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Abstract

Background and Objectives

Olfactory function declines with aging, and olfactory deficits are one of the earliest features of
neurodegenerative diseases, such as Parkinson disease and Alzheimer disease. Previous studies
have shown that olfaction is associated with brain volumes and cognitive function, but data are
exclusively cross-sectional. We aimed to examine longitudinal associations of olfaction with
changes in brain volumes and neuropsychological function.

Methods

In the Baltimore Longitudinal Study of Aging, we chose the first assessment of olfaction to
examine the associations with retrospective and prospective changes in neuropsychological
performance and brain volumes in participants aged 50 years or older using linear mixed-effects
models, adjusted for demographic variables and cardiovascular disease. Olfaction was measured
as odor identification scores through the 16-item Sniffin’ Sticks.

Results

We analyzed data from 567 (58% women, 42% men, 27% Black, 66% White, and 7% others)
participants who had data on odor identification scores and brain volumetric MRI (n = 420 with
retrospective repeats over a mean of 3.7 years, n = 280 with prospective repeats over a mean of
1.2 years). We also analyzed data from 754 participants (56% women, 44% men, 29% Black,
65% White, and 6% others) with neuropsychological assessments (n = 630 with retrospective
repeats over a mean of 6.6 years, n = 280 with prospective repeats over a mean of 1.5 years).
After adjustment, higher odor identification scores were associated with prior and subse-
quent slower brain atrophy in the entorhinal cortex (p + SE = 0.0093 + 0.0031, p = 0.0028 and
B + SE = 0.0176 £ 0.0073, p = 0.0169, respectively), hippocampus (p + SE = 0.0070 + 0.0030,
p=0.0192 and p + SE = 0.0173 + 0.0066, p = 0.0089, respectively), and additional frontal and
temporal areas (all p < 0.05). Higher odor identification scores were also associated with prior
slower decline in memory, attention, processing speed, and manual dexterity and subsequent
slower decline in attention (all p < 0.05). Some associations were attenuated after exclusion of
data points at and after symptom onset of cognitive impairment or dementia.

Discussion

In older adults, olfaction is related to brain atrophy of specific brain regions and neuro-
psychological changes in specific domains over time. The observed associations are driven, in
part, by those who developed cognitive impairment or dementia. Future longitudinal studies
with longer follow-ups are needed to understand whether olfactory decline precedes cognitive
decline and whether it is mediated through regionally specific brain atrophy.
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Glossary

AD = Alzheimer disease; BLSA = Baltimore Longitudinal Study of Aging; CVLT = California Verbal Learning Test; DSM-III-
R = Diagnostic and Statistical Manual of Mental Disorders, Third Edition, Revised; DSST = Digit Symbol Substitution Test; FDR =
false discovery rate; LME = linear mixed effect; MCI = mild cognitive impairment; MMSE = Mini-Mental State Examination;
MPRAGE = magnetization-prepared rapid gradient echo; MUSE = MUlIti-atlas region Segmentation using Ensembles; TMT-
A = Trail Making Test part A; TMT-B = Trail Making Test part B.

The sense of smell is essential in our daily lives. The ability to
smell has an impact on flavor, taste, and appetite and on
detecting environmental hazards. As people age, the sense of
smell declines, and the prevalence of loss of smell
(i.e., anosmia) substantially increases after age 65 years.' The
olfactory deficit in aging is associated with future cognitive
decline and impairment, and impaired smell is one of the
earliest features of neurodegenerative diseases, such as Alz-
heimer (AD) and Parkinson disease. Because of its predictive
value in cognitive impairment and risks of neurodegenerative
diseases, it is considered to be an early and cost-effective
biomarker.” Olfactory processing primarily involves olfactory
receptors in the olfactory epithelium, olfactory bulb, primary
olfactory cortices, and secondary areas, including the piriform
cortex, entorhinal cortex, and orbital cortex.’ It has been
proposed that mechanisms underlying olfactory deficits in
aging and neurodegeneration may be different.* Impairments
in both peripheral and central olfactory systems and other
factors, such as olfactory receptor cell damage, respiratory
tract inflammation, brain abnormalities, and exposures to
smoking and airborne pollutants, may contribute to the ol-
factory deficit in aging. In AD, studies have suggested that
amyloid and tau deposition in olfactory-related brain areas
and accumulation over time underlie the relationship between
olfactory deficits and AD.>®

Although contributing factors to olfactory deficits may differ
in aging and neurodegenerative diseases, regional brain atro-
phy may be a shared mechanism. Existing neuroimaging
studies through brain MRI have consistently shown that lower
olfactory function, commonly measured as odor identifica-
tion, is associated with smaller brain volumes in temporal
areas, such as the hippocampus, parahippocampal gyrus,
entorhinal cortex, and amygdala in cognitively normal older
individuals and those with cognitive impairment.”* How-
ever, several limitations to prior studies are worth noting.
First, previous brain MRI studies are exclusively cross-
sectional and do not reflect within-person changes over time.
Second, previous studies primarily focused on one or a small
number of regions of interest, such as the medial temporal
lobe. Thus, the spatial distribution of associations between
olfactory function and brain atrophy across the whole brain is
less clear. Understanding neural correlates across the whole
brain with olfaction may provide insights into mechanisms
underlying reported associations of olfactory function with
impaired cognition and motor function,”*>'® Third, not all
previous studies have accounted for the cognitive status of
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participants, including mild cognitive impairment (MCI) or
dementia. As olfactory function is related to cognitive im-
pairment and dementia, it is essential to determine whether
the association between olfaction and brain atrophy is evident
in samples limited to cognitively normal individuals and
samples of mixed cognitive status.

Previous studies examining neuropsychological function in
older adults are mostly cross-sectional and have reported that
olfactory function, specifically odor identification, is associ-
ated with global cognitive function, verbal memory, attention,
executive function, fluency, psychomotor speed, and manual
dexterity.”'”?* Data on the relation between olfaction and
longitudinal changes in domain-specific neuropsychological
function are limited, especially in domains involving a motor
component, such as psychomotor speed and manual
dexterity. >

To address prior limitations, in this study we examined as-
sociations of olfactory function with longitudinal changes in
brain volumes and neuropsychological function over time in a
sample of well-characterized community-dwelling adults
from the Baltimore Longitudinal Study of Aging (BLSA). We
further examined whether these longitudinal associations
were driven by persons who were cognitively impaired or had
dementia.

Methods

Study Population

Participants were from the BLSA, a prospective longitudinal
study with continuous enrollment that began in 1958.2 BLSA
participants are community-dwelling adult volunteers. At
enrollment, eligible participants are free of cognitive impair-
ment, functional limitations, chronic diseases, and cancer
within the past 10 years. Participants visit the National In-
stitute on Aging Clinical Research Unit for 3 days and receive
comprehensive health, cognitive, and functional assessments.
The visit schedule is as follows: every 4 years for age less than
60 years, every 2 years for age 60-79 years, and annually for
persons aged 80 years or older.

The timing of the initial assessment for specific neuro-
psychological measures has varied over time. Here, we fo-
cused on data collected from 2005 and onward, when all
neuropsychological measures of interest were available.
Starting in 2009, all eligible BLSA participants received brain
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MRI scans at each visit. The olfactory assessment began in
201S. In this study, we used only the first assessment of ol-
faction to investigate the association with retrospective and
prospective changes in neuropsychological performance
measures and brain volumes. Note that data on olfaction in
this study were collected between 2015 and February 2020,
which was before the COVID-19 pandemic.

Standard Protocol Approvals, Registrations,
and Patient Consents

The BLSA protocol was approved by the Institutional Review
Board of the NIH. Participants provide written informed
consent at each visit.

Olfaction

The validated 16-item Sniffin” Sticks Identification Test was
used to measure odor identification.”’” Participants were
presented with 16 common odors. For each odor, participants
had to select among 4 choices (1 correct odor). Odor iden-
tification test scores ranged between 0 and 16, with higher
scores reflecting better olfactory function. Two alternate
versions of the 16-item Sniffin’ Sticks were used and ran-
domized at the initial assessment to minimize potential
learning effects.

Brain MRI

Magnetization-prepared rapid gradient-echo (MPRAGE:
repetition time = 6.8 ms, echo time = 3.2 ms, flip angle = 8°,
image matrix = 256 x 256 x 170, and voxel size = 1 X 1 x
1.2 mm?) scans were acquired on a 3 T Philips Achieva MRI
scanner. Anatomical labels and regional brain volumes were
computed from MPRAGE scans using MUIti-atlas region
Segmentation using Ensembles (MUSE) of registration al-
gorithms and parameters.28 In brief, “multiple atlases with
semiautomatically extracted ground-truth ROI labels are first
warped individually to the target image using a nonlinear
registration method. The ensemble is fused into a final con-
sensus segmentation. This workflow for segmenting the brain
into a set of anatomical ROIs has been previously validated
extensively in the BLSA MRI dataset.”” Notably, the MUSE
anatomically labeling approach is robust and accurate, owing
to its use of multiple atlases and multiple registration meth-
ods. This ensemble approach has consistently outperformed
segmentations using individual warping methods alone and
has achieved high accuracy in several benchmark datasets.*®
The MUSE methodology has been used for processing
thousands of scans from various datasets, producing robust
and consistent results. MUSE is available through the image
processing portal: ipp.cbica.upenn.edu.”

In this study, we aimed to confirm prior cross-sectional
findings in the medial temporal area and to examine longi-
tudinal changes in the medial temporal area and other areas of
interest across the brain including both gray and white matter
and the cerebellum. For gray matter volume, we examined
specific regions in the frontal (medial, middle, superior, in-
ferior, orbitofrontal, insula, supplementary motor, and
precentral), parietal (postcentral, superior, precuneus,
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supramarginal, and angular), temporal (entorhinal, para-
hippocampal, fusiform, and amygdala), occipital (middle, su-
perior, inferior, and occipital pole), limbic (anterior, middle,
and posterior cingulate), and subcortical (hippocampus, puta-
men, caudate, pallidum, and thalamus) areas. For white matter
volume, we examined volumes of white matter in frontal,
parietal, temporal, and occipital lobes as well as the corpus
callosum.

Neuropsychological Function

We examined a number of neuropsychological domains,
including mental status, memory, language, attention, ex-
ecutive function, processing speed, visuospatial ability, and
manual dexterity. Mental status was measured using the
Mini-Mental State Examination (MMSE).* Memory was
measured using the California Verbal Learning Test
(CVLT) immediate recall (sum of S learning trials) and
long-delay free recall,’’ and language was measured using
the Boston Naming Test.>* Letter (F, A, and $)** and Cat-
egory (fruits, animals, and vegetables) Fluency measured
fluent production.** Visuospatial ability was measured using
amodified version®® of the Educational Testing Service Card
Rotations Test.>® Attention was measured using the Trail
Making Test part A (TMT-A).*” Executive function was
measured using the Trail Making Test part B.*”” Processing
speed was measured using the Digit Symbol Substitution
Test (DSST).*® Manual dexterity was measured using the
Purdue Pegboard Test.*

Diagnoses of Mild Cognitive Impairment

and Dementia

Procedures for the determination of cognitive status have
been described previously.6 “Clinical and selected neuro-
psychological data from BLSA participants were reviewed at a
consensus conference if participants screened positive on the
Blessed Information-Memory-Concentration Test score
(i.e, score >4), if their Clinical Dementia Rating score was
>0.5 using subject or informant report, or if concerns were
raised about their cognitive status. MCI was determined using
the Petersen criteria and diagnosed when (1) cognitive im-
pairment was evident for a single domain (typically memory)
or (2) cognitive impairment in multiple domains occurred
without significant functional loss in activities of daily living.40
In BLSA, diagnoses of dementia and AD have continued to
follow the DSM-III-R and the National Institute of Neurolog-
ical and Communicative Disorders and Stroke—Alzheimer’s
Disease and Related Disorders Association (NINCDS-
ADRDA) criteria, respectively. The date of symptom onset
was estimated for MCI/AD and was considered the date of
onset of MCL.”

Data Availability

Data from the BLSA will be available on request by proposal
submission through the BLSA website (blsa.nih.gov). All re-
quests are reviewed by the BLSA Data Sharing Proposal Re-
view Committee and are also subject to approval from the
NIH Institutional Review Board.
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Statistical Analysis

We examined the associations of odor identification scores
with both retrospective and prospective longitudinal trajec-
tories of brain volumes and neuropsychological performance
using linear mixed-effects (LME) models. In LME models,
the olfaction assessment was used as the anchor point, that is,
time 0. Data points prior were time in years before time 0, that
is, —1 year and -2 years. Data points after were time in years
after time 0, that is, 1 year and 2 years (data collection is
demonstrated in eFigure 1, links.lww.com/WNL/C513). For
both retrospective and prospective analyses, we included fixed
effects of odor identification scores (independent variable),
age (at the olfaction assessment), sex, race (Black vs non-
Black), years of education, the olfactory test version, time (in
years from the olfaction assessment), and all the 2-way in-
teractions of odor identification scores and covariates with
time. Covariates of age, sex, race, education, and cardiovas-
cular disease including stroke are important for outcomes, and
the olfactory test version is related to odor identification
scores. For brain volume outcomes, we additionally included
intracranial volume estimated at age 70 years as a covariate.
We also adjusted for APOE &4 carrier status in subsets of
participants who had available data (n = 516 in the MRI
sample; n = 697 in the neuropsychological sample). From this
model specification, the main effect of odor identification
scores estimates the cross-sectional associations between odor
identification scores with brain volume and neuro-
psychological performance. The odor identification scores
and time interaction term estimates the effect of odor iden-
tification scores on changes in brain volume and neuro-
psychological performance. The random effect included
intercept and time with unstructured covariance. The cross-
sectional associations with brain volume and neuro-
psychological performance were similar in both retrospective
and prospective analyses, and we report cross-sectional as-
sociations from the retrospective analysis. Based on the most
recent participants’ status over the prospective period, in the
brain MRI sample, 92.6% remained active cohort (n = 525),
2.8% died during follow-up (n = 16), and 4.6% were lost to
follow-up or dropped out (n = 26). In the neuropsychological
sample over the prospective period, 91.8% remained active
cohort (n = 692), 3.2% died (n = 24), and 5.0% were lost to
follow-up or dropped out (n = 38). As the number of loss to
follow-up is extremely low, the LME models treat missing
data as missing at random (number of missing is listed in
eTable 1, links.lww.com/WNL/C514). To interpret results
meaningfully, we reported all associations and effect sizes
based on per interquartile range change in odor identification
scores.

To test the strength of these associations, we repeated anal-
yses excluding data points at and after the symptom onset of
cognitive impairment or dementia. Participants at the
remaining visits were considered cognitively normal by our
adjudication process and did not have deficits that met the
criteria for cognitive impairment at these visits. We, however,
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recognize that subsequently impaired individuals may show
subtle cognitive decline before symptom onset. We addi-
tionally adjusted for smoking status as sensitivity analyses.

In this exploratory analysis, we presented significant associa-
tions at a 2-tailed p value of <0.05. We also adjusted for
multiple comparisons using the false discovery rate (FDR)
correction. All the LME models were fit using the PROC
MIXED procedure with the restricted maximum likelihood
estimation method in SAS 9.4 (Cary, NC).

Results

Participants’ characteristics are presented in Table 1. For both
brain MRI and neuropsychological outcomes, the retrospec-
tive period is relatively longer with a greater number of as-
sessments than the prospective period. Specifically, we
identified 567 participants (58% women, 42% men, 27% Black,
66% White, and 7% others) aged SO years or older who had
concurrent data on both olfaction and brain MRI. Of the 567
individuals, 420 had retrospective repeated measures of brain
MRI over a mean of 3.7 years, and 280 had prospective repeated
measures of brain MRI over a mean of 1.2 years. We identified
754 participants who had concurrent olfactory and neuro-
psychological data (56% women, 44% men, 29% Black, 65%
White, and 6% others). Of the 754, 630 had retrospective re-
peated measures of neuropsychological data over a mean of 6.6
years, and 280 had prospective repeated measures of neuro-
psychological data over a mean of 1.5 years. In both brain MRI
and neuropsychological samples, those who developed cognitive
impairment or dementia had worse odor identification scores
than those who remained cognitively normal (both p < 0.05).

Relationships Between Olfaction and

Brain Volumes

In the overall sample of mixed cognitive status, higher odor
identification scores were cross-sectionally associated with
greater brain volumes mostly in specific frontal (orbitofrontal
and insula), temporal (middle, inferior, entorhinal cortex,
amygdala, and hippocampus), and other (thalamus, posterior
cingulate, corpus callosum, and occipital white matter) areas
(Table 2). After exclusion of data points at and after the
symptom onset of cognitive impairment or dementia, most of
these cross-sectional associations remained statistically sig-
nificant (eTable 2, links.lww.com/WNL/C514).

Retrospectively, higher odor identification scores were sig-
nificantly associated with prior slower rates of increase in
ventricular volume and slower rates of brain atrophy in spe-
cific frontal (medial frontal, orbitofrontal, insula, and pre-
central) and temporal areas (middle, superior, inferior,
entorhinal cortex, parahippocampal, amygdala, fusiform, and
hippocampus), and thalamus. Most of these associations
survived FDR-adjusted p < 0.05 (Table 2 and Figure A). After
exclusion of data points at and after the symptom onset of
cognitive impairment or dementia, some retrospective lon-
gitudinal associations were attenuated, but associations with
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Table 1 Participants’ Characteristics

Participants with brain MRI data concurrent with
the first assessment of olfaction (n = 567)

Participants with neuropsychological data
concurrent with the first assessment of
olfaction (n = 754)

Mean + SD or N (%),

Mean + SD or N (%),

unless otherwise noted Range unless otherwise noted Range
Age, years 72.7+£10.8 50.1-99.8 73.2+10.5 50.1-99.8
Women 328 (58%) — 424 (56%) —
Black 155 (27%) — 220 (29%) —
Education, years 177 +2.6 7-29 17.8 +2.7 7-32
Olfaction (0-16) 11 + 4 median (IQR) 1-16 11 + 4 median (IQR) 1-16
Cardiovascular disease 62 (11%) — 106 (14%) —
APOE &4 carriers 129 (25%) — 182 (26%) —
(Total n =516) (Total n = 697)
Current smokers 15 (2.6%) — 19 (2.5%) —
Mild cognitive impairment or dementia 20 (4%) — 36 (5%) —
No. of participants with retrospective 420 — 630 —
repeats
Retrospective total no. of assessments 1,473 — 2,867 —
Retrospective no. of assessments 26+13 1-8 3.7+1.9 1-11
per person
Retrospective years of follow-up 3.7+27 0-9.6 6.6+ 4.0 0-14
No. of participants with prospective 280 — 280 -
repeats
Prospective total no. of assessments 974 — 1,392 —
Prospective no. of assessments 1.7+09 1-5 1.8+0.9 1-5
per person
Prospective years of follow-up 1.2+1.3 0-4.4 1.5+14 0-5.1

Retrospective MRI data were analyzed from 2009 to the first olfaction assessment. Prospective MRI data were analyzed from the first olfaction assessment to
2020. Retrospective neuropsychological data were analyzed from 2005 to the first olfaction assessment. Prospective neuropsychological data were analyzed
from the first olfaction assessment to 2020. Current smokers included current smokers and those who quit smoking within the past 10 years.

rates of increase in ventricular volume and atrophy in specific
temporal areas (entorhinal cortex, parahippocampal gyrus, and
amygdala) and the thalamus remained statistically significant
(eTable 2, linksIww.com/WNL/CS514). Prospectively, higher
odor identification scores were associated with slower rates of
atrophy in the supplementary motor area, entorhinal cortex,
hippocampus, and temporal lobe white matter volume
(Table 2). These prospective associations remained statistically
significant or similar after exclusion of data points at and after the
symptom onset of cognitive impairment or dementia (eTable 2).

These results remained similar after additional adjustment for
smoking status and APOE &4 carrier status (data not shown).

Relationships Between Olfaction and
Neuropsychological Performance

In the overall sample of mixed cognitive status, higher odor
identification scores were cross-sectionally associated with
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higher performance on all neuropsychological measures of in-
terest except the Card Rotations Test (Table 3). These signifi-
cant associations also survived FDR-adjusted p < 0.05 and
remained significant after exclusion of data points at and after the
symptom onset of cognitive impairment or dementia (Table 3).

Retrospectively, higher odor identification scores were asso-
ciated with prior slower rates of decline in measures of mental
status (MMSE), memory (CVLT immediate recall and long-
delay free recall), language (Boston Naming Test), attention
(TMT-A), processing speed (DSST), and manual dexterity
(pegboard dominant and nondominant hand performance)
(Table 3 and Figure B). These associations survived FDR-
adjusted p < 0.05 except for the MMSE. After exclusion of data
points at and after the symptom onset of cognitive impairment
or dementia, associations with rates of change in CVLT imme-
diate recall, TMT-A, and pegboard nondominant hand perfor-
mance remained statistically significant, and associations with
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Table 2 Cross-sectional and Both Retrospective and Prospective Longitudinal Associations of Brain Volumes With

Olfaction (n = 567)

Cross-sectional associations

Retrospective associations

Prospective associations

B SE p Value B SE p Value B SE p Value
Ventricle -1.7848 1.1720 0.1284 -0.1498 0.0590 0.0113** -0.0789 0.1138 0.4884
Medial frontal 0.0601 0.0326 0.0655 0.0048 0.0022 0.0303* 0.0008 0.0068 0.9097
Middle frontal -0.0176 0.1886 0.9254 0.0144 0.0140 0.3047 -0.0063 0.0361 0.8612
Superior frontal 0.1665 0.1501 0.2678 0.0070 0.0120 0.5602 0.0187 0.0309 0.5446
Inferior frontal 0.0059 0.0964 0.9509 -0.0003 0.0067 0.9613 0.0138 0.0170 0.4146
Orbitofrontal 0.3320 0.1513 0.0286* 0.0304 0.0122 0.0126** -0.0085 0.0355 0.8099
Insula 0.1744 0.0672 0.0097* 0.0140 0.0055 0.0108%* 0.0263 0.0137 0.0550
Supplementary motor area 0.1151 0.0695 0.0982 0.0093 0.0060 0.1195 0.0328 0.0154 0.0338*
Precentral 0.1496 0.1336 0.2633 0.0191 0.0092 0.0374* 0.0014 0.0242 0.9544
Postcentral 0.1185 0.1192 0.3204 0.0019 0.0074 0.8001 0.0124 0.0244 0.6125
Superior parietal 0.1051 0.1141 0.3574 0.0033 0.0080 0.6791 0.0121 0.0227 0.5957
Precuneus 0.0927 0.1499 0.5366 0.0136 0.0091 0.1357 0.0051 0.0267 0.8486
Supramarginal 0.0173 0.1050 0.8694 0.0055 0.0065 0.3944 -0.0016 0.0168 0.9232
Angular gyrus 0.1646 0.1286 0.2010 0.0099 0.0082 0.2226 0.0084 0.0205 0.6827
Middle temporal 0.3380 0.1599 0.0350* 0.0344 0.0118 0.0037%* 0.0185 0.0268 0.4906
Superior temporal -0.0021 0.0906 0.9814 0.0132 0.0056 0.0200* -0.0110 0.0140 0.4314
Inferior temporal 0.3029 0.1152 0.0088* 0.0308 0.0106 0.0037%* -0.0045 0.0262 0.8629
Entorhinal cortex 0.0843 0.0311 0.0069* 0.0093 0.0031 0.0028*%* 0.0176 0.0073 0.0169*
Parahippocampal gyrus 0.0535 0.0395 0.1768 0.0112 0.0033 0.0006** 0.0109 0.0090 0.2240
Amygdala 0.0384 0.0141 0.0066* 0.0041 0.0013 0.0011%* 0.0047 0.0032 0.1405
Fusiform gyrus 0.1366 0.0994 0.1696 0.0155 0.0060 0.0097** 0.0022 0.0149 0.8820
Hippocampus 0.0805 0.0410 0.0497* 0.0070 0.0030 0.0192* 0.0173 0.0066 0.0089*
Caudate -0.0758 0.0626 0.2263 -0.0028 0.0038 0.4583 0.0096 0.0085 0.2596
Putamen -0.0251 0.0611 0.6810 0.0048 0.0040 0.2343 0.0041 0.0088 0.6452
Pallidum -0.0106 0.0188 0.5742 0.0008 0.0012 0.5146 -0.0012 0.0034 0.7165
Thalamus 0.1549 0.0660 0.0192* 0.0105 0.0038 0.0064** 0.0153 0.0093 0.0994
Middle occipital 0.1435 0.0853 0.0930 0.0052 0.0051 0.3078 -0.0058 0.0144 0.6869
Superior occipital 0.0044 0.0637 0.9453 -0.0032 0.0034 0.3416 0.0058 0.0111 0.5985
Inferior occipital 0.0121 0.0823 0.8831 0.0041 0.0062 0.5104 -0.0175 0.0177 0.3236
Occipital pole 0.0449 0.0655 0.4931 0.0015 0.0041 0.7202 0.0097 0.0103 0.3460
Anterior cingulate 0.1380 0.0731 0.0597 0.0046 0.0040 0.2534 0.0095 0.0111 0.3924
Middle cingulate 0.0512 0.0614 0.4046 0.0061 0.0037 0.0992 0.0117 0.0106 0.2717
Posterior cingulate 0.1196 0.0521 0.0221* 0.0006 0.0034 0.8643 0.0095 0.0091 0.2965
Corpus callosum 0.2414 0.0869 0.0057* 0.0023 0.0037 0.5328 0.0154 0.0112 0.1713
Frontal WM 0.6888 0.7520 0.3599 0.0520 0.0494 0.2918 0.2512 0.1308 0.0555
Parietal WM 0.5580 0.3868 0.1496 0.0377 0.0261 0.1486 0.1003 0.0681 0.1415
Continued
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Table 2 Cross-sectional and Both Retrospective and Prospective Longitudinal Associations of Brain Volumes With
Olfaction (n = 567) (continued)

Cross-sectional associations Retrospective associations Prospective associations

B SE p Value B SE p Value B SE p Value
Temporal WM 0.5848 0.4024 0.1466 0.0374 0.0236 0.1136 0.1356 0.0618 0.0287*
Occipital WM 0.5756 0.2609 0.0277* 0.0245 0.0138 0.0773 0.0308 0.0352 0.3822
Cerebellum 1.2400 0.6680 0.0640 0.0353 0.0351 0.3151 -0.0809 0.0748 0.2802

Abbreviations: FDR = false discovery rate; WM = white matter.

All models were adjusted for covariates of intracranial volume, age, sex, race, years of education, the olfactory test version, and cardiovascular disease
including stroke.

*p value < 0.05; **FDR p value < 0.05. Note that the directions of the observed associations at p < 0.05 were all as expected.

changes in CVLT immediate recall and pegboard nondominant  identification scores were associated with a slower rate of decline
hand performance survived FDR-adjusted p < 0.05 (eTable 3,  in attention (TMT-A) in the overall sample of mixed cognitive
linkslww.com/WNL/CS514).  Prospectively, higher odor  status (f + SE = —0.6828 + 0.3402, p = 0.0452) and remained

Figure Effect Sizes for the Retrospective Longitudinal Associations of Brain Volumes (A) and Neuropsychological
Performance (B) With Olfaction in the Overall Sample of Mixed Cognitive Status
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Effect sizes are based on per interquartile range change in odor identification scores (i.e., 4). ** indicates associations at p < 0.01; * indicates associations at
0.01 < p <0.05. CVLT = California Verbal Learning Test.
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Table 3 Cross-sectional and Both Retrospective and Prospective Longitudinal Associations of Neuropsychological
Performance With Olfaction (n = 754)

Cross-sectional associations

Retrospective associations

Prospective associations

B SE p Value B SE p Value B SE p Value
MMSE 0.3968 0.0790 <0.0001** 0.2616 0.0734 0.0414* -0.0716 0.0471 0.1292
CVLT immediate 3.4440 0.6440 <0.0001** 2.3956 0.6284 <0.0001** 0.2753 0.2528 0.2765
CVLT long delay 0.9448 0.1848 <0.0001** 0.7204 0.1816 0.0011%* 0.1212 0.0750 0.1065
BVRT -0.8232 0.2854 0.0040** -0.6788 0.2874 0.0989 0.1018 0.1331 0.4448
Boston Naming 1.9056 0.3685 <0.0001** 1.6660 0.3548 0.0053** 0.0864 0.1049 0.4104
Letter Fluency 0.9192 0.2656 0.0006** 0.8164 0.2681 0.2663 0.0469 0.1309 0.7200
Category Fluency 1.1556 0.2123 <0.0001** 0.9972 0.2129 0.0618 0.0105 0.1278 0.9348
Card Rotations 4.0516 2.1840 0.0640 2.4280 2.1924 0.3418 0.3763 0.5856 0.5206
TMT-A -5.3552 1.0816 <0.0001** -2.5872 0.6960 <0.0001** -0.6828 0.3402 0.0452*
TMT-B -9.8624 2.3812 <0.0001** -7.0016 2.1464 0.1675 -0.9444 1.1648 0.4179
DSST 2.7144 0.5576 <0.0001** 2.2680 0.5588 0.0191** -0.0467 0.1819 0.7973
Pegboard dominant 0.3034 0.0951 0.0015%* 0.2515 0.0961 0.0138** 0.0464 0.0488 0.3422
Pegboard nondominant 0.3049 0.0946 0.0013** 0.3016 0.0956 0.0037** 0.0197 0.0437 0.6525

Abbreviations: BVRT = Benton Visual Retention Test; CVLT = California Verbal Learning Test; DSST = Digit Symbol Substitution Test; MMSE = Mini-Mental State
Examination; TMT-A = Trail Making Test part A; TMT-B = Trail Making Test part B.
For BVRT, TMT-A, and TMT-B, lower values indicate higher performance. For all other measures, higher values indicate higher performance. All models were

adjusted for covariates, including age, sex, race, years of education, the olfactory test version, and cardiovascular disease including stroke.
*p value < 0.05; **FDR p value < 0.05. Note that the directions of the observed associations at p < 0.05 were all as expected.

significant after exclusion of data points at and after the symptom
onset of cognitive impairment or dementia (f + SE = —0.8264 +

0.3392, p = 0.0151) (eTable 3 links.ww.com/WNL/C514).

These results remained similar after additional adjustment for
smoking status and APOE &4 carrier status (data not shown).

Discussion

We investigated associations of olfactory function with cog-
nition and brain volumes, extending prior neuroimaging
studies by examining relationships with both retrospective
and prospective changes over time. Our longitudinal study of
a community-dwelling adult population established 3 im-
portant findings. First, we found that higher olfactory function
is associated with slower rates of atrophy over time in specific
brain areas, mainly frontal and temporal regions. Second,
higher olfaction is associated with slower declines in several
domains of neuropsychological function over time, including
verbal memory, attention, and manual dexterity. Further-
more, attenuation of findings after exclusion of data points
after the diagnosis of cognitive impairment suggests that the
observed associations are driven, in part, by those who de-
veloped cognitive impairment or dementia.

Our neuroimaging findings add to the existing literature and
further support the notion that olfaction is related to cognitive

Neurology.org/N

impairment. First, the specific gray matter regions identified in
our longitudinal study belong to the central olfactory system
and are also part of brain areas that typically show atrophy in
AD, that is, AD signature regions. In both retrospective and
prospective associations, atrophy of the hippocampus and
entorhinal cortex is associated with olfaction, both of which
are affected early in the AD pathologic process. Identified
temporal areas, as well as frontal regions, such as the orbito-
frontal cortex and insula, are also in line with prior cross-
sectional findings of the associations between olfaction and
8,10,11,14,41 Second, PrO'
spectively, we also observe the association between olfaction
and change in white matter volume in the temporal area.
Previous studies have not examined the associations between
olfaction and white matter volumes in specific lobes. Third,
these findings are somewhat attenuated after exclusion of data
points after cognitive impairment. Those subsequently im-
paired participants also have lower olfactory function than
those who remained cognitively normal. This was in line with
our previous report that lower odor identification scores were
associated with incident MCL®

MRI volumes in older adults.

Our neuroimaging findings also provide new insights into
mechanisms underlying the previously reported relationship
between olfaction and motor function.">'® Possible mecha-
nisms that connect olfactory deficits and motor impairment
may include neurovascular burden, neuronal loss, and neu-
ropathology, such as microglial dysfunction and amyloid and
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tau deposition, especially in brain areas important for both
olfaction and motor function. Brain volumes in the temporal
area, such as the hippocampus and entorhinal cortex, are
found to be related to mobility decline and gait disturbance.
The hippocampus is also shown as a shared neural substrate of
slow gait and cognitive impairment.*** We also observed other
areas, such as the thalamus in retrospective analysis and the
supplementary motor area in prospective analysis, both of which
play key roles in motor function and may also be involved in
olfaction. Although olfactory processing bypasses the thalamus,
the orbitofrontal cortex and the primary olfactory cortex are
indirectly connected through the mediodorsal thalamus, which
may modulate olfactory processing.*® Data on the role of the
supplementary motor area in olfaction are limited; recent brain
fMRI data have shown that brain activation in the supplementary
motor area in response to food odor stimuli is related to sub-
sequent BMI change.*® Mitochondrial dysfunction may also be
one of the mechanisms, which contributes to the loss of dopa-
minergic neurons in the olfactory bulb and also affects mobility
decline.*”*® Future research is needed to further understand

mechanisms that connect motor function and olfaction.

Among several domains of neuropsychological function ex-
amined, we observed widespread cross-sectional associations in
almost all domains except visuospatial ability. Our cross-
sectional findings for global mental status, attention, executive
function, memory, fluency, psychomotor speed, and manual
dexterity are consistent with the previous literature '’
Longitudinally, we only found associations in specific domains,
including changes in memory, attention, psychomotor speed,
and manual dexterity. Atrophy in specific brain areas, such as
frontal and temporal areas, may be a shared mechanism un-
derlying the relationships between olfaction and domain-
specific neuropsychological changes over time. Previous re-
search has also suggested that cholinergic neurons in the basal
forebrain may explain the relationship between olfaction and
attentional ability.'” A line of research has suggested that the
impairment of the cholinergic basal forebrain is related to both
olfactory dysfunction and cognitive impairment, especially at-
tention and memory.*’ Use of anticholinergic medication has
been associated with greater brain atrophy and cognitive de-
cline among cognitively normal older adults.> Notably, pro-
spective longitudinal associations were not as strong as
retrospective associations. The lack of prospective longitudinal
associations may be due to a relatively shorter follow-up time
with fewer visits compared with the data available for retro-
spective analysis. Note, however, that we found prospective
associations with brain atrophy in specific frontal and temporal
areas. As neuroimaging measures are more stable over time,
they may be more sensitive than neuropsychological perfor-
mance measures. It is also possible that changes in neuro-
imaging markers are evident before performance changes.

This study has limitations. The BLSA sample tends to be
healthier than the general older population because of its
inclusion and exclusion criteria at the study entry and vol-
untary participation. Second, the prospective follow-up is

Neurology | Volume 100, Number 9 | February 28,2023

relatively shorter than the retrospective period because of the
more recent introduction of olfactory testing. This study also
has several strengths. The study population is well charac-
terized with rigorous prospective adjudication of cognitive
impairment and dementia. This allows us to investigate the
role of cognitive status in the relationship between olfaction
and brain outcomes. Second, we examined regjonal gray matter
and white matter across the 4 lobes and the cerebellum, pro-
viding information on the spatial distribution of associations
of MRI volumes with olfactory function. Furthermore, we
examined various domains of neuropsychological function,
including global mental status, cognition, and manual
dexterity.

In conclusion, among community-dwelling older adults in-
cluding cognitively impaired and normal individuals, olfactory
function was related to brain atrophy of specific areas and
neuropsychological changes in specific domains over time.
Future longitudinal studies with longer follow-ups are needed
to understand whether reduced olfactory function precedes
cognitive changes and whether these associations are medi-
ated through brain atrophy.
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