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Abstract
Background: Age-related declines in olfaction contribute to low quality of
life and appear to occur with declines in cognitive function, including dimin-
ished episodic memory. We tested the hypothesis that low gray matter volume
within cortical regions that support olfaction and episodic memory can explain
age-related differences in olfactory and episodic memory functions.
Methods: T1-weighted images, Sniffin’ Sticks olfactory measures, and the NIH
Toolbox-Cognition Battery were administered to 131 middle-aged to older adults
(50–86 years; 66% female). Correlation was used to examine the associations
between these measures. A network-based image processing approach was then
used to examine the degree to which spatial patterns of gray matter variance
were related to the olfactory and cognitive measures. Structural equation mod-
eling was used to characterize the relative specificity of olfactory, cognitive, gray
matter, and aging associations.
Results: Olfactory threshold, discrimination, and identification exhibited small
tomediumeffect size associationswith episodicmemory performance (rs= 0.27–
0.42, ps < 0.002). Gray matter volume within medial temporal and orbitofrontal
cortex was also related to olfactory (discrimination and identification) and
episodic memory function (rs = 0.21–0.36, ps < 0.019). Age and episodic mem-
ory explained the same variance in olfaction that was explained by the medial
temporal and orbitofrontal pattern of gray matter volume.
Conclusions: The results of this cross-sectional study suggest that identifying
mechanisms contributing to differences in medial temporal and orbitofrontal
cortex will advance our understanding of co-morbid olfactory and cognitive
declines.
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1 INTRODUCTION

The high rate of olfactory dysfunction (OD) among older
adults1–3 appears to be due in part to age-related changes
in central nervous system structure and function, as
demonstrated by OD associations with neurodegenera-
tive disorders.4–7 There is limited understanding about the
mechanisms of central OD, including the specific neural
systems where age-related declines contribute to OD and
perhaps co-morbid cognitive dysfunction.
OD in older adults appears to occur with dimin-

ished cognitive functions.8–10 Decline in episodic memory,
in particular, has been associated with worse olfactory
function.10–12 These findings are consistent with evidence
that better verbal episodic memory may be a protective
factor for preserved olfactory function.13 Other cognitive
functions have been inconsistently associated with olfac-
tory function, including different measures of executive
function,9,10,12 which may be associated with declines in
frontal and medial temporal cortices that support these
functions.
Medial temporal (piriform) and orbitofrontal cortex are

targets in the olfactory pathway14 for understanding OD
and cognitive changes with aging because these regions
exhibit structural declines with age15,16 and because of
their roles in encoding the identity17 and associative signif-
icance of odorants.18 A meta-analysis of studies examining
congenital and acquired OD associations with cortical
gray matter morphology demonstrated consistent associ-
ations between OD and orbitofrontal and anterior insula,
and cerebellar gray matter volumes across a small num-
ber of studies involving varied etiologies for OD.19 The
directionality of these effects was not always consistent.
Some studies demonstrated more gray matter volume,
whereas others demonstrated lower gray matter volume
with OD. These inconsistent voxel-based morphometry
findings may reflect relatively modest sample sizes across
studies, and perhaps varied etiologies for OD.20 Age may
also be critical for the location and direction of brain struc-
ture associations with olfaction. The previous voxel-based
gray matter studies included samples composed largely of
middle-aged participants. That is, we have relatively lim-
ited understanding if the gray matter findings from these
studies would also be observed in older adult participants.
The goal of this study was to test the overarching

hypothesis that olfactory and memory performance in
middle-aged to older adults can be explained by age-related
differences in gray matter structure within primary and
secondary olfactory cortices that also support memory
functions.21–24 This multidimensional and transdiagnos-
tic hypothesis was tested with a well-powered sample of
middle-aged to older adults using an image processing
data reduction method to limit the number of statistical

comparisons. This approach identified spatial patterns of
voxel-based gray matter volume across the brain and is
conceptually aligned with a neural system premise that
specific spatial patterns of cortical decline occur in older
adults with olfactory and cognitive losses.

2 METHODS

2.1 Participants

This prospective observational study of 135 middle-aged
to older adults (mean age = 64.13, ±8.92 years; 66.41%
female) was approved by the MUSC Institutional Review
Board. Participants were recruited from the Charleston,
SC, region using flyers, word of mouth, a community
event, during clinical visits, and using medical records
of patients who did not opt-out of contact for research
participation. Inclusion criteria included age ≥50 years,
the ability to follow instructions and understand informed
consent in English, and the ability to complete behavioral
tasks without assistance. Exclusionary criteria included
the use of oral steroids or immunomodulatorymedications
in the previous 30 days, sarcoidosis or granulomatosis with
polyangiitis or immunodeficiency, nasal mass seen with
endoscopy, upper respiratory tract infection, a score of≤22
on the Telephone Interview for Cognitive Status25 that has
been shown in a multi-ethnic sample to accurately dis-
tinguish individuals with dementia from those without,26
a history of dementia or neurodegenerative disease, and
claustrophobia or ferrous metal in the body that would
prohibit magnetic resonance imaging scanning.

2.2 Behavioral assessment

The Sniffin’ Sticks odor threshold, discrimination, and
identification test battery was used to obtain an objec-
tive and quantitative measure of olfactory function.27
The odor threshold is established with 16 dilutions of
2-phenylethanol that are presented using a single-stair-
case procedure in which participants make a triple-forced
choice response selection. Participants with the highest
and best threshold score are able to detect the most
diluted 2-phenylethanol stimulus (item 16). The odor dis-
crimination test requires participants to identify a unique
odorant across three randomly ordered odorant presenta-
tions. The odor identification test requires identification of
16 suprathreshold presentations of odorant stimuli. Perfor-
mance for each test is combined to obtain a total olfactory
function score, with higher scores indicating better perfor-
mance on each test. This total scorewas used to summarize
the extent of OD across the sample. Performance on each
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test was examined separately because of the prediction
that individual differences in cortical gray matter volume,
including within medial temporal regions that support
memory functions, would more strongly explain discrimi-
nation and identification task performance because of the
memory and naming demands of these Sniffin’ Sticks tests
in comparison to the threshold test.
The NIH Toolbox-Cognition Battery was used to assess

cognitive functions. In the current study, we focused on
the episodic memory, set-shifting, and vocabulary knowl-
edge tests. The episodic memory and set-shiftingmeasures
would be expected to significantly correlatewith age in this
middle-aged to older adult sample.28–30 Vocabulary knowl-
edge has been associated with olfactory function,10,31 but
is often relatively preserved with age28,32,33 and was not
expected to explain age-related differences in olfaction.
Moreover, ability for all three cognitive constructs could
influence the Sniffin’ Sticks performance, particularly for
the discrimination and identification tasks that require
memory for the odorants, the ability to adjust to chang-
ing task conditions, and selection of a verbal response.
The picture sequence memory test assesses episodic mem-
ory by showing participants pictures of various activities
and asking them to reproduce the sequence of pictures
that was presented. The dimensional change card sort test
assesses set-shifting by requiring participants to identify a
card sorting rule (e.g., color or shape) that changes or shifts
after a number of correct trials. The picture vocabulary test
assesses vocabulary knowledge by asking participants to
choose one of four pictures thatmost accurately represents
an aurally presented word. The uncorrected standardized
scores were used to test the study hypotheses for sensitivity
to aging effects for these measures and because the Sniffin’
Sticks measures were also uncorrected for age.

2.3 Neuroimaging

T1-weighted imageswere collected using a Siemens Prisma
3T system. The CAT12 toolbox was used to produce
segmented gray matter images from these T1-weighted
images, which were normalized into a common coordi-
nate space using SPM12 iterative DARTEL normalization,
modulated to estimate gray matter volume in each voxel,
and smoothed with a Gaussian kernel (8 mm full-width
half-maximum). GIFT (v3.0b) was then used to reduce
the dimensionality of the gray matter images and iden-
tify common patterns of gray matter spatial covariance (or
gray matter structural networks that exhibit differences
with age34) using an independent components analysis
approach.35 This approach produces images that represent
the relative contribution of each voxel across gray matter
regions to the identification of each spatial independent

component. These values are summarized across an inde-
pendent component to provide an estimate of the amount
of gray matter volume in the component for each partici-
pant. This independent component summary variable was
used in the statistical analyses. Additional details about
the neuroimaging methods are available in the Supporting
Information.

2.4 Statistical analyses

Four participants had missing behavioral data and thus
results for 131 participants are presented. This sample size
provided sufficient power and allowed the inclusion of
covariates, as determined by a power analysis that demon-
strated 64 participants would be necessary for a medium
effect size from a meta-analysis of the OD and voxel-based
gray matter literature,19 power = 0.80, and p value of 0.05.
The sample of 131 participants allowed for multivariable
analyses, including structural equation modeling.
Each Sniffin’ Stick and NIH Toolbox test was examined

separately and visually inspected to evaluate normal-
ity. Non-parametric Spearman correlations were used to
examine relationships between variables because some
did not exhibit a normal distribution (e.g., episodic mem-
ory, Kolmogorov–Smirnov: D = 1, p < 2.2e-16). The R
COCOR library36 was used to examine the relative mag-
nitude of associations.37 Specifically, we compared the
cognition associations with olfactory function and deter-
mined if age exhibited a significantly larger association
withmedial temporal and orbitofrontal cortex compared to
other brain regions. Structural equationmodeling was also
performed to examine the relative contributions of gray
matter, episodicmemory, and age for predicting variance of
a latent variable representing olfaction. Years of education
and sex were also included in these analyses because OD
is more common among men and participants with lower
socioeconomic position,38 as defined using years of educa-
tion.When appropriate, Bonferroni correction formultiple
comparisons was performed to establish statistical signifi-
cance using a p value threshold of 0.05 andCohen’s d effect
sizes are presented to evaluate results.

3 RESULTS

3.1 Age associations with olfactory and
cognitive abilities

The oldest adults exhibited poorer (lower) olfactory thresh-
olds, discrimination, and identification (Table 1, Figure 1).
In addition, women exhibited significantly better olfac-
tory performance than men (Table 1). Figure 1 presents
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F IGURE 1 Increasing age predicts lower olfactory thresholds, discrimination, and identification. Olfactory function was also better in
women compared to men. Age and olfactory function histograms are presented along the corresponding parallel axis.

F IGURE 2 Increasing age predicts lower episodic memory and set-shifting, but not vocabulary knowledge. These cognitive measures did
not significantly differ between women and men. Age and cognitive function histograms are presented along the corresponding parallel axis.

the associations between age and each olfactory measure
for women and men. Thus, we observed expected age-
dependent influences on olfactory test performance in the
current sample, with 56.5% of participants exhibiting evi-
dence of normosmia based on having a Sniffin’ Sticks total
score greater than 30.75.39
The oldest adults also exhibited significantly worse

episodic memory and set-shifting, but vocabulary knowl-
edge was not significantly associated with age (Table 1).
There were no sex differences in any of these cogni-
tive measures, as shown in Figure 2. However, more
years of education was significantly associated with
better performance for episodic memory and vocabulary
knowledge (Table 1). These results demonstrate that the
current sample is representative of older adults who
experience cognitive declines for memory and execu-
tive functions, while exhibiting preservation of lexical
knowledge.

3.2 Olfactory and cognitive ability
covariance

Table 1 also shows that the olfactory measures exhibited
small to medium effect size associations with the episodic
memory and set-shifting measures. While age and educa-
tion were significantly associated with episodic memory
and set-shifting, multiple regression showed that the olfac-
tory discrimination association with episodic memory
remained significant after controlling for age, education,
and sex with Bonferroni correction for nine comparisons
across the olfactory and cognitive measures (t(4,126) = 3.80,
Cohen’s d = 0.68 [CI 0.32, 1.03], p = 0.0002). However,
there was no significant difference in the strength of
association between olfactory discrimination and episodic
memory versus set-shifting (Z = 1.15, p = 0.125). That is,
olfactory and cognitive functions covaried across partici-
pants owing to age and education, but these demographic
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966 GRAY MATTER AND EPISODIC MEMORY ASSOCIATIONS

F IGURE 3 Medial temporal and orbitofrontal cortex (MTC-OFC) gray matter volume (GMV) predicts olfactory stimulus identification
and episodic memory. Color overlay indicates MTC-OFC regions that exhibited covarying gray matter volume (A). Lower MTC-OFC gray
matter volume was observed in the oldest adults (symbol size and color) who also had low olfactory identification (B) and episodic memory
(C). MTC-OFC, olfactory identification, and episodic memory histograms are presented along their corresponding parallel axis. AU: scaled
arbitrary unit.

variables did not fully explain the episodic memory and
olfactory function associations.

3.3 Gray matter associations with
olfactory and memory abilities

We then examined the extent to which variation in gray
matter volume explained individual differences in the
olfactory and cognitive measures. Ten independent com-
ponents or spatially covarying patterns of gray matter
volumewere identified (Supporting Information Figure S1,
with Montreal Neurological Institute coordinates in Sup-
porting Information Table S1), which accounted for 46%
of the variance in voxel-wise gray matter volume across
participants. One of the components includedmedial tem-
poral and orbitofrontal cortex (MTC-OFC; Figure 3A),
which exhibited a stronger association with age than
the other components (e.g., MTC-OFC versus a cerebel-
lar component [IC2 in Supporting Information Table S2]:
Z = −1.988 p = 0.034). Gray matter volume in these MTC-
OFC regions was lower in participants who were older,
had poorer olfactory discrimination and identification,
and had lower episodic memory and set-shifting (Table 1;
Figure 3). Figure 3B,C presents the MTC-OFC associa-
tion with olfactory identification and episodic memory.
Supporting Information Table S2 presents Spearman cor-
relations between all of the gray matter components and
behavioral measures.
To examine the specificity of the MTC-OFC gray matter

associations with olfactory function, a series of structural
equation models were examined where MTC-OFC, years

of education, and sex were consistently in the model as
predictors of a latent olfaction measure composed of the
discrimination and identification measures. These two
Sniffin’ Sticks measures were used for the latent olfac-
tion variable because the MTC-OFC gray matter volume
measure was most strongly related to these two olfac-
tory measures and was non-significantly associated with
the threshold measure. Models were also examined in
which episodic memory or age were included as predic-
tors of olfaction to demonstrate the change in MTC-OFC
prediction with these variables in the model. MTC-OFC,
education, and sex each explained unique variance in
olfaction when these were the only predictors in themodel
(Figure 4A). MTC-OFC was a non-significant predictor
of olfaction when episodic memory (Figure 4B) or age
(Figure 4C) was included in the model, but these mod-
els did not provide better fits of the data relative to the
initial model (Figure 4A). Table 2 presents the statistical
parameters for these three analyses.
Together, these regression and correlation results

demonstrate that MTC-OFC explains age-dependent
variation in olfactory discrimination and identification
functions. While some of this age-dependent variation
appears to influence episodic memory function, episodic
memory also explained unique variation in olfactory
discrimination.

4 DISCUSSION

This study examined the hypothesis that age-related differ-
ences in olfaction and memory abilities covary because of
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ECKERT et al. 967

F IGURE 4 Medial temporal and orbitofrontal cortex (MTC-OFC) gray matter volume predicts olfactory stimulus discrimination and
identification when controlling for education and sex (A), but not when controlling for episodic memory (B) or age (C). The red arrow head
identifies the path from MTC-OFC to the olfaction latent variable composed of the Sniffin’ Sticks discrimination and identification variables,
with the corresponding estimate at the right of the arrow.

TABLE 2 Structural equation model fit and regression parameters demonstrate the relative contributions of the medial temporal and
orbitofrontal cortex (MTC-OFC), episodic memory, and demographic variables for predicting the latent variable olfaction (Sniffin’ Sticks
discrimination and identification).

Model and fit Estimate [CI]
Completely standardized
solution (Std.lv) Z score p value

Olfaction
MTC-OFC 0.53 [0.07, 0.98] 0.22 2.28 0.023
Education 0.60 [0.12, 1.08] 0.23 2.44 0.015
Sex 1.23 [0.28, 2.19] 0.24 2.54 0.011

χ2= 7.48, p = 0.187, RMSEA = 0.062
Olfaction
Episodic memory 0.071 [0.04, 0.10] 0.43 4.84 0.000
MTC-OFC 0.144 [−0.29, 0.58] 0.06 0.65 0.514
Education 0.379 [−0.08, 0.84] 0.14 1.62 0.104
Sex 1.357 [0.44, 2.27] 0.25 2.91 0.004

χ2= 35.06, p = 5.82e-05, RMSEA = 0.149
Olfaction
Age -0.091 [−0.14, −0.04] -0.34 -3.55 0.000
MTC-OFC 0.089 [−0.34, 0.52] 0.04 0.41 0.686
Education 0.590 [0.13, 1.05] 0.23 2.49 0.013
Sex 0.988 [0.08, 1.90] 0.20 2.12 0.034

χ2= 63.74, p = 2.54e-10, RMSEA = 0.215

Abbreviation: RMSEA, root mean square error of approximation.

age-related structural declines in orbitofrontal and medial
temporal regions that support these functions. Olfactory
discrimination and identificationwere significantly associ-
ated with episodic memory in middle-aged to older adults.
Moreover, a spatially covarying pattern of MTC-OFC gray
matter volume exhibited a significant age-related differ-
ence that was significantly associated with olfactory and
episodic memory functions. However, the episodic mem-
ory and age variables accounted for significant variance in
olfaction that was not explained by MTC-OFC gray mat-
ter volume, education, and sex. These results suggest that
mechanisms ofMTC-OFC graymatter volume loss are one
source for age-related olfactory and memory dysfunction.

4.1 Olfaction and cognitive specificity

The results of the current study demonstrate that olfactory
discriminationwasmore strongly related to episodicmem-
ory compared to set-shifting, although olfactory threshold,
discrimination, and identification exhibited age-related
differences. The stronger episodic memory and olfactory
function association is consistent with the extant literature
on this topic where olfactory and episodic memory asso-
ciations appear to be more consistently reported10–12 than
other behavioral variables.9,10,12 However, the strength of
olfactory function association with episodic memory and
set-shifting did not significantly differ in the current study.
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It was clear that vocabulary knowledge, which was unre-
lated to age, was not significantly associated with olfactory
function. That is, limited lexical knowledge did not appear
to constrain the ability to discriminate or name odor-
ants, whereas measures of fluid cognition that typically
decline with age40 were predictive of olfactory discrimina-
tion and identification but were not predictive of olfactory
threshold.
The ability to retrieve the verbal label for an odor-

ant may be one explanation for a memory and olfactory
function association. However, the ability to discriminate
between odorants does not necessarily require recall of a
verbal label and was also associated with episodic mem-
ory. We hypothesize that the spatial overlap and adjacency
of cortical tissue that supports these functions increases
the likelihood that commonmechanisms of decline across
medial temporal and orbitofrontal regions (e.g., inflam-
mation, intermittent hypoxia, and/or tau accumulation in
humans41–43) explain why olfaction and memory decline
together with age in normative10–12 and neurodegenera-
tive disorder samples.11,44 This hypothesis is supported by
olfactory loss in animal models of inflammation, intermit-
tent hypoxia, and tau accumulation.45,46

4.2 Gray matter effects

This study was designed with an a priori hypothesis that
medial temporal and orbitofrontal gray matter volume
would exhibit age-related differences and explain signifi-
cant variation in episodic memory and olfactory function.
The spatial independent component analysis used in this
study demonstrated that gray matter volume in these
regions covaried together. That is, middle-aged to older
adults with lower gray matter volume in medial temporal
cortex also had lower orbitofrontal gray matter volume. A
similar image analysis approach was taken in a study of
anosmia in which a pattern ofmedial temporal graymatter
volume was observed, with the gray matter volume within
this structural network differing between controls and
anosmics.47 Our results are also partially consistent with
evidence that odorant identification, and not detection
threshold, was significantly associated with orbitofrontal
gray matter volume in older adults with mild cognitive
impairment.48 Thus, there is replication of medial tempo-
ral and orbitofrontal associations with olfactory function
across studies when using a similar analysis approach and
when considering memory-related declines.
There also was spatial and behavioral specificity of the

medial temporal cortex effects. For example, a bilateral
hippocampal and inferior temporal gyrus pattern of gray
matter covariance (independent component 10 in Support-
ing Information Figure S1 and Supporting Information

Table S2) exhibited p < 0.05 (uncorrected) associations
with age, sex, set-shifting, and vocabulary knowledge, but
did not appear to be related to episodic memory or olfac-
tory function. This component spatially overlapped with
the MTC-OFC component with respect to anterior medial
temporal and hippocampal regions, but did not include
orbitofrontal cortex and included more posterior cortical
regions that were not included in the MTC-OFC compo-
nent. It appears that orbitofrontal cortex and its association
with medial temporal cortex was critical for the olfaction
and episodic memory associations.

4.3 Peripheral losses

Sniffin’ Sticks threshold scores exhibited a non-significant
association with MTC-OFC volume. This result suggests
that the olfactory discrimination and identification results
were not due to peripheral etiologies of olfactory dysfunc-
tion, such as sinusitis or rhinitis, altered nasal airflow
and/or olfactory mucus or olfactory neuroepithelium by
impeding delivery of odorant molecules to the olfactory
cleft.49,50 While these peripheral etiologies and gradual
loss of olfactory sensory neurons51 would affect thresholds,
suprathreshold presentation of the stimuli should result
in normal discrimination and identification scores if
central processing pathways are intact. Isolated threshold
loss that can precede the loss of discrimination and/or
identification has been shown previously for sinusitis
patients.52 However, there appeared to be stronger age
influences on olfactory discrimination and identification
than thresholds (Table 1). It is possible that the relatively
increased task demands of the olfactory discrimination
and identification tests compared to the threshold test, as
described earlier, increased sensitivity for observing age-
related gray matter associations with discrimination and
identification.

4.4 Strengths, limitations, and future
directions

One important considerationwhen interpreting the results
of this study is that olfactory and cognitive measures in
this study were obtained with the widely used Sniffin’
Sticks and NIH Toolbox tests, which should enhance the
potential for replication of results from this study, includ-
ing because the tests exhibit relatively high test–retest
reliability.28,53 We also note that episodic memory had
more explanatory power in predicting olfaction than the
MTC-OFC measure (Table 2), which appears to reflect
the greater sensitivity of episodic memory than MTC-OFC
gray matter volume for predicting olfaction.
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The significant but limited explanatory power of the
MTC-OFC measure (e.g., explained 6.3% of the variance
in olfactory identification) could reflect the sensitivity of
the 1 mm resolution, segmented, and spatially smoothed
gray matter measurement and/or that other anatomical
measures may be more critical. For example, the MTC-
OFC graymatter effects may be observed as a consequence
of myelin and axonal declines across fibers that con-
nect MTC-OFC regions due to inflammatory and/or small
vessel disease effects in white matter.54 We also note
that other independent gray matter components exhib-
ited small to medium effect bivariate associations with
olfactory function, including a component that includes
cerebellar regions that were linked to OD in previous
studies.19 However, we did not have a priori hypotheses
about these other regions and any functional linkage to
olfaction andmemory is more indirect than theMTC-OFC
regions.We also note that larger effect sizesmay have been
observed with a voxel-wise approach. The independent
component approach used in the current study provided
a weighted gray matter volume estimate across the space
of each component. This approach demonstrated that a
common pattern of gray matter volume variance across
brain regions could explain olfactory and episodic mem-
ory function, while also limiting the number of statistical
comparisons and potential for false positive results.
A general age effect is one explanation for the gray

matter associations with olfactory function, including the
MTC-OFC association. That is, it was unclear whether
declines in MTC-OFC structure have a direct effect on
olfaction in middle-aged to older adults. It is noteworthy
that theMTC-OFC regions exhibited the strongest associa-
tion with age compared to the other brain regions and thus
may explain why OD is common among older adults.55
Moreover, this study appeared to characterize age-specific
effects as age accounted for all of the variance in the MTC-
OFC association with olfaction. In addition, there was no
evidence of normative individual differences underlying
the MTC-OFC and olfaction association.

5 CONCLUSIONS

The findings of this study and extant literature suggest that
olfactory and memory functions decline together when
there are age-related declines in medial temporal and
olfactory cortex. Mechanisms for these small to medium
size effects may be found in events and accumulated dam-
age that would affect the structural integrity of both of
these regions and/or their connections. While olfactory
thresholds were not related to MTC-OFC, it is possible
that the olfactory discrimination and identification effects
could be a consequence of peripheral olfactory losses that

can affect olfactory cortex.56 Longitudinal studies will
be necessary to determine the extent to which central
declines in regions supportingmemory contribute to olfac-
tory impairment and/or that the loss of central olfactory
function has cascading effects on memory functions.
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