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Background: The effect of educational status on brain structural measurements
depends on demographic and clinical factors in cognitively healthy older adults.

Objectives: The current study aimed to evaluate the impact of interaction between
years of education and sex on gray matter volume and to investigate whether cortical
volume has a differential impact on cognitive function according to sex.

Methods: One hundred twenty-one subjects between 60 and 85 years old were
included in this study. Gray matter volume was evaluated by whole brain surface-based
morphometry. Multiple regression analysis was used to analyze the effects of sex-cortical
volume interactions on cognitive functions.

Results: There was a significant interaction between years of education and sex on
the cortical volume of the left inferior temporal gyrus after adjusting for age, APOE ¢4
allele prevalence, and total intracranial volume. In addition, we found a significant impact
of the interaction between adjusted left inferior temporal volume and sex on CERAD-K
total scores.

Conclusion: These findings have significant implications for the understanding of how
sex could affect the role of cognitive reserve for cortical atrophy in cognitively intact
older adults.

Keywords: education, sex, gray matter volume, cognitively normal older adults, surface-based morphometry

INTRODUCTION

The concept of reserve has emerged to explain the differential impact of neuropathological
changes due to the aging process and neurodegenerative disease on individual clinical outcome,
including cognitive decline and decreased ability to perform daily functions (1). Brain reserves,
which are based on the brain’s quantitative characteristics, and cognitive reserves, which
focus on the brain’s adaptive functions, are the two broad classifications of the reserve (2).
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The cognitive reserve has been reported to play a neuroprotective
and compensatory role for neuropathologic change
accompanying the aging process (3). Educational status,
one of the representative proxies of cognitive reserve, can be
evaluated as an objective number that represents the ease of
acquiring information (4, 5). Previous studies have demonstrated
that fewer years of education increase the prevalence of dementia
(6), and higher levels of education delay the occurrence
of Alzheimer’s disease (AD) through tolerance against the
neuropathologic change of AD (7).

Among the brain’s structural parameters, gray matter volume
is a representative surrogate reflecting the aging process and
pathological change (8, 9). Years of education have also been
correlated with the gray matter volume of several brain regions,
including the medial and frontal gyri, superior temporal gyrus,
inferior parietal lobule, and the anterior and posterior cingulate
cortex in older adults with normal cognitive function (10-12).
Moreover, another previous study has reported the interaction
between education and total brain volume on cognitive decline
in cognitively intact older adults (13).

Prior studies have reported that the effect of educational status
on brain structural measurements depends on demographic and
clinical factors in older adults with healthy cognitive function.
Age has been shown to interact with education in relation to
cortical gray matter volume in the left middle frontal gyrus
and right medial cingulate cortex (12). In addition, the impact
of education on hippocampal volume differs according to the
presence of amyloid-beta (AP) retention, and the degree of Af
deposition has been associated with cortical volume (14).

Available evidence has described the effect of sex on
cortical volume in cognitively normal older adults. Female
subjects are shown to have greater superior temporal, inferior
frontal gyrus, and cingulate cortex volume; male subjects
demonstrate increased cortical volume in bilateral temporal lobes
and entorhinal and perirhinal cortices (15). Additionally, the
relevance of sex for age-related changes in cortical volume has
also been documented (16). Whereas, males showed greater
volume loss in frontal and temporal lobes, females displayed
greater atrophy of the hippocampus and parietal lobe. Despite the
significant effects of sex on age-related volume loss, few studies
have determined whether the effect of education on gray matter
volume differs according to sex.

The current study aimed to evaluate the impact of the
interaction between years of education and sex on gray matter
volume by whole brain analysis in cognitively intact older adults.
Additionally, we set out to investigate whether the cortical
volume of brain regions showing significant interaction had a
differential impact on cognitive function according to sex.

MATERIALS AND METHODS

Participants

One hundred twenty-one subjects between 60 and 85 years
old were included in this study. Subjects were recruited from
the Catholic Brain Health Center MRI database, which was
built through the outpatient psycho-geriatric clinic of Yeouido
Saint Mary’s Hospital located in Seoul, Republic of Korea, from

October 2018 through December 2020. The cognitive function
of all subjects was assessed using the Korean version of the
Consortium to Establish a Registry for Alzheimer’s Disease
(CERAD-K) (17). Measures included assessment in the Korean
version of the Mini-Mental State Examination (MMSE-K) (18),
Word List Memory (WLM), Word List Recall (WLR), Word
List Recognition (WLRc). In addition, total memory (TM)
domain scores were obtained by summing scores from the
CERAD-K, WLM, WLR, and WLRc. Total CERAD-K scores
were calculated by summing all CERAD-K subcategory scores,
excluding the MMSE-K score. Details surrounding the usage
of specific tests and the reviewing process are described in
Supplementary Material. Inclusion criteria were as follows: (1)
Participants with or without subjective memory complaints,
beyond what would be expected for age, (2) Normal memory
function, quantified by scoring above age, sex, and education
adjusted cutoffs on the WLM, WLR, and WLRc domain, (3)
MMSE-K score between 24 and 30, (4) Clinical Dementia
Rating score of 0, (5) Memory Box score of 0, and (6)
normal cognitive function, based on the absence of significant
impairment in cognitive functions or activities of daily living.
We excluded participants with any history of alcoholism, drug
abuse, head trauma, or psychiatric disorders, those taking
any psychotropic medications (e.g., cholinesterase inhibitors,
antidepressants, benzodiazepines, and antipsychotics), those
with multiple vascular risk factors, and those with extensive
cerebrovascular disease. T2-weighted fluid-attenuated inversion
recovery (FLAIR) data were acquired to objectively exclude
vascular lesions or other diseases. The study was conducted under
the ethical and safety guidelines set forth by the Institutional
Review Board of The Catholic University of Korea, which
approved all research activity. Informed and written consent was
obtained from all participants.

Data Acquisition and Preparation

Imaging data from the Catholic Brain Health Center MRI
database were collected by the Department of Radiology of
Yeouido Saint Mary’s Hospital at the Catholic University of
Korea using a 3T Siemens Skyra MRI machine and a 32-
channel Siemens head coil (Siemens Medical Solutions, Erlangen,
Germany). One hundred twenty-one subjects were imaged with
the T1-weighted magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence using the following parameters: image size
=224 x 224 x 256, voxel size = 0.9 x 0.9 x 0.9 mm?, repetition
time (TR) = 1,940 ms, echo time (TE) = 2.6 ms, and flip angle =
9°. In addition, FLAIR data were collected using a 2D fast spin-
echo sequence with the following parameters: TE = 76 ms, TR =
9s, inversion time = 2.5s, FOV = 22cm x 22cm, 42 oblique
axial slices, slice thickness = 5mm, image size = 224 x 224
X 256.

Image Processing

FreeSurfer software (version 7.1.0, https://surfer.nmr.mgh.
harvard.edu) was used to reconstruct and co-register the cortical
surfaces and estimate brain structural features including cortical
thickness, cortical volume, and surface area. Image processing
for the cortical model was done in the following order: removal
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of non-brain tissue using a hybrid watershed algorithm (19),
bias field correction, automated Talairach transformation,
segmentation of subcortical white matter and deep gray matter
structures (20, 21), intensity normalization, tessellation of the
gray/white matter boundary and gray/cerebrospinal fluid (CSF)
boundary, automated topology correction (19, 22), and surface
deformation following intensity gradients to optimally place
the gray/white and gray/CSF borders at the location where the
greatest shift in intensity defines the transition to the other
tissue class (23). Individual cortical folding patterns were then
registered to a spherical atlas in order to match cortical geometry
across subjects. Thickness was calculated at each location of the
cortex as the distance between white matter and the pial surface
(23). Procedures for the measurement of cortical thickness
have been validated against histological analysis and manual
measurements (24, 25). The cortical volume is defined as the
product of cortical thickness and area. All data were smoothed
with a 10mm full width half maximum (FWHM) Gaussian
kernel, and the cerebral cortex was parcellated based on gyral
and sulcal information derived from manually traced brains
(21, 26). These procedures are well-prescribed in a related
paper (27).

Statistical Analysis

Statistical analyses for demographic data were performed with
R software (version 2.15.3). Assumptions of normality were
tested for continuous variables using the Kolmogorov-Smirnov
test; all demonstrated a normal distribution. Two sample ¢-tests
and chi-square (x2) tests were used to probe for differences
between the male (n = 41) and female groups (n = 80) in terms
of demographic variables, clinical data, and total intracranial
volume (ICV). All statistical analyses used a two-tailed level of
0.05 for defining statistical significance.

FreeSurfer software (Version 7.1.0, http://surfer.nmr.mgh.
harvard.edu/) was used for group analysis. Surface-based
normalization was computed to map cortical volume data for
each subject onto a common group space to allow comparison
across subjects at homologous points on the cortex. Cortical
anatomy measurements were then smoothed with FWHM =
10mm, and the GLM was fit to the data with age, considering
the APOE ¢4 allele and total ICV as covariates. The vertex-
wise statistical test was performed to evaluate the impact of
the interaction between years of education and sex on cortical
volumes. The uncorrected significance map with p < 0.001
was then overlapped onto the fsaverage brain template surface
for visualization with a cluster-extent threshold of 100 mm?.
In addition, we performed the False Discovery Rate (FDR)
procedure for the multiple comparison correction (corrected p
< 0.05). Furthermore, we performed multiple linear regression
analyses to evaluate the effect of adjusted cortical volumes
in regions of interest-by-sex interaction on neuropsychological
test scores with a backward stepwise regression analysis (p <
0.05). Adjusted cortical volume = raw cortical volume - f x
(intracranial volume [ICV]-mean ICV), where § is the regression
slope of the region of interest ICV vs. neuropsychological test
scores (28).

TABLE 1 | Demographic and clinical characteristics of cognitively normal older
adults.

Male (N = 41) Female (N = 80) p-value
Age (years) 70.7 £ 7.6 68.2 £ 6.9 0.080
Education (years) 145 £ 3.3 134 +£28 0.062
APOE ¢4 carrier (%) 10 (24.4%) 21 (26.2%) 0.999
MMSE-K 27.9+1.7 284 +£1.2 0.090
CERAD-K WLM 18.6+3.3 20.5+3.3 0.003
CERAD-K WLR 6.3+1.9 69+15 0.048
CERAD-K WLRec 9.4 +09 9.5+0.8 0.775
CERAD-K T™M 343 +£52 36.9+ 4.9 0.008
CERAD-K Total 74.3+8.8 76.4 £ 8.9 0.215
Total ICV (mm?3) 15670369.8 + 134957.5 1391004.9 + 108680.7 <0.001

Data are presented as mean + standard deviation (SD) unless indicated otherwise.
MMSE-K, The Korean version of Mini-Mental Status Examination;, CERAD-K, Korean
version of Consortium to Establish a Registry for Alzheimer’s Disease; MMSE, Mini-Mental
Status Examination; WLM, Word List Memory; WLR, Word List Recall; WLRc, Word List
Recognition; TM, total scores of memory domains including CERAD-K, WLM, WLR, and
WLRc scores; Total, total scores of CERAD-K; ICV, intracranial volume.

RESULTS

Baseline Demographic and Clinical Data
Table 1 shows the baseline demographic and clinical data for the
male and female groups. There were no significant differences
in age, years of education, and APOE &4 genotype between two
groups. In regard to the neuropsychological battery, female group
showed higher scores of CERAD-K WLM, WLR, and TM than
the male group. In addition, the male group exhibited larger total
intracranial volume than the female group.

Sex-By-Years of Education Interaction for

Gray Matter Volumes

After adjusting for age, APOE e4 genotype, and total intracranial
volume, the interaction between educational status and sex
demonstrated a significant effect on the cortical volume of the
left inferior temporal gyrus, right postcentral gyrus, and right
superior parietal lobule (Figure 1). However, only the cluster size
of the left inferior temporal gyrus exceeded 100 mm? (Table 2).
None of these interactions survived FDR correction for multiple
comparisons. In addition, the regression slopes between years
of education and cortical volume differed between the sexes.
As expected from the visual inspection of the results shown
in Figure 2, higher educational level was correlated with the
greater cortical volume of the left inferior temporal gyrus in the
male group. However, in the female group, the higher years of
education were associated with the decreased volume of the left
inferior temporal gyrus.

Gray Matter Volume-By-Sex Interaction for
Cognitive Functions

After controlling for age, years of education and APOE &4 allele
presence, we found a significant impact of interaction between
adjusted left inferior temporal volume and sex on CERAD-K
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represents an opposing association with that described by red color.

FIGURE 1 | Brain regions with a significant impact of an interaction between years of education and sex on a cortical volume, adjusted for age, APOE ¢4 allele, and
total intracranial volume (uncorrected p < 0.001, false discovery rate-corrected p > 0.05). General linear model using QDEC tool available in the Freesurfer software.
Blue color represents a negative association of an education year with cortical volumes in female participants and a positive association in male participants. Red color

TABLE 2 | Brain regions significantly impacted by the interaction between years of education year and sex on a cortical volume, adjusted for age, APOE ¢4 allele
prevalence, and total intracranial volume (uncorrected p < 0.001, false discovery rate-corrected p > 0.05).

Brain region Number of vertices Size(mm?) Max Vertex Max Tal X TalY Tal Z
Left inferiortemporal gyrus 357 226.67 —5.2727 25467 —52.8 —36.7 -27.2
Right postcentralGyrus 203 74.24 4.3461 47225 40.5 —18.9 34.5
Right superiorparietal lobule 111 44.50 3.56525 74193 22.7 —59.5 49.9

Number of vertices, number of vertices in cluster; Max, maximum voxel-wise significance in the cluster; Vertex Max, vertex number of the maximum, Tal, Talairach space coordinate.

total scores (Figure 3). However, there was no main effect of
interaction on other memory domains of the CERAD-K.

DISCUSSION

The present study aimed to evaluate whether the association
between years of education and gray matter volume differs
depending on sex in cognitively normal older adults. In addition,
this study was designed to examine the brain regions that show

years of education-by-sex interaction for gray matter volume
through whole-brain analysis based on surface-morphometry.
The current paper found that the relationship between
educational status and the cortical volume of the left inferior
temporal gyrus differed significantly according to sex in
cognitively healthy older adults. In older male participants, the
correlation slope between years of education and cortical volume
was positive, however, this slope was negative for older female
participants. Although the cluster size was <100 mm?, the
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FIGURE 2 | Impact of interaction between years of education and sex on cortical volume of the left inferior temporal gyrus. General linear model using QDEC tool
available in the Freesurfer software. Uncorrected p < 0.001, false discovery rate-corrected p > 0.05.

T

15

interaction found in the right postcentral gyrus and superior
parietal lobe was observed in the opposite direction compared
to that of the left inferior temporal gyrus. While the left inferior
temporal gyrus has been reported to be generally tolerant to
healthy aging (29) yet vulnerable to AD pathology (30, 31),
the postcentral gyrus and superior parietal lobe have been
demonstrated to show accelerated loss of cortical volume more

than global atrophy present during the aging process (32). In
this regard, the findings of this study suggest that greater years
of education are associated with lesser cortical volume in brain
regions that are relatively sensitive to AD pathology compared to
the healthy aging process for older female participants.
Although the present research does not evaluate the presence
of AB and tau retention, older female participants with healthy
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FIGURE 3 | Impact of interaction between adjusted left inferior temporal volume and sex on cognitive function. Multiple linear regression analysis was used to predict
the impact of interaction between adjusted left inferior temporal volume and sex on cognitive function after adjusting for age, years of education, and APOE ¢4 allele
prevalence. Stepwise backward elimination and all subsets regression were performed to select final model.

cognition have displayed a higher prevalence of Af and tau
deposition than males between the ages of 60 and 85 (33).
Additionally, prior studies have indicated that cognitively normal
older adults with AP accumulation show greater atrophy
in the hippocampus and supramarginal gyrus compared to
those without AP retention (14). According to the cognitive
reserve hypothesis, older adults with higher years of education
could tolerate more AD-induced pathological change through
compensatory mechanisms than those with comparable cognitive
status (14). With the aforementioned propositions, it is estimated
that more prevalent brain pathological changes in AD-vulnerable
regions of older female subjects could have an effect on the
negative association between years of education and cortical
volume in the female group of the current study. Moreover,
the inferior temporal gyrus is a Braak stage IV area, where
neurofibrillary tangles associated with A retention and cognitive
impairment are accumulated (34, 35). Previous evidence has
also demonstrated the relationship between this aforementioned
tauopathy and cortical atrophy in the aging brain (36). Therefore,

it is necessary to interpret the results of this study through
the application of the cognitive reserve hypothesis for the two
representative pathologies of AD. Since these pathologies were
not evaluated in this study, additional studies to complement
them should be conducted to enhance our understanding of the
differential role of education in cortical atrophy according to sex.

Another important finding uncovered by the present study
was the significant interaction between the inferior temporal
gyrus volume and sex for global cognitive function in cognitively
normal older adults. In a more detail, the cognitive function
scores decreased more in the male group than in the female
group when the cortical atrophy in the left inferior temporal
gyrus progressed. This finding is consistent with the previous
research, confirming that male sex is related to worse memory
in cognitively intact older adults (37). Given that the inferior
temporal gyrus is more vulnerable to AD pathology than
to normal aging (30, 31), the compensatory process through
cognitive reserve might be more activated to delay cognitive
decline in females with relatively high AD pathology. However,
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as mentioned above, since AD pathology was not evaluated
in this study, attention should be paid to interpretation. In
addition, further research should be conducted to evaluate a brain
functional change, which is closely related to AD pathology and
cognition (38, 39).

Finally, several limitations need to be considered. Firstly,
lifestyle factors (alcohol consumption, smoking, physical exercise
etc.) (40, 41) and vascular risk factors (42), which might
show differences between male and female subjects, could
influence brain structure. In particular, physical exercise has been
reported to increase the size of hippocampus, improve memory
performances, and delay the onset of dementia (43, 44). In this
regard, physical exercise has been also suggested as another proxy
for cognitive reserve (3). Therefore, the possibility that these
factors may have influenced the results of this study cannot be
excluded. Secondly, this study evaluated only years of education
as a proxy for cognitive reserve. Therefore, an additional study to
comprehensively evaluate other brain/cognitive reserve proxies,
including the aforementioned lifestyle and vascular risk factors,
is necessary for further understanding.

The purpose of the current study was to determine the
effect of education years-by sex interaction on gray matter
volume by whole-brain analysis in cognitively intact older
adults and to evaluate the distinctive sex-dependent impact
of cortical volume on cognitive function. This study has
identified the relevancy of the interaction between education
and sex for gray matter volume of AD-vulnerable regions
and has shown the differential impact of cortical volume
on cognitive function according to sex. These findings have
significant implications for the understanding of how sex
may affect the role of cognitive reserve in differential cortical
atrophy for cognitively intact older adults. In addition, alongside
the supplementation of the aforementioned limitations, this
research serves as a base for the deeper understanding
of cognitive reserve in the aging and neurodegenerative
disease processes.

REFERENCES

1. Stern Y. Cognitive reserve. Neuropsychologia.
47:2015-28. doi: 10.1016/j.neuropsychologia.2009.03.004

2. Stern Y. Cognitive reserve in ageing and Alzheimer’s disease. Lancet Neurol.
(2012) 11:1006-12. doi: 10.1016/S1474-4422(12)70191-6

3. Arenaza-Urquijo EM, Wirth M, Chételat G. Cognitive reserve and lifestyle:
moving towards preclinical Alzheimer’s disease. Front Aging Neurosci. (2015)
7:134. doi: 10.3389/fnagi.2015.00134

4. Stern Y, Alexander GE, Prohovnik I, Mayeux R. Inverse relationship between
education and parietotemporal perfusion deficit in Alzheimer’s disease. Ann
Neurol. (1992) 32:371-5. doi: 10.1002/ana.410320311

5. Garibotto V, Borroni B, Kalbe E, Herholz K, Salmon E, Holtoff
V, et al. Education and occupation as proxies for reserve in
aMCI converters and AD: FDG-PET evidence. Neurology. (2008)
71:1342-9. doi: 10.1212/01.wnl.0000327670.62378.c0

6. Zhang M, Katzman R, Salmon D, Jin H, Cai G, Wang Z, et al. The prevalence
of dementia and Alzheimer’s disease in Shanghai, China: impact of age,
gender, and education. Ann Neurol. (1990) 27:428-37. doi: 10.1002/ana.4102
70412

(2009)

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Institutional Review Board of The Catholic
University of Korea. The patients/participants provided their
written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

DK, S-MW, CL, and HL conceived and designed the research.
DK, S-MW, H-RN, NK, and HL recruited subjects, and
followed subjects to get clinical results. NK performed the
in vivo MRI experiments. DK and S-MW performed the
image preprocessing and image analysis. DK, S-MW, and NK
performed statistical analysis. DK wrote the manuscript. CL and
HL provided scientific mentorship throughout the project. All
authors discussed the results and commented on the manuscript.

FUNDING

This work was supported by the National Research Foundation
of Korea (NRF) grant funded by the Korea government
(Ministry of Science and ICT) (No. 2019R1A2C2009100
and 2019R1C1C1007608). The funding organizations did not
participate in study design or data interpretation.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2021.644148/full#supplementary-material

7. Meng X, D’arcy C. Education and dementia in the context of the cognitive
reserve hypothesis: a systematic review with meta-analyses and qualitative
analyses. PLoS ONE. (2012) 7:¢38268. doi: 10.1371/journal.pone.0038268

8. Storsve AB, Fjell AM, Tamnes CK, Westlye LI, Overbye K,
Aasland HW, et al. Differential longitudinal changes in cortical
thickness, surface area and volume across the adult life span:

regions of accelerating and decelerating change. ]| Neurosci. (2014)
34:8488-98. doi: 10.1523/JNEUROSCI.0391-14.2014
9. Storandt M, Mintun MA, Head D, Morris JC. Cognitive decline and brain

volume loss as signatures of cerebral amyloid-p peptide deposition identified
with Pittsburgh compound B: cognitive decline associated with AB deposition.
Arch Neurol. (2009) 66:1476-81. doi: 10.1001/archneurol.2009.272

10. Arenaza-Urquijo EM, Landeau B, La Joie R, Mevel K, Mézenge F, Perrotin
A, et al. Relationships between years of education and gray matter volume,
metabolism and functional connectivity in healthy elders. Neuroimage. (2013)
83:450-7. doi: 10.1016/j.neuroimage.2013.06.053

11. Solé-Padullés C, Bartrés-Faz D, Junqué C, Vendrell P, Rami L, Clemente IC,
et al. Brain structure and function related to cognitive reserve variables in
normal aging, mild cognitive impairment and Alzheimer’s disease. Neurobiol
Aging. (2009) 30:1114-24. doi: 10.1016/j.neurobiolaging.2007.10.008

Frontiers in Psychiatry | www.frontiersin.org

March 2021 | Volume 12 | Article 644148


https://www.frontiersin.org/articles/10.3389/fpsyt.2021.644148/full#supplementary-material
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.3389/fnagi.2015.00134
https://doi.org/10.1002/ana.410320311
https://doi.org/10.1212/01.wnl.0000327670.62378.c0
https://doi.org/10.1002/ana.410270412
https://doi.org/10.1371/journal.pone.0038268
https://doi.org/10.1523/JNEUROSCI.0391-14.2014
https://doi.org/10.1001/archneurol.2009.272
https://doi.org/10.1016/j.neuroimage.2013.06.053
https://doi.org/10.1016/j.neurobiolaging.2007.10.008
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

Kang et al.

Interaction Between Education and Sex

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Boller B, Mellah S, Ducharme-Laliberté G, Belleville S. Relationships between
years of education, regional grey matter volumes, and working memory-
related brain activity in healthy older adults. Brain Imaging Behav. (2017)
11:304-17. doi: 10.1007/s11682-016-9621-7

Roe CM, Fagan AM, Grant EA, Marcus DS, Benzinger TL, Mintun MA,
et al. Cerebrospinal fluid biomarkers, education, brain volume, and future
cognition. Arch Neurol. (2011) 68:1145-51. doi: 10.1001/archneurol.2011.192
Arenaza-Urquijo EM, Molinuevo J-L, Sala-Llonch R, Sole-Padulles C, Balasa
M, Bosch B, et al. Cognitive reserve proxies relate to gray matter loss in
cognitively healthy elderly with abnormal cerebrospinal fluid amyloid-f levels.
J Alzheimer’s Dis. (2013) 35:715-26. doi: 10.3233/JAD-121906

Good CD, Johnsrude I, Ashburner J, Henson RN, Friston KJ, Frackowiak RS.
Cerebral asymmetry and the effects of sex and handedness on brain structure:
a voxel-based morphometric analysis of 465 normal adult human brains.
Neuroimage. (2001) 14:685-700. doi: 10.1006/nimg.2001.0857

Murphy DG, DeCarli C, Mclntosh AR, Daly E, Mentis M]J, Pietrini P,
et al. Sex differences in human brain morphometry and metabolism: an
in vivo quantitative magnetic resonance imaging and positron emission
tomography study on the effect of aging. Arch Gen Psychiatry. (1996) 53:585-
94. doi: 10.1001/archpsyc.1996.01830070031007

Lee JH, Lee KU, Lee DY, Kim KW, Jhoo JH, Kim JH, et al. Development
of the Korean Version of the Consortium to Establish a Registry
for Alzheimers Disease Assessment Packet (CERAD-K) clinical and
neuropsychological assessment batteries. | Gerontol Ser B. (2002) 57:47-
53. doi: 10.1093/geronb/57.1.P47

Park J-H. Standardization of Korean version of the Mini-Mental State
Examination (MMSE-K) for use in the elderly. Part II. Diagnostic validity. J
Korean Neuropsychiatr Assoc. (1989) 28:508-13.

Ségonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, et al. A
hybrid approach to the skull stripping problem in MRI. Neuroimage. (2004)
22:1060-75. doi: 10.1016/j.neuroimage.2004.03.032

Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove
C, et al. Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. (2002)
33:341-55. doi: 10.1016/S0896-6273(02)00569-X

Fischl B, Salat DH, Van Der Kouwe AJ, Makris N, Ségonne F, Quinn BT,
et al. Sequence-independent segmentation of magnetic resonance images.
Neuroimage. (2004) 23:69-84. doi: 10.1016/j.neuroimage.2004.07.016

Fischl B, Liu A, Dale AM. Automated manifold surgery: constructing
geometrically accurate and topologically correct models of the human cerebral
cortex. IEEE Trans Med Imaging. (2001) 20:70-80. doi: 10.1109/42.906426
Fischl B, Dale AM. Measuring the thickness of the human cerebral cortex
from magnetic resonance images. Proc Natl Acad Sci USA. (2000) 97:11050-
5. doi: 10.1073/pnas.200033797

Rosas H, Liu A, Hersch S, Glessner M, Ferrante R, Salat D, et al. Regional and
progressive thinning of the cortical ribbon in Huntington’s disease. Neurology.
(2002) 58:695-701. doi: 10.1212/WNL.58.5.695

Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy M, Ozawa F, et al.
Regionally localized thinning of the cerebral cortex in schizophrenia. Arch Gen
Psychiatry. (2003) 60:878-88. doi: 10.1001/archpsyc.60.9.878

Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al.
An automated labeling system for subdividing the human cerebral cortex on
MRI scans into gyral based regions of interest. Neuroimage. (2006) 31:968-
80. doi: 10.1016/j.neuroimage.2006.01.021

Fischl B. FreeSurfer. Neuroimage.
81. doi: 10.1016/j.neuroimage.2012.01.021

Raz N, Lindenberger U, Rodrigue KM, Kennedy KM, Head D, Williamson
A, et al. Regional brain changes in aging healthy adults: general trends,
Cereb Cortex. (2005) 15:1676—

Neuron.

(2012) 62:774—

individual differences and modifiers.
89. doi: 10.1093/cercor/bhi044

Raz N, Torres IJ, Spencer WD, Acker JD. Pathoclysis in aging human
cerebral cortex: evidence from in vivo MRI morphometry. Psychobiology.
(1993) 21:151-60.

McDonald C, McEvoy L, Gharapetian L, Fennema-Notestine C,
Hagler D, Holland D, et al. Regional rates of neocorticalatrophy

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

from normal aging to early Alzheimer disease. Neurology. (2009)
73:457-65. doi: 10.1212/WNL.0b013e3181b16431

Chételat G, Landeau B, Eustache F, Mézenge F, Viader F, de La Sayette V, et al.
Using voxel-based morphometry to map the structural changes associated
with rapid conversion in MCI: a longitudinal MRI study. Neuroimage. (2005)
27:934-46. doi: 10.1016/j.neuroimage.2005.05.015

Good CD, Johnsrude IS, Ashburner J, Henson RN, Friston KJ, Frackowiak
RS. A voxel-based morphometric study of ageing in 465 normal adult human
brains. Neuroimage. (2001) 14:21-36. doi: 10.1006/nimg.2001.0786

Jack Jr CR, Wiste HJ, Weigand SD, Therneau TM, Knopman DS, Lowe
V, et al. Age-specific and sex-specific prevalence of cerebral B-amyloidosis,
tauopathy, and neurodegeneration in cognitively unimpaired individuals
aged 50-95 years: a cross-sectional study. Lancet Neurol. (2017) 16:435-
44. doi: 10.1016/S1474-4422(17)30077-7

Cho H, Choi JY, Hwang MS, Kim Y], Lee HM, Lee HS, et al. In vivo cortical
spreading pattern of tau and amyloid in the Alzheimer disease spectrum. Ann
Neurol. (2016) 80:247-58. doi: 10.1002/ana.24711

Johnson KA, Schultz A, Betensky RA, Becker JA, Sepulcre ], Rentz D, et al. Tau
positron emission tomographic imaging in aging and early Alzheimer disease.
Ann Neurol. (2016) 79:110-9. doi: 10.1002/ana.24546

Sepulcre J, Schultz AP, Sabuncu M, Gomez-Isla T, Chhatwal ], Becker A, et al.
In vivo tau, amyloid, and gray matter profiles in the aging brain. J Neurosci.
(2016) 36:7364-74. doi: 10.1523/J]NEUROSCI.0639-16.2016

Jack CR, Wiste HJ, Weigand SD, Knopman DS, Vemuri P, Mielke
MM, et al. Age, sex, and APOE €4 effects on memory, brain structure,
and B-amyloid across the adult life span. JAMA Neurol. (2015) 72:511-
9. doi: 10.1001/jamaneurol.2014.4821

Mormino EC, Smiljic A, Hayenga AO, H. Onami S, Greicius MD, Rabinovici
GD, et al. Relationships between beta-amyloid and functional connectivity in
different components of the default mode network in aging. Cereb Cortex.
(2011) 21:2399-407. doi: 10.1093/cercor/bhr025

Damoiseaux JS, Prater KE, Miller BL, Greicius MD. Functional connectivity
tracks clinical deterioration in Alzheimer’s disease. Neurobiol Aging. (2012)
33:828. doi: 10.1016/j.neurobiolaging.2011.06.024

Gow AJ, Bastin ME, Maniega SM, Hernandez MCV, Morris Z,
Murray C, et al. Neuroprotective lifestyles and the aging brain:
activity, atrophy, and white matter integrity. Neurology. (2012)
79:1802-8. doi: 10.1212/WNL.0b013e3182703fd2
Bugg JM, Head D. Exercise moderates
the medial temporal lobe. Neurobiol
14. doi: 10.1016/j.neurobiolaging.2009.03.008
Barnes J, Carmichael OT, Leung KK, Schwarz C, Ridgway GR,
Bartlett JW, et al
independently predict brain atrophy rate in Alzheimer’s
Neuroimaging  Initiative  controls. ~ Neurobiol — Aging.
34:1996-2002. doi: 10.1016/j.neurobiolaging.2013.02.003

Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L,
et al. Exercise training increases size of hippocampus and improves
memory. Proc Natl Acad Sci. (2011) 108:3017-22. doi: 10.1073/pnas.10159
50108

Cheng S-T. Cognitive reserve and the prevention of dementia: the role
of physical and cognitive activities. Curr Psychiatry Rep. (2016) 18:1-
12. doi: 10.1007/s11920-016-0721-2

age-related atrophy of
Aging.  (2011)  32:506-

markers
Disease
(2013)

Vascular and  Alzheimers disease

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Kang, Wang, Na, Kim, Lim and Lee. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Psychiatry | www.frontiersin.org

March 2021 | Volume 12 | Article 644148


https://doi.org/10.1007/s11682-016-9621-7
https://doi.org/10.1001/archneurol.2011.192
https://doi.org/10.3233/JAD-121906
https://doi.org/10.1006/nimg.2001.0857
https://doi.org/10.1001/archpsyc.1996.01830070031007
https://doi.org/10.1093/geronb/57.1.P47
https://doi.org/10.1016/j.neuroimage.2004.03.032
https://doi.org/10.1016/S0896-6273(02)00569-X
https://doi.org/10.1016/j.neuroimage.2004.07.016
https://doi.org/10.1109/42.906426
https://doi.org/10.1073/pnas.200033797
https://doi.org/10.1212/WNL.58.5.695
https://doi.org/10.1001/archpsyc.60.9.878
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1093/cercor/bhi044
https://doi.org/10.1212/WNL.0b013e3181b16431
https://doi.org/10.1016/j.neuroimage.2005.05.015
https://doi.org/10.1006/nimg.2001.0786
https://doi.org/10.1016/S1474-4422(17)30077-7
https://doi.org/10.1002/ana.24711
https://doi.org/10.1002/ana.24546
https://doi.org/10.1523/JNEUROSCI.0639-16.2016
https://doi.org/10.1001/jamaneurol.2014.4821
https://doi.org/10.1093/cercor/bhr025
https://doi.org/10.1016/j.neurobiolaging.2011.06.024
https://doi.org/10.1212/WNL.0b013e3182703fd2
https://doi.org/10.1016/j.neurobiolaging.2009.03.008
https://doi.org/10.1016/j.neurobiolaging.2013.02.003
https://doi.org/10.1073/pnas.1015950108
https://doi.org/10.1007/s11920-016-0721-2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles

	Differential Impact of Education on Gray Matter Volume According to Sex in Cognitively Normal Older Adults: Whole Brain Surface-Based Morphometry
	Introduction
	Materials and Methods
	Participants
	Data Acquisition and Preparation
	Image Processing
	Statistical Analysis

	Results
	Baseline Demographic and Clinical Data
	Sex-By-Years of Education Interaction for Gray Matter Volumes
	Gray Matter Volume-By-Sex Interaction for Cognitive Functions

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


