investigate
the effect of odor identification ability on activity within the
ON. In the fourth model, the average SSDT score was added as
a separate regressor to the first model to assess the impact of
SSDT ability on activational differences between the aMCI/mAD
and control group. The fifth model included the average MMSE
score as a separate regressor to the first model to evaluate any
association between MMSE score and brain activity during the
OI state. Presence of an interaction between group and SSDT,
SSIT, or MMSE performance on brain activity was investigated
by splitting the score regressor into one regressor for aMCI/mAD
and one for the control group. If no significant interaction was
observed, the model without the interaction term was used.
We choose to use the SSIT scores as covariate because of
the larger score span for that test (16 possible correct points)
compared to B-SIT and because it is the counterpart to the odor
discrimination test (SSDT). An earlier study has shown a positive
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TABLE 1 | Characteristics of the control group and the aMCI/mAD group.

Characteristics Controls

(n = 28)

aMCI/mAD

(n = 17)

Gender (female/male %) 47/53 53/47

Age (years), mean (SD) 67.4 (7.6)* 74.4 (6.5)

Education (years), mean (SD) 17.1 (3.5) 15.3 (2.6)

Daily smokers (%) 3.4% 6.3%

APOE4 genotype (% carriers 1–2 alleles)

(n = 15/24)

20.0% 73.3%

CSF total amyloid beta, mean (SD)

(n = 0/11)

- 575.8 (227.6)

Significant differences using Student’s t-test for control group compared to aMCI/mAD

group, *p < 0.005.

aMCI, amnestic mild cognitive impairment; APOE4, apolipoprotein E4; CSF, cerebrospinal

fluid; mAD, Alzheimer’s dementia of mild degree.

correlation between SSIT and B-SIT scores among aMCI/mAD
patients (37). Unexpectedly, the planned event analysis (self-
reported successful odor identification during fMRI) could not
be performed due to too few events in both the patient and
control groups. For model one, contrast OI state>water baseline
was also investigated for each group separately. An independent
two-sample t-test was used to investigate differences between the
aMCI/mAD and control group, while one-sample t-tests were
used to investigate the average effect for the patient or control
group separately. Each voxel was thresholded using Z = 3.5 (p
= 0.0005) to define contiguous clusters. The significance level
of each cluster was then estimated from GRF theory using a
corrected cluster threshold of p= 0.05.

RESULTS

Demographics and Clinical Variables
All included participants had normal anterior rhinoscopy and
normal sinuses and posterior nasal structures on MRI. The
aMCI/mAD group was slightly older than the control group,
but no significant differences were found in education level
or smoking habits between the groups (Table 1). Sniffin’ Sticks
Test scores were significantly correlated with age (r = 0.436,
p = 0.003) and smoking (r = 0.510, p < 0.0001) in both the
aMCI/mAD group and control group.

Significantly more patients than controls were APOE4 carriers
(Table 1). The CSF total amyloid beta from the 11 patients (seven
aMCI and four mAD) undergoing lumbar puncture were in the
range considered as indicating Alzheimer’s disease (38) (Table 1).

Mini Mental Status Examination scores and performance of
the cognitive tests were significantly lower in the aMCI/mAD
group compared to those in the control group (Table 2). The
aMCI group performed significantly slower on both TMT-A and
TMT-B tests than the mAD group (Table 1).

There was no significant difference in handedness between
the patient and control groups (Pearson chi square p = 0.55, df
13) (39).

TABLE 2 | Performance of cognitive tests (mean ± SD) for the control group,

combined aMCI/mAD group, and the aMCI and mAD groups separately.

Controls

(n = 28)

aMCI/mAD

group

(n = 17)

aMCI group

at MRI

(n = 11)

mAD group

at MRI

(n = 6)

MMSE (max 30) 28.7 ± 1.2 25.5 ± 2.5** 26.0 ± 1.6 24.7 ± 3.7

Ten-Word Test, total

recall (max 30)

22.7 ± 3.6 12.5 ± 3.8** 12.6 ± 4.2 12.4 ± 2.9

Ten-Word Test,

delayed recall (max

10)

8.1 ± 1.9 2.2 ± 1.7** 2.27 ± 1.8 2.0 ±1.6

Trail Making Test-A (s) 52.6 ± 21.1 64.7 ± 21.8** 72.5 ± 17.9 50.5 ± 24.5*

Trail Making Test-B (s) 104.1 ± 37.5 140.3 ± 51.8** 150.3 ± 58.3 122.8 ± 26.0*

Significant differences using Student’s t-test, *p < 0.05, **p < 0.0005.

aMCI, amnestic mild cognitive impairment; mAD, Alzheimer’s dementia of mild degree;

MMSE, Mini Mental Status Examination; s, seconds.

TABLE 3 | Olfactory tests scores (mean ± SD) for the control group compared to

aMCI/mAD group.

Controls aMCI/mAD p-value Cohen’s d

1. Clinical psychophysical tests

B-SIT (max 12) (n = 17/28) 9.5 ± 2.0 6.7 ± 2.6 <0.0005 1.25

SSIT (max 16) (n = 16/28) 12.8 ± 2.4 9.4 ± 3.0 0.001 1.25

SSDT (max 16) (n = 12/27) 9.7 ± 2.8 7.5 ± 3.0 0.099 0.76

2. Post-scan OI-tests

Post-scan test free recall

(max 10) (n = 16/27)

3.9 ± 2.1 2.0 ± 1.4 0.004 1.12

Post-scan test multiple

choice (max 10)

(n = 16/27)

8.0 ± 2.0 6.1 ± 2.0 0.003 0.97

Significant differences using Student’s t-test and Cohen’s d for control group compared

to aMCI/mild AD group. The number of patients and controls for each test is presented

as n = patients/controls in the table.

aMCI, amnestic mild cognitive impairment; B-SIT, Brief Smell Identification Test; mAD,

Alzheimer’s dementia of mild degree; OI, odor identification; SSIT, Sniffin’ Sticks

Identification Test; SSDT, Sniffin’ Sticks Discrimination Test. Bold font indicates statistically

significant group differences.

Post-scan Assessment of Olfaction
Abilities
Compared to the control group, the aMCI/mAD group had
significantly lower OI ability as determined with post-scan
uncued OI and multiple-choice OI tests using the odors
presented during scanning, B-SIT, and SSIT, as well as lower odor
discrimination ability, as determined with SSDT (Table 3).

Olfactory fMRI
During OI fMRI, the aMCI/mAD group had reduced activation
of the right piriform cortex with the peak located to the
anterior subdivision compared to the control group (Figure 2
and Table 4) (Z-max = 4.1, cluster size = 297). Importantly,
the reduced activation in the right piriform cortex for the
aMCI/mAD group persisted after controlling for age, sex,
education, and brain parenchymal fraction. Two smaller clusters
of increased activation in orbitofrontal cortex also appeared after
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FIGURE 2 | Brain activation during odor identification for amnestic mild cognitive impairment (aMCI)/Alzheimer’s dementia of mild degree (mAD) patients and controls.

Voxels in the olfactory cortices that showed increased activation during passive smelling for (A) aMCI/mAD patients > Controls, (B) Controls > aMCI/mAD patients,

aMCI/mAD patients in upper row and with the nuisance variables age, sex, education, and brain parenchymal fraction in the lower row. (C) aMCI/mAD group and (D)

Control group. The analysis was carried out using an olfactory network region of interest mask and a corrected cluster threshold of p = 0.05 (see section Materials

and Methods). The “x=” in the lower left corner of each brain image indicates the position in the Montreal Neurological Institute (MNI) space. For more details on

activation locations, see Table 4; for associations with olfactory test scores and cognition, see Table 5.

correction. The difference in activation in the piriform cortex
between the aMCI/mAD and the control group was reduced
when controlling for SSIT performance (Piriform: Z-max = 3.8,

cluster size = 57) and disappeared when controlling for SSDT
score. Controlling for MMSE score affected the group difference
in piriform cortex activity only to a minor extent (Piriform:
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TABLE 4 | Location of peak brain activations in MNI space during odor identification in the control group and aMCI/mAD groups.

Brain region Hemisphere Cluster nr. Cluster size Z-value (max) X Y Z

aMCI/mAD > Controls

na

aMCI/mAD > Controls, with nuisance variables

na

Controls > aMCI/mAD

Piriform cortex R 1 297 4.13 24 6 −22

Controls > aMCI/mAD, with nuisance variables

Piriform cortex R 1 86 3.73 24 5 −20

Orbitofrontal cortex L 2 37 3.69 −31 36 −18

Orbitofrontal cortex R 3 23 3.61 34 25 −18

aMCI/mAD group

Insula, anterior R 1 126 3.79 35 19 −1

Insula, anterior L 2 42 3.71 −35 19 −5

Control group

Piriform cortex R 1 11,209 5.86 23 3 −22

Insula, anterior R 1 11,209 4.91 38 19 −7

Entorhinal cortex R 1 11,209 4.72 16 −7 −17

Orbitofrontal cortex R 1 11,209 4.69 48 20 −9

Insula, anterior L 2 5,926 6.24 −34 18 −9

Orbitofrontal cortex L 2 5,926 4.91 −39 26 −1

Orbitofrontal cortex L 2 5,926 4.44 −32 33 −22

Piriform cortex L 3 2,403 5.67 −19 0 −22

Hippocampus, anterior L 3 2,403 4.4 −10 −9 −20

Thalamus, prefrontal L 4 1,756 4.99 −9 −3 1

Thalamus, temporal L 4 1,756 4.94 −7 −3 −3

Thalamus, temporal R 4 1,756 4.46 0 −17 3

Thalamus, prefrontal R 4 1,756 4.19 4 −18 9

Insula, posterior L 5 210 3.81 −39 −5 8

Thalamus, parietal L 6 192 3.9 −12 −30 −4

Thalamus, sensory L 6 192 3.83 −13 −23 −5

Thalamus, motor L 6 192 3.8 −11 −24 −4

Perirhinal cortex L 8 27 3.6 −27 −12 −42

Subcallosal cortex L 9 17 3.77 −7 12 −22

The analysis was carried out using an olfactory network mask (see section Materials and Methods for structures included) and a corrected cluster threshold of p = 0.05. X, Y, and Z

are coordinates of peak activation in MNI coordinates using the 1-mm template. Only clusters that were larger than or equal to one functional voxel were reported, and up to five local

maxima were reported for each cluster. The nuisance variables included age, sex, education, and brain parenchymal fraction. R, right; L, left. See Figure 2 for brain maps.

aMCI, amnestic mild cognitive impairment; mAD, Alzheimer’s dementia of mild degree; MNI, Montreal Neurological Institute.

Z-max = 3.9, cluster size = 169). There was no interaction
effect between group and SSIT, SSDT, or MMSE score on brain
activity. In the combined group, only SSDT score was associated
with fMRI activity located in the right piriform cortex, while no
associations were present between SSIT or MMSE scores and
fMRI activity (Table 5).

In the separate group analysis, the aMCI/mAD group
displayed activation above the statistical threshold only in
the bilateral anterior insula (Figure 2). No activity within
the ON correlated with CSF total-amyloid beta in the
aMCI/mAD group. In the control group, increased activation
was present within all ON regions during OI fMRI (Table 4 and
Figure 2).

DISCUSSION

In this OI fMRI study combined with psychophysical tests of
olfactory functions, the aMCI/mAD group recruited neuronal
resources in the piriform cortex significantly less and performed
markedly poorer on all OI tests and the odor discrimination test
than the control group. However, we did not find the expected
lower brain activity in the entorhinal cortex or amygdala in
the aMCI/mAD compared to the control group. Within the
aMCI/mAD group, only insula activity was detected within the
ON, in line with this region being affected later in the course of
AD than the temporal and frontal brain regions. In the control
group, on the other hand, all regions of the ON were strongly
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TABLE 5 | Location of brain activations during OI fMRI associated with olfactory

test scores and Mini Mental Status Examination score.

Brain region Hemisphere Cluster nr. Cluster size Z-value

(max)

X Y Z

SSDT

Piriform cortex R 1 10 3.66 12 −7 −21

SSIT

na

MMSE

na

The GLM analyses were carried out within the olfactory network mask (see section

Materials and Methods for structures included) and a corrected cluster threshold of p

= 0.05. X, Y, and Z are coordinates of peak activation in MNI coordinates using the 1-

mm template. Since there were no group *test performance interactions, the associations

are assessed across both groups. Only clusters that were larger than or equal to one

functional voxel were reported, and up to five local maxima were reported for each cluster.

R, right; L, left; MMSE, Mini Mental Status Examination; MNI, Montreal Neurological

Institute; OI, odor identification; SSDT, Sniffin’ Sticks Discrimination Test; SSIT, Sniffin’

Sticks identification test.

activated by the OI fMRI task, verifying the validity of the
paradigm in activating the ON.

The piriform cortex activity was associated with OI
impairment, as the difference between the aMCI/mAD and
control groups became more restricted when controlling for
SSIT. Nevertheless, the piriform cortex activity was mainly
driven by odor discrimination ability, since the group difference
disappeared completely when controlling for SSDT. The peak
of the activation difference was located in the anterior piriform
cortex, which is the main recipient of afferents from the olfactory
bulb. The anterior piriform cortex also has extensive internal as
well as external (e.g., with the orbitofrontal cortex) reciprocal
connections (40, 41). The primary role of the anterior piriform
cortex is odor discrimination and identification (42–44) as clearly
reflected by the current results. Reduced piriform cortex activity
has been reported in previous neuroimaging studies in patients
with MCI and AD using different olfactory perception tasks
(19, 21, 22, 45). These studies focused on metrics extracted from
regions of interest analyses in the piriform or primary olfactory
cortex, making direct comparison with these studies difficult.
The present study extends these findings by performing OI fMRI
in carefully selected patients using a variety of odors, which
were dispensed with an automated olfactometer, combined
with preprocessing and statistical analysis of the fMRI activity
using a strict cluster-defining threshold as recommended. Taken
together, the previous studies together with the current results
demonstrate lower activity in the piriform cortex to olfactory
stimuli from the first symptomatic stage of AD to late AD
dementia. This is consistent with tau pathology being present in
the piriform cortex from the very early symptomatic stage of AD
(13, 46).

The reduced piriform activity in the aMCI/mAD group
compared to the control group could originate from altered input
to the piriform cortex as well as from local pathology. AD-related
tau pathology is present in the olfactory bulb before it is found
in the piriform cortex and could impair upstream activation of

the piriform cortex (4, 13). Still, it appears unlikely that the
lower activity in the piriform cortex in the aMCI/mAD group
was caused mainly by reduced input from the olfactory bulb,
as the activity difference was associated with odor identification
(SSIT) and odor discrimination (SSDT) abilities, functions
localized to the piriform cortex and not the olfactory bulb.
Furthermore, β-amyloid plaques in the orbitofrontal cortex at the
time of the first AD-related symptoms/MCI (4, 13) could also
influence activity in the piriform cortex. The reciprocal piriform–
orbitofrontal network is involved in both odor discrimination
and identification (47) and might be disrupted both by local
AD pathology in piriform and orbitofrontal cortices and/or
through impaired downstream activation of the orbitofrontal
cortex due to, for instance, a primary deficit in processing
of olfactory stimuli in the piriform cortex in the aMCI/mAD
group. The presence of significantly higher activity in the
control group in two small clusters in the orbitofrontal cortex
after correction for age, sex, education, and brain parenchymal
fraction provides additional evidence for aberrant reciprocal
piriform–orbitofrontal activity in the aMCI/mAD group. Taken
together, the OI impairment in patients with MCI and AD
likely arises from local pathology that affects stimulus processing,
amplified by the disruption of network activity. Both aberrant
downstream signaling from the piriform cortex and altered
downstream processing of olfactory information could explain
the lack of the expected differences in fMRI activity in the
entorhinal cortex and amygdala. These regions are affected by tau
pathology even earlier than the piriform cortex and before onset
of aMCI/mAD symptoms.

Indeed, the lack of other group differences in activity during
OI fMRI suggested highly variable brain activity in these regions
in the aMCI/mAD group. A network affected by regional
pathology within a network of regions would give rise to
such variability. The presence of such variability could explain
the need for uncorrected statistical thresholding in previous
fMRI studies on olfaction in MCI/AD. The two previous
olfactory fMRI studies in participants with MCI/AD reporting
uncorrected voxel-based whole-brain activation show low overall
brain activity and fewer and varying brain regions activated in
MCI/AD (22).

The lack of an interaction between group and SSIT, SSDT,
and MMSE scores on piriform activity demonstrated similar
functional roles of the piriform cortex in the aMCI/mAD
and control groups. Within the aMCI/mAD group, the only
consistent activity during OI fMRI was located in the anterior
insula, which is known to be affected later by AD-related
pathology, at a time when dementia is well-established, compared
to the other areas within the ON (4, 13, 17). CSF total β-
amyloid levels were not associated with the anterior insula
activity in the aMC/mAD group, neither were SSIT, SSDT, or
MMSE scores. The lack of a group difference in insula activity
and the similar location of the peak activation suggest that
the anterior insula is involved in a similar manner during
OI fMRI in the aMCI/AD and control groups. The insula
activity in the aMCI/mAD and control groups was located in
the same coordinates as in healthy young adults during OI
fMRI (23). Extensive functional connections have been reported
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between piriform cortex and anterior insula in healthy adults,
supporting the importance of insula in olfaction (48). Given the
aberrant activity in the piriform cortex, it is possible that the
activity observed in anterior insula is not related to olfaction
per se. The lack of associations between insula activity and
SSIT and SSDT scores supports this interpretation. Insula has
important functions in cognitive effort, and the same insula
region activated in the MCI/mAD and control groups during
OI fMRI has previously been shown to have a higher fMRI
signal during high compared to low cognitive effort conditions
(49–51). Spontaneous OI is cognitively challenging, and the
anterior insula activity may represent cognitive control efforts.
Mini Mental Status Examination scores were not associated with
the insula activity, but since these scores do not reflect effort,
this observation does not rule out the possibility of insula activity
representing cognitive effort during OI fMRI. The anterior insula
is highly connected to several brain regions including all other
ON regions (49), has no or limited AD pathology in the MCI
and early AD phases (46, 52), and as such may receive sufficient
input from various sources within the ON and other brain
regions connected to, for instance, cognitive control to generate
a consistent fMRI signal similar to that in the control group.

The aMCI/mADgroup in this study had a highermeanMMSE
score than in a previous fMRI study on olfaction in MC/AD
(21). They still scored significantly lower than the control group
on all psychophysical tests, with the largest effect sizes found
for the OI tests, in agreement with the literature (5, 7). On
average, the aMCI/mAD group scored about 30% lower on the
OI tests while about 20% lower on the odor discrimination
test, reflecting OI tests’ superior ability to differentiate between
aMCI/mAD and healthy elderly (53). The performance of the
aMC/mAD group on SSITwas similar to that reported in Swedish
and German patients with aMCI/mAD (54), lending credence
to the generalizability of the current results across aMCI/mAD
populations. As expected, the percentage of carriers of one or two
APOE4 alleles was significantly higher in the aMCI/mAD group
than among controls. Harboring APOE4 alleles affects olfaction
even in healthy older adults (9), and the group difference in
brain activity could be enhanced by this imbalance. Nevertheless,
an APOE4 imbalance will be present in studies of aMCI/AD
compared to health elderly due to the importance of APOE4 for
AD risk (55).

There are several limitations of this study. Firstly, we designed
a very simple OI fMRI paradigm based on experience with
difficulties getting older adults to perform more advanced
olfactory fMRI paradigms. Despite the simple task design and
pre-scan training, the participants in both the aMCI/mAD and
control groups did not press the button to signal successful odor
identification during scanning as younger adults do (23) and
the older adult pilot data indicated. The number of successful
spontaneous OI during fMRI was so low that it was impossible
to perform the planned event analysis. Since participants in
both groups were able to spontaneously identify odors presented
outside the scanner, it could be that the fMRI setting made
them more cautious and/or insecure with regard to their own
OI success or that they forgot to press the response buttons
when they were not prompted by an examiner. We therefore

analyzed activation associated with the OI state, i.e., the bloc
where participants attempted to identify odors. Secondly, the
control group was slightly younger than the aMCI/AD group.
Given that the fMRI analysis correcting for age, sex, education,
and brain parenchymal fraction was quite similar to the analysis
without these covariates, the age difference between the two
groups should not have affected the fMRI results (56). There was
no significant difference in the frequency of smokers between
the two groups, and as such, the effect of being a smoker on
OI performance should be limited. Thirdly, the sample size was
modest, and we were not able to include enough patients to
reach the estimated group size due to MRI compatibility issues
and clinical characteristics uncovered during scanning or in the
follow-up period. We were still able to uncover significant group
differences even with fewer participants in the patient group
though. Nevertheless, by including a larger group of patients,
we might have uncovered more details especially with regard to
differences in brain activity in the regions with high fMRI signal
variability in the patient group, such as the medial temporal lobe.
Calculating sample size is difficult in fMRI studies, but based
on previous fMRI studies in MCI/dementia and other clinical
populations, between 12 and 23 participants is most common in
clinical fMRI (57). With small samples, both type I and type II
errors can be present, but the statistical approach implemented
here has been shown to limit the inflated error rate for a two-
sample t-test, even with only 10 subjects in each group (57).
Importantly, after correcting for age, sex, education, and brain
parenchymal fraction, the main group difference in activity in
the piriform cortex remained significant (even though the patient
group size was reduced with three cases due to missing data),
demonstrating a robust group difference. A fourth limitation of
this study was the use of the ON region of interest mask, which
does not allow for uncovering group differences in fMRI activity
in brain regions outside the ON.

A strength of the study is that all aMCI patients included were
followed prospectively and clinically diagnosed as converted to
AD or not. Moreover, the fMRI image analysis approaches and
statistical thresholding were rigorously adhering to best practices,
including a strict corrected threshold that correctly controls the
family-wise error rate (57).

CONCLUSION

Our findings show that during OI fMRI, patients with
aMCI/mAD recruited the piriform cortex significantly less than
the controls, and this activity was strongly associated with
odor discrimination ability and to a lesser extent OI. The
lack of consistent activity in the other ON structures in the
aMCI/mAD group suggested large variability in activity due
to differences in local AD-related pathology accompanied by
aberrant downstream and reciprocal signaling within the regions
of theON. The reduced activity in the piriform cortex and normal
activity in the anterior insula in the aMCI/mAD group likely
reflect the presence of AD-related pathology in the piriform
cortex but not in the insula, in accordance with the AD stages
of the included patients. OI tests thus reflect AD pathology in
olfactory structures.
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