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A B S T R A C T

One of the major challenges in the diagnosis of Alzheimer's disease (AD) is to increase the specificity of the early 
diagnosis. While episodic memory impairment is a sensitive AD marker, other measures are needed to improve 
diagnostic specificity. A promising biomarker might be a cerebral atrophy of the central olfactory processing 
areas in the early stages of the disease since an impairment of olfactory identification is present at the clinical 
stage of AD. Our goal was therefore, (1) to evaluate the grey matter volume (GMV) of central olfactory processing 
regions in prodromal AD and (2) to assess its association with episodic memory. We included 34 cognitively 
normal healthy controls (HC), 92 individuals with subjective cognitive decline (SCD), and 40 with mild cognitive 
impairment (MCI). We performed regions of interest analysis (ROI) using two different approaches, allowing to 
extract GMV from (1) atlas-based anatomical ROIs and from (2) functional and non-functional subregions of these 
ROIs (olfactory ROIs and non-olfactory ROIs). Participants with MCI exhibited smaller olfactory ROIs GMV, 
including significant reductions in the piriform cortex, amygdala, entorhinal cortex, and left hippocampus 
compared to other groups (p ≤ 0.05, corrected). No significant effect was found regarding anatomical or non- 
olfactory ROIs GMV. The left hippocampus olfactory ROI GMV was correlated with episodic memory performance 
(p < 0.05 corrected). Limbic/medial-temporal olfactory processing areas are specifically atrophied at the MCI 
stage, and the degree of atrophy might predict cognitive decline in AD early stages.   

1. Introduction

Alzheimer's disease (AD) begins with a silent phase that spans over
decades, during which an accumulation of neurofibrillary tau and 
β-amyloid depositions lead progressively to dementia. On the neuro
pathological level, tau tangles spread to the trans-entorhinal regions, 
then to the limbic regions, before expanding to the neocortex (Braak and 
Braak, 1991). β-amyloid plaques, on the other hand, accumulate first in 
the neocortex, then in the allocortex regions such as the entorhinal 
cortex and the hippocampus, then in subcortical nuclei, the brainstem, 
and finally in the pons and the cerebellum (Thal et al., 2002). These 
neuropathologies also correlate with other underlying molecular dam
ages such as caspase activation, which is another factor leading to 

neuronal death (Rohn et al., 2001). These brain damages occur during a 
prodromal phase in which the patient typically develops progressively a 
subjective cognitive decline (SCD) – a preclinical stage in which in
dividuals report complaints of subjective cognitive decline while 
maintaining normal performance on clinical cognitive assessments 
(Jessen et al., 2014, 2020). Then, the progression of the disease leads to 
mild cognitive impairment (MCI), typically including an episodic 
memory deficit, before leading to dementia, at which point the cognitive 
impairment is significant enough to impact daily life functionally (Al
bert et al., 2011; Jack et al., 2018; Sperling et al., 2011). 

The amnesic form of MCI is considered a risk factor for developing 
AD dementia (Petersen et al., 2001). Among neuropsychological tests, 
performance on verbal episodic memory measures is the most accurate 
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to predict the progression from MCI to AD dementia type (Belleville 
et al., 2017). Nevertheless, episodic memory impairment is not specific 
to AD, and a significant proportion of patients with an amnesic MCI will 
not convert to AD dementia type (Vos et al., 2013). As an example, re
sults from a study showed that 31 % of patients diagnosed with amnesic 
MCI did not convert to dementia after six years of follow-up (Mauri et al., 
2012). 

Combining episodic memory decline with other behavioral markers 
may improve the early detection of AD; for this, olfactory impairment is 
a prime candidate. During the prodromal phase of AD, olfactory decline 
appears among the first behavioral symptoms within the disease pro
gression (Murphy, 2019). Indeed, olfactory impairment is a clinical 
symptom of AD (Mesholam et al., 1998; Rahayel et al., 2012; Silva et al., 
2018; Velayudhan, 2015; Velayudhan et al., 2013) and is already pre
sent as episodic memory impairment appears at the MCI stage of the 
disease (Bahar-Fuchs et al., 2010; Devanand et al., 2010; Djordjevic 
et al., 2008; Eibenstein et al., 2005; Jung et al., 2019; Roalf et al., 2017; 
Seligman et al., 2013; Vyhnalek et al., 2015). While episodic memory 
and olfactory identification are associated during aging (Chen et al., 
2018; Devanand et al., 2010; Jobin et al., 2023; Larsson et al., 2016; 
Tonacci et al., 2017; Wehling et al., 2010), the olfactory decline may 
begin even before the appearance of memory deficits. Indeed, in
dividuals with SCD can exhibit reduced olfactory identification abilities 
(Chen et al., 2021; Sohrabi et al., 2009) although memory impairments 
are per definition absent in this group. Further, in cognitively normal 
older adults, olfactory performance helps to predict future cognitive 
decline (Devanand et al., 2015; Dintica et al., 2019; Growdon et al., 
2015; Olofsson et al., 2020; Sohrabi et al., 2012; Windon et al., 2019) 
and conversion to MCI (Roberts et al., 2016; Wheeler and Murphy, 2021; 
Wilson et al., 2007). Accordingly, olfactory impairment is considered a 
preclinical marker of AD. 

In contrast to the olfactory impairment associated with other con
ditions such as Parkinson's disease, olfactory impairment within AD is 
characterized by a particular pattern where olfactory identification is 
more impaired than olfactory threshold or olfactory discrimination 
(Rahayel et al., 2012). This pattern can already be observed in MCI 
(Roalf et al., 2017). Such early olfactory identification impairment could 
result from damage to limbic and medial temporal lobe structures, as 
these regions are mainly involved in the identification of odors (Deva
nand et al., 2010; Hagemeier et al., 2016; Kjelvik et al., 2014, 2021; Kose 
et al., 2021; Murphy et al., 2003; Patin and Pause, 2015; Yoshii et al., 
2019; Yu et al., 2019). Pathologically, tau tangles accumulate first in the 
trans-entorhinal region (Braak and Braak, 1991); tau accumulation is 
one of the leading causes of neuronal death and a predictor of brain 
atrophy in AD (Malpetti et al., 2022; Planche et al., 2022). Although the 
olfactory bulb is also affected by tau pathology in early Braak stages 
(Kovacs et al., 1999), a post-mortem histological study showed that ol
factory bulb tau pathology failed to predict olfactory identification 
(Tremblay et al., 2022), while other studies showed that olfactory 
identification would be associated with cerebrospinal fluid (CSF) tau 
pathology (Lafaille-Magnan et al., 2017; Reijs et al., 2017; Tu et al., 
2020) and with tau pathology within medial-temporal lobe regions 
(Klein et al., 2021; Risacher et al., 2017). Accordingly, limbic and 
medial-temporal structures of the primary olfactory cortex (POC), which 
includes the piriform cortex, the amygdala, the olfactory nucleus, the 
olfactory tubercle, and the entorhinal cortex, are atrophied in patients 
with AD, raising the hypothesis that POC atrophy may be present as 
early as the MCI stage and being one of the main causes of the early 
olfactory identification impairment (Jobin et al., 2021a). 

While several regions are involved in central olfactory processing (e. 
g., amygdala, piriform cortex, entorhinal cortex, parahippocampal 
gyrus, orbitofrontal cortex, insula, caudate, hippocampus, cingulate; 
Lundström et al., 2011; Seubert et al., 2013; Torske et al., 2021), 
neuropathological and behavioral evidence suggests that damage to 
limbic and medial-temporal olfactory regions is the first to appear dur
ing AD. Over time, odor identification and episodic memory have the 

same trajectories within aging (Dintica et al., 2021). According to the 
common cause hypothesis, damages to shared limbic and medial- 
temporal regions involved in both capacities would explain the rela
tionship and similar trajectories between memory and olfactory declines 
in aging (Baltes and Lindenberger, 1997; Dulay and Murphy, 2002). 

In the present study, we aimed to (1) compare and characterize grey 
matter volume (GMV) of the central olfactory structures of three groups, 
namely a control group of cognitively normal healthy older adults 
without cognitive complaints (HC), a group of older adults with SCD, 
and a group of older adults with MCI. Compared to cognitively normal 
controls, we hypothesized that older adults with SCD or MCI have 
smaller GMV of olfactory structures in the limbic system and medial- 
temporal lobe. We also aimed to compare the GMV of subregions of 
these structures across the three groups. Accordingly, we aimed to 
compare (2a) the olfactory subregions of these structures, i.e., areas that 
are activated during olfactory stimulation, and (2b) the non-olfactory 
subregions of these structures, i.e., areas that do not activate to olfac
tory stimulation, among the three groups. Here, we also predicted 
smaller GMV in olfactory subregions of these structures in SCD or MCI 
groups compared to HC participants. Finally, we aimed to (3) determine 
if the GMV of central olfactory areas is correlated to verbal episodic 
memory performance, the most accurate cognitive predictor of AD 
(Belleville et al., 2017). We hypothesized that GMV of olfactory medial 
temporal and limbic regions correlates with verbal episodic memory 
performance. 

2. Materials and methods 

The study was conducted in accordance with the Declaration of 
Helsinki and approved by the Ethics Committee of the research center of 
the Institut universitaire de gériatrie de Montréal. After a detailed expla
nation of the study, all participants provided written consent before 
enrolling in the study. 

2.1. Participants 

The data were obtained from the Consortium for the Early Identifi
cation of Alzheimer's Disease-Quebec (CIMA-Q, Belleville et al., 2019), 
established in 2013 with initial FRQS-Pfizer funding. The primary 
objective of CIMA-Q was to establish a cohort of older adults charac
terized clinically, cognitively, and by neuroimaging and blood sampling, 
with the following goals: (1) to establish an early diagnosis of Alz
heimer's disease; (2) to make a well-characterized cohort available to the 
scientific community; and (3) to identify novel therapeutic targets to 
prevent or slow cognitive decline and Alzheimer's disease (4) via sub
sequent clinical studies. The designated principal investigator and di
rector of CIMA-Q is Dr. Sylvie Belleville from the Research Centre of the 
Institut universitaire de gériatrie de Montréal, a research organization of the 
Centre Intégré Universitaire de Santé et de Services Sociaux du Centre- 
sud-de-l'île de Montréal. CIMA-Q represents the joint efforts of many 
Quebec-based co-principal investigators and researchers affiliated with 
Université Laval, McGill University, Université de Montréal, and Uni
versité de Sherbrooke. 

Since 2014, CIMA-Q has recruited a longitudinal cohort of 350 
cognitively normal participants, with SCD, with MCI, or with Alz
heimer's type dementia. In the current study, we included all eligible 
participants who underwent MRI examination between 2014 and March 
2020 (n = 166). All participants were community-dwelling older adults 
aged 65 or over, living independently from Montreal, Sherbrooke, and 
Quebec City in Canada. All participants underwent a complete 
comprehensive neuropsychological evaluation and were evaluated by 
expert physicians who classified participants across the AD spectrum, 
from cognitively normal HC to SCD, MCI, and clinically probable AD. 

All recruitment procedures, clinical, cognitive, and neuropsychiatric 
measurement, as well as all inclusion and exclusion criteria, were 
described (Belleville et al., 2019). Participants from the MCI group 

B. Jobin et al.                                                                                                                                                                                                                                    



Experimental Gerontology 183 (2023) 112325

3

(Montreal Cognitive Assessment, MoCA, Nasreddine et al., 2005, score 
between 26 and 20) met the National Institute on Aging and the Alz
heimer's Association (NIA-AA) clinical criteria for MCI (Albert et al., 
2011): (1) a reported cognitive decline; (2) an objective cognitive 
impairment typically in episodic memory, (3) the preservation of inde
pendence in functional abilities, and (4) the absence of dementia. Par
ticipants from the SCD group (MoCA score ≥ 26) met the criteria of the 
Subjective Cognitive Decline Initiative (Jessen et al., 2014): (1) a re
ported cognitive decline and (2) cognitive performance within the 

normal range. Cognitively normal controls participants (MoCA score ≥
26) (1) reported no cognitive complaint and (2) had a cognitive per
formance within the normal range. Verbal episodic memory perfor
mance measured by the Logical Memory II subtest of the Wechsler 
Memory Scale (Wechsler, 1997) and general cognitive performance 
measured by the MoCA are presented in Table 1. 

Table 1 
Characteristics of participants in each group. Note: Values are means (SD). Analysis of variance was performed, followed by post-hoc pairwise comparisons with Holm- 
Bonferroni correction. A Chi-Square test of independence was performed for sex. Volumetric data represent volumes in mL divided by total intracranial volume. 
Volumetric analyses of variance were also performed, followed by post-hoc ANCOVAs controlling for age with Holm-Bonferroni correction. Abbreviations: HC =
cognitively normal healthy controls, SCD = subjective cognitive decline, MCI = mild cognitive impairment. MoCA = Montreal Cognitive Assessment. n.a. = No post- 
hoc performed when the main group effect was non-significant. a Data missing for two subjects. b Data missing for four subjects. * indicates statistically significant 
effects after adjustment for multiple comparisons (Holm-Bonferroni corrected).      

p values  

HC (n = 34) SCD (n = 92) MCI (n = 40) HC vs. SCD HC vs. MCI SCD vs. MCI 

Age in years 72.08 (5.51) 72.18 (4.76) 75.22 (5.11) 0.93 0.008* 0.002* 
Female/Male 25/9 63/29 18/22 0.58 0.013 0.011 
Years of Education 15.88 (3.69) 15.05 (3.09) 14.30 (3.12) n.a. n.a. n.a. 
Logical Memory II delayed free recall 14.74 (4.67) 14.20 (3.86) 10.13 (4.42) 0.52 < 0.001* < 0.001* 
MoCA 28.35 (1.37) 27.66 (1.41) 24.52 (2.34) 0.04 < 0.001* < 0.001* 
Memoria, free word recalla 8.18 (1.87) 7.33 (2.10) 6.07 (2.56) 0.055 < 0.001* 0.009* 
Face-Name Test, delayed free recallb 5.35 (1.77) 4.68 (2.43) 2.95 (2.31) 0.15 < 0.001* < 0.001* 
Piriform cortex anatomical ROI 0.00123 

(0.00010) 
0.00123 
(0.00010) 

0.00116 
(0.00009) 

n.a. n.a. n.a. 

Piriform cortex olfactory ROI 0.00066 
(0.00006) 

0.00066 
(0.00006) 

0.00062 
(0.00006) 

0.79 0.018* 0.002* 

Piriform cortex non-olfactory ROI 0.00057 
(0.00005) 

0.00057 
(0.00005) 

0.00054 
(0.00005) 

n.a. n.a. n.a. 

Amygdala anatomical ROI 0.00120 
(0.00009) 

0.00121 
(0.00011) 

0.00111 
(0.00014) 

n.a. n.a. n.a. 

Amygdala olfactory ROI 0.00099 
(0.00009) 

0.00098 
(0.00009) 

0.00091 
(0.0001) 

0.82 0.014* 0.001* 

Amygdala non-olfactory ROI 0.00021 
(0.00005) 

0.00022 
(0.00003) 

0.00020 
(0.00003) 

n.a. n.a. n.a. 

Entorhinal cortex anatomical ROI 0.00275 
(0.00025) 

0.00273 
(0.00028) 

0.00257 
(0.00033) 

n.a. n.a. n.a. 

Entorhinal cortex olfactory ROI 0.00098 
(0.00010) 

0.00097 
(0.00010) 

0.00090 
(0.00011) 

0.92 0.008* 0.002* 

Entorhinal cortex non-olfactory ROI 0.00177 
(0.00018) 

0.00176 
(0.00020) 

0.00167 
(0.00022) 

n.a. n.a. n.a. 

Left hippocampus anatomical ROI 0.00203 
(0.00016) 

0.00203 
(0.00018) 

0.00186 
(0.00026) 

n.a. n.a. n.a. 

Left hippocampus olfactory ROI 0.00007 
(0.000009) 

0.00007 
(0.000009) 

0.00006 
(0.00001) 

0.60 0.007* 0.006* 

Left hippocampus non-olfactory ROI 0.00196 (0.00016) 0.00196 (0.00018) 0.00180 
(0.00026) 

n.a. n.a. n.a. 

Left parahippocampal gyrus anatomical ROI 0.00209 
(0.00019) 

0.00205 
(0.00016) 

0.00196 
(0.00018) 

n.a. n.a. n.a. 

Left parahippocampal gyrus olfactory ROI 0.00002 
(0.000003) 

0.00002 
(0.000004) 

0.00002 
(0.000005) 

0.89 0.01* 0.004* 

Left parahippocampal gyrus non-olfactory ROI 0.00207 
(0.00019) 

0.00203 
(0.00016) 

0.00193 
(0.00018) 

n.a. n.a. n.a. 

Insula anatomical ROI 0.00750 (0.00060) 0.00757 
(0.00060) 

0.00728 
(0.00066) 

n.a. n.a. n.a. 

Insula olfactory ROI 0.00053 
(0.00005) 

0.00054 
(0.00005) 

0.00053 
(0.00006) 

0.80 0.77 0.94 

Insula non-olfactory ROI 0.00696 
(0.00055) 

0.00703 (0.00058) 0.00675 
(0.00062) 

n.a. n.a. n.a. 

Orbitofrontal anatomical ROI 0.00810 
(0.00046) 

0.00800 
(0.00064) 

0.00780 
(0.00055) 

n.a. n.a. n.a. 

Orbitofrontal olfactory ROI 0.00030 
(0.00003) 

0.00029 
(0.00004) 

0.00027 
(0.00003) 

0.24 0.50 0.04 

Orbitofrontal non-olfactory ROI 0.00781 (0.00044) 0.00772 (0.00061) 0.00751 
(0.00052) 

n.a. n.a. n.a. 

Left caudate anatomical ROI 0.00177 (0.00018) 0.00123 (0.00009) 0.00116 
(0.00009) 

n.a. n.a. n.a. 

Left caudate olfactory ROI 0.000002 
(0.0000008) 

0.000002 
(0.0000009) 

0.000002 
(0.0000007) 

0.46 0.07 0.15 

Left caudate non-olfactory ROI 0.00176 (0.00018) 0.00183 (0.00024) 0.00174 
(0.00025) 

n.a. n.a. n.a.  
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2.2. Design 

The CIMA-Q project is a large-scale, multicenter, and longitudinal 
study including standardized cognitive and neuroimaging assessments 
(http://www.cima-q.ca/ for more details). After a telephonic pre- 
screening interview using the Mini-Mental State Examination (t- 
MMSE; Newkirk et al., 2004), all eligible participants underwent a 
clinical examination, a neuropsychological assessment, and a neuroan
atomical MRI scan. MRI assessments were completed within a maximum 
of 30 days after the cognitive examination. All measurements from this 
study have been collected before the COVID-19 pandemic. 

2.3. Episodic memory assessment 

To reduce circularity issues when testing our hypothesis, we chose a 
different episodic memory task than those used in the inclusion criteria. 
Specifically, we used performance at a free word recall task from the 
Memoria Word Recall test (Chatelois et al., 1993). During the procedure, 
a 15-word list was presented to the participant on a computer screen 
displayed in a matrix of 5 rows and 3 columns. After the instructor 
verbally indicated the word to point on the screen, the participant had to 
point with his finger the word to remember for subsequent recall. This 
procedure was repeated 15 times for each word to learn, and for each 
item, words presentation on the screen was randomized to prevent 
spatial strategies during encoding. After the 15th word, participants 
were asked to count upwards to prevent rehearsal and to clear their 
working memory. Then, the participant was asked to retrieve as many 
words as possible previously seen during the learning phase. This task is 
among the most sensitive predictors of progression from MCI to de
mentia (Belleville et al., 2017). 

2.4. Image processing 

CIMA-Q used a comprehensive imaging protocol harmonized for 
manufacturer/software configurations to ensure optimal convergence 
during analysis (Belleville et al., 2019; Duchesne et al., 2019). In this 
study, we used anatomical 3D-T1-weighted sequences from this 
protocol. 

We converted all 3D T1-weighted MR images into the Neuroimaging 
Informatics Technology Initiative (NIFTI) format, and we manually 
reoriented the anterior commissure as the origin for all images. The 
images were spatially normalized and segmented into grey matter (GM), 
white matter (WM), and cerebral spinal fluid (CSF) tissue classes ac
cording to the Geodesic Shooting registration approach with default 
settings in 1.5 mm cubic resolution and MNI space using the CAT12 
toolbox (Gaser et al., 2022) implemented in SPM12 (Wellcome Centre of 
Imaging Neuroscience, Institute of Neurology, UCL, London, UK; htt 
p://www.fil.ion.ucl.ac.uk/spm) and MATLAB software version 
R2020b (The MathWorks, Natick, MA, USA). GM, WM, and CFS Volumes 
were summed up to calculate the total intracranial volume (TIV). 
Moreover, the data quality was obtained from CAT12, and all scans were 
rated C+ or higher, representing a satisfactory quality level (Gaser et al., 
2022). Regarding data quality, an ANOVA revealed no difference be
tween groups regarding the weighted overall image quality (F [2, 165] 
= 0.67; p = 0.51). 

2.5. GMV extraction 

We extracted GMV from regions of interest (ROIs) using the “Esti
mate Mean Values Inside ROI for External Analysis” CAT12's tool and 
performed analysis using SPSS software (IBM SPSS Statistics Version 
28). We defined ROIs based on a recent activation likelihood estimation 
(ALE) meta-analysis of 81 studies (Torske et al., 2021), a method pre
viously used by Seubert et al. (2013). The activation mask resulting from 
this meta-analysis represents significant clusters that are activated 
during olfactory stimulation, providing a probabilistic map of the 

central olfactory system (i.e, the amygdala, piriform cortex, medi
al+posterior orbitofrontal cortex gyrus, insula, left parahippocampal 
gyrus, left hippocampus, and left caudate). For these last three regions, 
we were only able to extract the left hemisphere part given the absence 
of activation in the right hemisphere within these regions in the func
tional mask (Torske et al., 2021), a similar lateralization effect has been 
found in Fjaeldstad et al. (2021) regarding the structural connectivity 
between the olfactory cortex and the left hippocampus (VS the right 
hippocampus). 

ROIs masks were created using an approach combining a functional 
mask (Torske et al., 2021) and a neuroanatomical atlas (Neuro
morphometrics), a technique that has been used in other studies to 
create ROIs of the central olfactory system (Fjaeldstad et al., 2017, 2021; 
Postma et al., 2021). Since the piriform cortex is not included in the 
Neuromorphometrics atlas, we used a mask created by Zhou et al. 
(2019) which includes the anterior olfactory nucleus, olfactory tubercle, 
and piriform cortex. First, we extracted GMV from (A) anatomical ROIs 
(i.e., all voxels from different ROIs, based on the anatomical atlas 
masks). Second, we extracted GMV from another set of ROIs derived on 
the intersection between the functional mask (Torske et al., 2021) and 
anatomical regions from the Neuromorphometrics atlas included in 
CAT12 that is resulting from the OASIS project (http://www.oasis-br 
ains.org/). These (B) olfactory ROIs included significant voxels acti
vated by olfactory stimulation from the anatomical ROIs masks. Thus, 
these novel ROIs represented the parts of anatomical atlas-based regions 
that are activated during olfactory stimulation (see Fig. 1). Finally, we 
also extracted (C) non-olfactory ROIs GMV (i.e., voxels that are not 
activated during olfactory stimulation from the same anatomical re
gions). All GMV extracted were divided by the TIV to control for head 
size and reported in mL. 

2.6. Statistical analysis 

We used the same statistical analysis approach to compare each set of 
ROIs (anatomical ROIs, olfactory ROIs, non-olfactory ROIs) GMV between 
each group (HC, SCD, MCI). We computed Greenhouse-Geisser cor
rected repeated-measures analysis of variance (rmANOVA) with region 
(height levels: piriform cortex, amygdala, entorhinal cortex, left hip
pocampus, left parahippocampus, insula, orbitofrontal cortex, left 
caudate) as within-subject factor and group (three levels: HC, SCD, MCI) 
as between-subject factor. Education, sex and age were used as cova
riates. When an interaction effect between region and group was signif
icant, we used ANCOVAs as post-hoc analysis to perform pairwise 
comparisons comparing GMV of each ROI between each group (HC VS 
SCD, HC VS MCI, SCD VS MCI) using age as a covariate. When an 
interaction effect between region and sex was significant, we performed 
two-way ANCOVAs that included sex and group (HC, SCD, MCI) as two 
factors, including age as a covariate. Pairwise comparisons were per
formed to compare GMV between males and females. Next, when an 
interaction effect was found between region and age, we performed 
Pearson's correlations to assess the relation between different ROIs GMV 
and age. 

To assess the hemispheric laterality of different bilateral ROIs (piri
form cortex, amygdala, entorhinal cortex, insula, orbitofrontal cortex), 
we performed the same analysis (Greenhouse-Geisser corrected rmA
NOVA), including side as a covariate. 

We performed Pearson's correlations to verify the relationship be
tween GMV of olfactory ROIs and age or episodic memory performance. 
Again, we set the alpha value at 0.05 and used Bonferroni-Holm 
correction for multiple comparisons. Partial correlation analysis was 
performed to control the effect of pertinent covariates (i.e., age). 
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Fig. 1. Defined ROIs used to extract GMV from different ROIs. Anatomical ROIs were defined based on the Neuromorphometrics atlas implemented in CAT12 and the 
piriform cortex mask from Zhou et al., 2019. Olfactory ROIs represent significant voxels activated by olfactory stimulation (Torske et al., 2021) within each 
anatomical ROI. Non-olfactory ROIs represent voxels that are not activated during olfactory stimulation within each anatomical ROI. Axes' coordinates follow the 
MNI system. 

Fig. 2. Post-hoc two-way ANCOVAs comparisons between sex for each anatomical ROI, controlled for age. Males exhibited significantly smaller GMV in the left 
hippocampus and left caudate compared to females. The boxes represent the interquartile range of GMV distributions, the middle lines represent the median. * 
indicates statistically significant differences at p < 0.05 that resisted to Holm-Bonferroni correction. 
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3. Results 

3.1. GMV of anatomically defined regions (anatomical ROIs) 

When comparing GMV from anatomical ROIs between the three 
groups, a rmANOVA revealed no significant interaction between region 
and group (F [4.94, 395.26] = 0.867; p = 0.06; partial η2 = 0.01), nor 
significant main effect of group (F [2, 160] = 2.76; p = 0.06; partial η2 =

0.03). No significant interaction effects between region and education (F 
[2.47, 395.26] = 0.42; p = 0.70; partial η2 = 0.003), nor main effect of 
education were found (F [1, 160] = 0.40; p = 0.84; partial η2 > 0.001). 
We found a significant interaction between region and age (F [2.47, 
395.26] = 3.05; p = 0.038; partial η2 = 0.019). Age was significantly and 
negatively associated with each ROIs GMV (piriform cortex: r = −0.25, 
p = 0.001); amygdala: r = −0.33, p < 0.001; entorhinal cortex: r =

−0.25, p = 0.001; left hippocampus: r = −0.41, p < 0.001), left para
hippocampal gyrus (r = −0.26, p < 0.001), insula (r = −0.23, p =

0.003), orbitofrontal cortex (r = −0.26, p < 0.001), and left caudate (r =
−0.24, p = 0.002) GMV. 

We also found an interaction effect between region and sex (F [2.47, 
395.26] = 3.01; p = 0.036; partial η2 = 0.019). Two-way ANCOVAs 
including group and sex as factors showed significant main effects of sex 
for the left hippocampus (F [1, 159] = 5.88; p = 0.02; partial η2 =

0.036). and for the left caudate (F [1, 159] = 5.33; p = 0.02; partial η2 =

0.032). Post-hoc pairwise analysis revealed smaller left hippocampus (p 
= 0.02) and left caudate (p = 0.02) GMV in males compared to females 
(Fig. 2). No significant interaction effects were found between group and 
sex nor main effect of sex for other anatomical ROIs (p > 0.05). 

Regarding laterality, we did not find a significant interaction effect 

between region, group, and side (F [4.02, 321.24] = 0.59; p = 0.67; 
partial η2 = 0.007). 

3.2. GMV of olfactory regions (olfactory ROIs) 

When comparing olfactory ROIs GMV between the three groups, the 
rmANOVA revealed a significant main effect of group (F [2, 160] = 5.02; 
p = 0.008; partial η2 = 0.059) and age (F [2, 160] = 9.76; p = 0.002; 
partial η2 = 0.058), significant interactions between region and group (F 
[3,45, 275.73] = 4.01; p = 0.006; partial η2 = 0.048), and significant 
interaction between region and age (F [1.72, 275.73] = 9.82; p > 0.001; 
partial η2 = 0.058). No significant interaction effects between region and 
sex (F [1.72, 275.73] = 0.97; p = 0.37; partial η2 = 0.006) or education (F 
[1.72, 275.73] = 0.44; p = 0.94; partial η2 > 0.001) were found, nor 
main effect of sex (F [1, 160] = 0.47; p = 0.83; partial η2 > 0.001) or 
education (F [1, 160] = 0.80; p = 0.78; partial η2 = 0.001). Post-hoc 
ANCOVAs pairwise comparisons controlled for age revealed smaller 
GMVs in MCI compared to both SCD and HC in the piriform cortex, 
amygdala, entorhinal cortex, and the left hippocampus (p ≤ 0.05), but 
not for the left parahippocampal gyrus, the insula, the orbitofrontal 
cortex, and the left caudate (p > 0.05) (Fig. 3). 

Regarding the interaction between age and region, linear Pearson's 
correlations showed that age was significantly and negatively associated 
with piriform cortex (r = −0.26, p < 0.001), amygdala (r = −0.35, p <
0.001), entorhinal cortex (r = −0.27, p < 0.001), left hippocampus (r =
−0.22, p = 0.005), and orbitofrontal cortex (r = −0.34, p < 0.001) GMV. 

Regarding olfactory ROIs laterality, we did not find a significant 
interaction effect between region, group, and side (F [3.47, 277.51] =

1.06; p = 0.37; partial η2 = 0.01). 

Fig. 3. Post-hoc ANCOVAs pairwise comparisons for each olfactory ROI between the three groups (HC, SCD, MCI), controlled for age. MCI group exhibited 
significantly smaller GMV in the piriform cortex, amygdala, entorhinal cortex, and left hippocampus compared to HC and SCD groups. The boxes represent the 
interquartile range of GMV distributions, the middle lines represent the median. p-values for each pairwise comparison: Piriform cortex: HC VS SCD p = 0.82, HC VS 
MCI p = 0.014, SCD VS MCI p = 0.001; Amygdala: HC VS SCD p = 0.92, HC VS MCI p = 0.008, SCD VS MCI p = 0.002; Entorhinal cortex: HC VS SCD p = 0.60, HC VS 
MCI p = 0.007, SCD VS MCI p = 0.006; Left hippocampus: HC VS SCD p = 0.89, HC VS MCI p = 0.01, SCD VS MCI p = 0.004; Left parahippocampal gyrus: HC VS SCD 
p = 0.80, HC VS MCI p = 0.77, SCD VS MCI p = 0.94; Insula: HC VS SCD p = 0.24, HC VS MCI p = 0.49, SCD VS MCI p = 0.04; Orbitofrontal cortex: HC VS SCD p =
0.46, HC VS MCI p = 0.07, SCD VS MCI p = 0.15; Left caudate: HC VS SCD p = 0.20, HC VS MCI p = 0.59, SCD VS MCI p = 0.51. 
* indicates statistically significant difference at p < 0.05 that resisted to Holm-Bonferroni correction; ** indicates statistically significant difference at p < 0.01 that 
resisted to Holm-Bonferroni correction. 
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3.3. GMV of non-olfactory regions (non-olfactory ROIs) 

In contrast, when comparing non-olfactory ROIs GMV between the 
three groups, a rmANOVA revealed no significant interaction between 
region and group (F [4.76, 380.63] = 0.87; p = 0.49; partial η2 = 0.011), 
nor main effect of group (F [2, 161] = 2.21; p = 0.11; partial η2 = 0.027). 
No significant interaction effects between region and sex (F [4.76, 
380.63] = 0.87; p = 0.50; partial η2 = 0.017) or education (F [2.40, 
380.63] = 0.46; p = 0.68; partial η2 = 0.003) were found, nor main 
effect of sex (F [1, 160] = 2.85; p = 0.09; partial η2 = 0.018) or education 
(F [1, 160] = 0.03; p = 0.86; partial η2 > 0.001). However, we found a 
significant interaction between region and age (F [2.38, 380.63] = 4.13; 
p = 0.012; partial η2 = 0.025). Age was significantly and negatively 
associated with the entorhinal cortex (r = −0.22, p = 0.005), left hip
pocampus (r = −0.41, p < 0.001), left parahippocampal gyrus (r =

−0.27, p < 0.001), insula (r = −0.24, p = 0.002), orbitofrontal cortex (r 
= −0.25, p = 0.001), and left caudate (r = −0.24, p = 0.002) GMV. 
Regarding laterality, we did not find a significant interaction effect be
tween region, group, and side (p = 0.60). 

3.4. Relationship between olfactory ROIs GMV and episodic memory 
performance 

When analyzing the relationship between olfactory ROIs' GMV and 
episodic memory performance in the whole sample (n = 166), we 
observed significant linear correlations between Memoria free word 
recall scores and the piriform cortex (r = 0.21, p = 0.007), amygdala (r 
= 0.25, p = 0.001), and left hippocampus (r = 0.26, p < 0.001) GMV. 
After controlling for age using a partial correlation, only the left hip
pocampus GMV remained significantly correlated to episodic memory 
performance after correction (r = 0.22, p = 0.005). When analyzing the 

relationship between olfactory ROIs and episodic memory by groups 
(HC, SCD, MCI), no significant correlations were found between GMV 
and episodic memory, although there was a trend within the MCI group 
(HC: r = 0.23, p = 0.20; SCD: r = 0.04, p = 0.74; MCI: r = 0.31, p =
0.056) (Fig. 4). 

When performing the same partial correlation analysis with 
anatomical ROIs and non-olfactory ROIs, we obtained the same pattern 
where only left hippocampus GMV remained significantly correlated to 
episodic memory performance after correction (anatomical ROI: r =

0.30, p < 0.0.001; non-olfactory ROI: r = 0.29, p < 0.0.001). When 
performing the analysis by groups (HC, SCD, MCI), we did not find any 
significant correlations were found between GMV and episodic memory 
(p > 0.05). 

4. Discussion 

In this study, we examined GMV of central olfactory structures and 
its relationship with episodic memory performance in individuals at risk 
of AD dementia. We found that GMV of piriform cortex, amygdala, en
torhinal cortex, and left hippocampus olfactory subregions were smaller 
in the MCI group compared to both other groups. We also found that this 
neurodegenerative pattern is specific to olfactory processing areas since 
we did not find similar effects outside defined olfactory ROIs (non-ol
factory ROIs) within the same regions, nor when using whole regions 
GMV (anatomical ROIs). Finally, the GMV of the left hippocampus ROIs 
correlated with episodic memory performance. 

Consistent with previous reports (Chen et al., 2021; Jobin et al., 
2021a; Lu et al., 2019; Vasavada et al., 2015), these results suggest that 
atrophy of central olfactory processing areas is present in individuals 
with MCI. More specifically, our data suggest a distinct and specific 
structural atrophy pattern where temporal-medial and limbic olfactory 

Fig. 4. Partial correlations between left hippocampus olfactory ROI and Memoria free recall score. a. represents a partial positive correlation (r = 0.22, p = 0.005) 
between left hippocampus olfactory ROI GMV and Memoria free recall score, controlling for age, for the whole sample. The three other panels represent the same 
analysis by group (b. HC, c. SCD, d. MCI respectively), without statistically significant effects (all p > 0.05). 
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processing areas are damaged early in the prodromal stage of AD. This 
pattern is consistent with the Braak staging of neurofibrillary changes, 
where tau tangles appear very early within trans-entorhinal and then in 
limbic regions before expanding to isocortical areas of the brain (Braak 
and Braak, 1991), supporting the hypothesis that olfactory impairment 
observed in prodromal AD reflects early neuronal damage caused by tau 
pathology in medial-temporal and limbic regions of the brain. Indeed, 
several studies have linked CSF and PET tau levels to olfactory perfor
mance in healthy older adults (Lafaille-Magnan et al., 2017; Risacher 
et al., 2017; Tu et al., 2020) and in mixed AD-continuum groups (Klein 
et al., 2021; Reijs et al., 2017). 

The observed atrophy pattern of the central olfactory processing 
areas occurring first in the temporal-medial and limbic areas is also 
consistent with a newly proposed model (Planche et al., 2022) sug
gesting that atrophy progression in AD starts in (1) the hippocampus and 
amygdala; before progressing to (2) the middle temporal gyrus; (3) en
torhinal cortex, parahippocampal cortex and other temporal areas; (4) 
striatum and thalamus, and (5) middle frontal, cingular, parietal and 
insular cortex. It is important to point out that Planche's model does not 
include the piriform cortex. However, given its anatomical and func
tional connections with the amygdala, entorhinal cortex, and hippo
campus (Carmichael et al., 1994; Zhou et al., 2019, 2021), our 
observation of atrophied piriform cortex is in line with the model. These 
two models (Braak and Braak, 1991; Planche et al., 2022) demonstrated 
that key primary olfactory cortex structures are among the first to be 
damaged in AD. 

Furthermore, damages to the olfactory system in AD could even be 
detected earlier, as recent studies showed that caspase activation, a 
molecular pathology that precedes and leads to tau-tangles (de Calignon 
et al., 2010), is present in the human anterior olfactory nucleus, is 
related to cognitive performance (Foveau et al., 2016), cooccurs with 
olfactory bulb atrophy, and is correlated to olfactory performance in 
Huntington's Disease murine model (Lessard-Beaudoin et al., 2019; 
Laroche et al., 2020). Future studies need to investigate caspase acti
vation and its relationship to olfactory performance in AD models. 

On a behavioral level, early atrophy of medial-temporal and limbic 
olfactory regions could explain why olfactory identification is early 
impaired during AD development (Rahayel et al., 2012; Roalf et al., 
2017). Indeed, damage to medial-temporal and limbic olfactory regions 
is associated with a reduced olfactory identification performance, as 
smaller hippocampal volumes are related to worse olfactory identifica
tion performance in community-dwelling older adults (Devanand et al., 
2010; Kose et al., 2021) and in patients with MCI or AD (Hagemeier 
et al., 2016; Kjelvik et al., 2014; Murphy et al., 2003; Yoshii et al., 2019; 
Yu et al., 2019). Although the amygdala has been associated with 
emotional processing and aversive stimuli (Patin and Pause, 2015), its 
volume is also linked to olfactory identification performance in older 
adults (Kose et al., 2021). Further, the primary olfactory cortex 
(including piriform cortex, amygdala, anterior olfactory nucleus, and 
olfactory tubercle) is smaller in AD and MCI compared to healthy older 
adults (Al-Otaibi et al., 2021; Vasavada et al., 2015) and the piriform 
cortex is less activated during an olfactory identification task in patients 
with amnesic MCI or AD (Kjelvik et al., 2021). The olfactory orbital- 
frontal/insular regions are also activated during an odor identification 
task (Suzuki et al., 2001; Wang et al., 2005). Although we did not detect 
any significantly smaller volume in these regions, neuronal damage to 
the primary olfactory regions probably prevents the proper transmission 
of olfactory information to these regions, which would also impair ol
factory identification performance. Indeed, previous work demonstrated 
that olfactory quality coding is already disrupted at the piriform cortex 
processing level and mediates olfactory deficits in AD (Li et al., 2010). 
Finally, the olfactory system impairment in neurodegenerative diseases 
is complex and damage to more peripheral olfactory structures such as 
the olfactory bulb or olfactory neuroepithelium could also contribute to 
olfactory impairment in AD. While neurofibrillary tangles are present in 
the first Braak's stages (0–1) in the olfactory bulbs (Kovács et al., 2001) 

and the olfactory bulb volume is smaller in MCI patients (Jobin et al., 
2021a), amyloid-β aggregates accumulate in the olfactory mucosa of 
MCI patients (Ayala-Grosso et al., 2015; Dibattista et al., 2020 for a 
review). 

Our findings indicate that damage to the central olfactory system is 
first observable during the MCI stage of Alzheimer's disease. However, 
evidence suggests that sensory decline may begin before the onset of 
MCI. Older adults with SCD show a trend for worse olfactory identifi
cation performance compared to healthy controls (Jobin et al., 2021b). 
In the same vein, individuals with SCD or MCI exhibit reduced capacity 
to identify odors, combined with a reduced GMV of the bilateral hip
pocampus, bilateral parahippocampal gyrus, entorhinal cortex, right 
gyrus rectus, left caudate nucleus, and left putamen, and reduced 
functional connectivity between left and right hippocampus compared 
to healthy older participants (Chen et al., 2021). In our study, we did not 
find any significant difference between SCD and HC groups regarding 
GMV of olfactory regions. This result may be due to the large hetero
geneity of the SCD population and the lack of specificity of the SCD 
symptom to predict who will convert to AD in community-based cohorts 
(Slot et al., 2019). Longitudinal studies involving cognitively normal 
older adults positive to tau and β-amyloid biomarkers should verify 
whether olfactory decline, and its associated structural and functional 
damage, start before or at the same time as the onset of memory 
impairment. Future studies should also include participants from large 
and publicly available cohorts, such as the ADNI cohort, to replicate the 
cross-sectional results of this study. 

Age was also independently significantly associated with piriform 
cortex, amygdala, entorhinal cortex, left hippocampus, and orbito
frontal cortex olfactory ROIs GVM. These relationships are unsurprising 
as olfaction declines with age (Doty and Kamath, 2014; Mackay-Sim 
et al., 2006; Oleszkiewicz et al., 2019). Interestingly, except for the 
orbitofrontal cortex, all these structures were also independently smaller 
in the MCI when controlling for age using post-hoc ANCOVAs, sug
gesting a more severe alteration in MCI that might be due to AD within 
the limbic/medial-temporal olfactory system. 

Our results show that left hippocampus and left caudate anatomical 
ROIs were smaller in males compared to females. These results are 
consistent with previous reports suggesting greater atrophy in males for 
temporal regions (Brun et al., 2009), the hippocampus (Jack et al., 2015; 
Murphy, 1996) in older adults, and the left caudate (Persson et al., 
2018). Interestingly, males typically exhibit lower olfactory perfor
mance than females (Sorokowski et al., 2019), which may be explained 
by endocrine-related effects on brain regions involved in olfaction, 
including the hippocampus (Doty and Cameron, 2009). Indeed, sex 
hormones such as estrogen are neuroprotective for the hippocampus 
during adult life (Zárate et al., 2017; Siddiqui et al., 2016). Their 
reduction during menopause accelerates aging, which explains why fe
males are more at risk of AD and decline to the dementia stage more 
quickly than males (Li and Singh, 2014; Yue et al., 2005). 

After controlling for age, verbal episodic memory performance was 
correlated with the left hippocampus olfactory ROIs GMV. This signifi
cant correlation is not surprising since the left hippocampus is involved 
in both olfactory and memory functions (Gabrieli et al., 1997; Hummel 
et al., 2010; Kjelvik et al., 2021; Lundström et al., 2011; Squire and Zola, 
1996; Squire and Zola-Morgan, 1991; Zald and Pardo, 2000), and that 
episodic memory and olfactory functions are associated in the healthy 
older adult population (Chen et al., 2018; Devanand et al., 2010; Jobin 
et al., 2023; Larsson et al., 2016; Tonacci et al., 2017; Wehling et al., 
2010). This could suggest an overlap between olfactory and memory 
functions within the left hippocampus, which would support the com
mon cause hypothesis (Baltes and Lindenberger, 1997) suggesting that 
both sensory and cognitive declines related to aging stem from a shared 
factor—the deterioration of common cerebral structures. In line with the 
common cause hypothesis, our results also support the hypothesis of a 
common trajectory of olfactory and memory decline within aging due to 
damages in shared medial-temporal regions (Dintica et al., 2021). 
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This study has certain limitations. The main limitation of this study is 
the lack of behavioral olfactory testing, which prevents the evaluation of 
the association between olfactory function and both structural and 
memory measures. Future studies should include olfactory measures, 
such as olfactory identification and olfactory threshold assessments. 
Another limitation is that most participants were recruited from the 
community, which are less impaired and less likely to convert to de
mentia than patients from memory clinics (Farias et al., 2009; Slot et al., 
2019). This suggests that the observed effect may be even bigger among 
the clientele of memory clinics. 

5. Conclusion 

Limbic and medial-temporal olfactory processing areas are smaller in 
patients with MCI compared to participants with SCD and controls. 
Moreover, the olfactory processing area of the left hippocampus corre
lated with episodic memory performance, suggesting a potential overlap 
between olfactory and memory functions within this region. 
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