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This study aimed to explore the moderating effects of the frequently used cognitive reserve (CR) proxies
[i.e., education, premorbid intelligence quotient (pIQ), occupational complexity (OC), and lifetime cog-
nitive activity (LCA)] on the relationships between various in vivo Alzheimer’s disease (AD) pathologies
and cognition. In total, 351 [268 cognitively unimpaired (CU), 83 cognitive impaired (CI)] older adults
underwent multi-modal brain imaging to measure AD pathologies and cognitive assessments, and infor-

Keywords: mation on CR proxies was obtained. For overall participants, only education moderated the relationship
Education between AB deposition and cognition. Education, pIQ, and LCA, but not OC, showed moderating effect
Intelligence on the relationship between AD-signature cerebral hypometabolism and cognition. In contrast, only OC
Occupation had a moderating effect on the relationship between cortical atrophy of the AD-signature regions and

Cognitive activity
Cognitive reserve
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cognition. Such moderation effects of the CR proxies were similarly observed in CI individuals, but most

of them were not in CU individuals. The findings suggest that the proposed CR proxies have different
moderating effects on the relationships between specific AD pathologies and cognition.

© 2021 The Author(s). Published by Elsevier Inc.
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1. Introduction

- The concept of cognitive reserve (CR) has been introduced to
Abbreviations: AB, Amyloid-beta; AD, Alzheimer’s disease; AD-CM, AD-signature explain how some people can tolerate more brain pathologies

region cerebral glucose metabolism; AD-CT, AD-signature region cortical thickness;

ADD+, AD dementia with AB deposition; APOE4, Apolipoprotein &4; CDR, Clini-

cal Dementia Rating; CERAD-TS, Consortium to Establish a Registry for Alzheimer’s

Disease-total score; CI, Cognitively impaired; CR, Cognitive Reserve; CSF, Cere-
brospinal fluid; CU, Cognitively unimpaired (CU-, CU without AB deposition; CU+,
CU with AB deposition); DSM-IV, Diagnostic and Statistical Manual of Mental Dis-
orders IV; FDG, '8F-fluoro-2-deoxyglucose; KBASE, Korean Brain Aging Study for the
Early Diagnosis and Prediction of AD; LCA, Lifetime cognitive activity; MCI, Mild
cognitive impairment (MCI+, MCI with AB deposition); MRI, Magnetic resonance
imaging; NIA-AA, National Institute on Aging and Alzheimer’s Association; OC, Oc-
cupational complexity; PET, Positron emission tomography; PiB, ' C-Pittsburg com-

pound B; pIQ, Premorbid intelligence quotient; ROI, Regions of interest; SUVR, Stan-
dardized uptake value ratio.

* Corresponding author at: Department of Neuropsychiatry, Seoul National Uni-
versity Hospital & Department of Psychiatry, Seoul National University College of
Medicine, 101 Daehak-ro, Jongno-gu, Seoul 03080, South Korea

E-mail address: selfpsy@snu.ac.kr (D.Y. Lee).

# The co-investigators of the KBASE Research Group are listed in elsewhere (http:

//kbase.kr).

0197-4580/$ - see front matter © 2021 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
https://doi.org/10.1016/j.neurobiolaging.2021.10.005


https://doi.org/10.1016/j.neurobiolaging.2021.10.005
http://www.ScienceDirect.com
http://www.elsevier.com/locate/neuaging.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neurobiolaging.2021.10.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:selfpsy@snu.ac.kr
http://kbase.kr
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.neurobiolaging.2021.10.005

K. Ko, D. Yi, M.S. Byun et al./Neurobiology of Aging 110 (2022) 88-95 89

or age-related brain changes than others (Stern, 2002). It is de-
fined as the capacity to preserve cognitive function better in the
presence of brain pathology and it acts as a moderator between
brain changes and the degree of cognitive impairment (Stern, 2012,
2002; Stern et al., 2018). Various measures have been proposed as
proxies of CR, including education, the premorbid intelligence quo-
tient (pIQ), occupational complexity (OC), and lifetime cognitive
activity (LCA), and have been used to estimate the CR of an in-
dividual indirectly (Arenaza-Urquijo et al., 2015; Jones et al., 2011).

Among CR proxies, education was reported to moderate the re-
lationships of AB senile plaques (Bennett et al., 2005, 2003), cere-
brospinal fluid (CSF) amyloid-beta (AB) (Yaffe et al., 2011), cere-
bral AB-positive status on positron emission tomography (PET)
(Roe et al., 2008), or medial temporal atrophy on Magnetic Res-
onance Imaging (MRI) (Perneczky et al., 2009) with cognitive
function, but not that of neurofibrillary tangles (Bennett et al.,
2005, 2003) and Alzheimer’s disease (AD) pathology composite
(Bauer et al., 2020). 2 studies showed that plQ, estimated using
an adult reading test, interacted with inferior temporal tau depo-
sition (Rentz et al., 2017) and precuneus AB deposition on PET
(Rentz et al., 2010) to predict cognitive function, while another
study suggested that plQ does not moderate the relationship of
various AD biomarkers with cognition, including CSF Af, t-tau,
and structural abnormalities on MRI (Vemuri et al., 2011). A study
showed that composite measure of education and occupation was
associated with baseline cognitive performance but did not moder-
ate AB-related cognitive decline in cognitively normal older adults
(Vemuri et al., 2015). However, no study has yet investigated the
independent moderating effects of OC and LCA on the relationship
between AD pathologies and cognition.

Therefore, we explored the moderating effects of education,
pIQ, OC, and LCA on the relationships between various in vivo
AD pathologies and global cognition to compare their appropriate-
ness as CR proxies for specific pathologies. We used 3 AD neu-
roimaging biomarkers to measure different in vivo AD patholo-
gies: cerebral AB deposition on C-Pittsburg compound B (PiB)-
PET, AD-signature region cerebral glucose metabolism (AD-CM) on
18F_fluoro-2-deoxyglucose (FDG)-PET, and AD-signature region cor-
tical thickness (AD-CT) on structural brain MRI (Jack et al., 2018,
2016).

2. Methods
2.1. Participants

This study is part of the Korean Brain Aging Study for the Early
Diagnosis and Prediction of AD (KBASE), an ongoing prospective
cohort study designed to identify novel AD biomarkers and to in-
vestigate various lifetime experiences contributing to AD-related
brain changes. Details on the KBASE study have been described
previously (Byun et al., 2017). The current study included 351
middle-aged and older individuals with age between 55 and 90
years. The participants consisted of 232 cognitively unimpaired
(CU) with no AB deposition on PiB-PET (CU-), 36 CU with A
deposition (CU+), 44 mild cognitive impairment (MCI) with A8
deposition (MCI+), 39 AD dementia with AS deposition (ADD+).
CU individuals had no diagnosis of mild cognitive impairment or
dementia, and a global Clinical Dementia Rating (CDR) score of
0 (Lee et al., 2002; Morris, 1993). All individuals with MCI met
the current consensus criteria for amnestic MCI, which are as fol-
lows: (1) memory complaints confirmed by an informant, (2) ob-
jective memory impairments, (3) preserved global cognitive func-
tion, (4) independence in functional activities, and (5) no demen-
tia. Regarding criterion 2, the age-, education-, and sex adjusted
z-scores for at least 1 of 4 episodic memory tests was <-1.5. The

4 memory tests were the Word List Memory, Word List Recall,
Word List Recognition, and Constructional Recall tests, which are
included in the Korean version of the Consortium to Establish a
Registry for Alzheimer's Disease (CERAD) neuropsychological as-
sessment battery (Lee et al., 2004, 2002). All individuals with MCI
had a CDR score of 0.5. All individuals with AD dementia meet
both the Diagnostic and Statistical Manual of Mental Disorders IV
(DSM-1V) criteria (American Psychiatric Association, 2000) for de-
mentia and National Institute on Aging and Alzheimer’s Associa-
tion (NIA-AA) criteria (McKhann et al., 2011) for probable AD de-
mentia, and had a global CDR score of 0.5 or 1. Individuals with
medical, psychiatric, or neurological conditions or a history of con-
ditions that may affect brain structures or functions, such as stroke,
head trauma, depression, hydrocephalus, or focal brain lesions on
MRI were excluded. Each participant was diagnosed at a consensus
conference of board-certified psychiatrists and neuropsychologists
before inclusion in the study. The study protocol was approved by
the Institutional Review Board of Seoul National University Hospi-
tal and Seoul National University-Seoul Metropolitan Government
Boramae Center (Seoul, South Korea) and conducted in accordance
with the recommendations of the current version of the Declara-
tion of Helsinki. All participants or their caregivers gave informed
consent to participate in this study.

2.2. Clinical and neuropsychological assessments

All participant underwent comprehensive clinical and neu-
ropsychological assessments following the KBASE assessment pro-
tocol (Byun et al., 2017), which incorporated the Korean version of
the CERAD assessment packet (Lee et al., 2004, 2002). CERAD-total
score (CERAD-TS) (Chandler et al., 2005; Seo et al., 2010), which is
calculated by summing the scores of 6 tests included in the CERAD
neuropsychological battery (i.e., Semantic Verbal Fluency Tasks, 15-
item Boston Naming Test, Word List Memory, Word List Recall,
Word List Recognition, and Constructional Praxis), was used as an
established composite measure of global cognition. CERAD-TS has
a maximum of 100 points.

2.3. CR proxies

The years of formal education, pIQ, OC, and LCA participation
frequency were included as candidate CR proxies. Years of formal
education was self-reported by the participants and confirmed by
reliable informants. Formal education was defined as “education
which takes place in education and training institutions, leading to
recognized diplomas or qualifications” (Commission of the Euro-
pean Communities, 2000). pIQ was estimated by the performance
on the Korean Adult Reading Test (Vi et al., 2017), a word-reading
test for Korean-speaking adults using 50 irregularly pronounced
words that is useful for estimating premorbid intelligence. The
Korean Adult Reading Test-predicted Full-Scale 1Q, derived from
the Korean Adult Reading Test error score, was used as the plQ
of an individual. Information about occupation was self-reported
by the participant and confirmed by reliable informants. Only the
longest-held occupation was considered. We then classified OC into
4 levels based on the skill levels described in the International
Standard Classification of Occupations (ISCO-08) (Darwish et al.,
2018; International Labor Office (ILO), 2012). Occupations at skill
level 1 typically involve the simple and routine physical or man-
ual tasks (e.g., office cleaners, freight handlers or garden laborers).
Occupations at skill level 2 typically involve the performance of
tasks, such as operating machinery and electronic equipment; driv-
ing vehicles; maintenance and repair of electrical and mechanical
equipment; and manipulation, ordering and storage of information
(e.g., butchers, bus drivers or secretaries). Occupations classified at
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skill level 3 typically involve the performance of complex techni-
cal and practical tasks that require complex problem solving, rea-
soning, and decision making in a specialized field (e.g., shop man-
agers, medical laboratory technicians or diagnostic medical radio-
graphers). Occupations classified at skill level 4 typically involve
the performance of tasks that require complex problem-solving,
decision-making and creativity based on an extensive body of the-
oretical and factual knowledge in a specialized field (e.g., sales and
marketing managers, civil engineers or secondary school teach-
ers). The LCA participation frequency was measured with a 39-
item structured questionnaire (Wilson et al., 2007). The included
items were relatively common activities with few barriers to par-
ticipation, such as reading newspapers, magazines, or books; vis-
iting a museum or library; attending a concert, play, or musical;
writing letters; and playing games. The frequency of participation
was rated from 1 (once a year or less) to 5 (approximately daily).
There were nine items for current, 11 items for childhood (6-12
years of age), 10 items for young adulthood (18 years of age), and
nine items for midlife (40 years of age) cognitive activities. Item
scores for childhood, young adulthood, and midlife periods were
averaged to yield a separate value for the corresponding age pe-
riod. We then calculated the composite LCA score to use in the
subsequent analysis, which was an average of the 3 epoch values.
The items for current activities were not included to calculate LCA
score to avoid the influence of current cognitive impairment state
on LCA score.

2.4. Measurement of cerebral AB deposition

All participants underwent simultaneous 3-dimensional ['1C]-
PiB-PET and T1-weighted MRI using a 3.0 T Biograph mMR scan-
ner (Siemens; Washington DC, WC, USA), according to the manu-
facturer’s guidelines. After intravenous administration of 555 MBq
of [11C] PiB (range, 450-610 MBq), a 30-minute emission scan was
obtained 40 minutes after injection. The PiB-PET data collected in
list mode were processed for routine corrections such as unifor-
mity, UTE-based attenuation, and decay corrections, and were re-
constructed into a 256 x 256 image matrix using iterative methods
(6 iterations with 21 subsets). The details of PiB-PET acquisition
and preprocessing were described previously (Park et al., 2019).
An automatic anatomic labeling algorithm and a region-combining
method (Reiman et al., 2009) were applied to determine the re-
gions of interest (ROIs) for characterizing the PiB retention levels in
the frontal, lateral parietal, posterior cingulate-precuneus, and lat-
eral temporal regions. The standardized uptake value ratio (SUVR)
value for each ROI was calculated by dividing the mean value for
all voxels within each ROI by the mean cerebellar grey matter up-
take value for the same image. A global cortical ROI consisting of
the 4 ROIs was also defined and a global AB retention value was
generated by dividing the mean value for all voxels of the global
cortical ROI by the mean cerebellar uptake value in the same im-
age (Choe et al., 2014; Reiman et al., 2009). Each participant was
classified as AB-positive if the SUVR value was > 14 in at least 1
of 4 ROIs or as AB-negative if the SUVR values of all 4 ROIs was <
1.4 (Jack et al.,, 2014; Reiman et al., 2009).

2.5. Measurement of AD-CM

All participants underwent ['8F]-FDG-PET imaging using the
machine described above. The participants fasted for at least 6
hours and rested in a waiting room for 40 minutes prior to the
scans after intravenous administration of 0.1 mCi/Kg of ['8F] FDG
radioligands. The PET data collected in list mode (5 minutes X
4 frames) were processed for routine corrections such as unifor-
mity, UTE-based attenuation, and decay corrections. The details of

FDG-PET acquisition and preprocessing were described previously
(Park et al., 2019). AD-signature FDG ROIs, such as the angular
gyri, posterior cingulate cortex, and inferior temporal gyri, which
are sensitive to the changes associated with AD (Jack et al., 2014),
were determined. AD-CM was defined as the voxel-weighted mean
SUVR extracted from the AD-signature FDG ROIs.

2.6. Measurement of AD-CT

All T1-weighted MR images were acquired in the sagittal ori-
entation using the same PET-MR machine. The parameters were
as follows: repetition time = 1670 ms, echo time = 1.89 ms, field
of view 250 mm, and 256 x 256 matrix with 1.0 mm slice thick-
ness. MRI acquisition and preprocessing were described previously
(Park et al., 2019). AD-CT was defined as the mean cortical thick-
ness obtained from AD-signature regions, including the inferior
frontal sulcus, superior frontal gyrus, temporal pole, inferior tem-
poral gyrus, medial temporal cortex, precuneus, superior parietal
lobule, angular gyrus, and supramarginal gyrus, based on Desikan-
Killany atlas (Desikan et al., 2006; Dickerson et al., 2009).

2.7. Statistical analysis

To analyze the associations of CR proxies each other, Kendall’s
tau correlation was conducted due to non-normal distribution of
CR proxies. To analyze the moderating effects of the CR proxies
on the relationships between in vivo AD pathologies and cogni-
tion, we performed multiple linear regression models with CERAD-
TS as the dependent variable, each CR proxy, each AD neuroimag-
ing biomarker, and CR proxy x AD neuroimaging biomarker in-
teraction term as independent variables controlling for age, sex,
and apolipoprotein ¢4 (APOE4) carrier status. Additonal subgroup
analyses were conducted for each of CU and cognitively impaired
(CI: MCI plus AD dementia) group using the same models, consid-
ering that the effect of CR measured by proxy variable may dif-
ferently observed by cognitive status (Pettigrew and Soldan, 2019;
Soldan et al.,, 2017; Stern, 2012). All analyses were done with SPSS
23.0 (IBM Corporation, New York) and results were examined at p
< 0.05.

3. Results
3.1. Participant characteristics

The characteristics of the participants are presented in Table 1.
CU- subsamples were younger than CU+ and MCI+ subsamples, as
well as less depressed compared to MCI+ or ADD+ subsamples.

For the group difference of CR proxies by clinical diagnosis and
biomarker classification, AD subsamples showed lower plQ com-
pared to CU- and CU+. Other proxy measures did not show any
group differences. Group differences were also observed in CERAD-
TS, APOE ¢4 and in vivo AD biomarkers by clinical diagnosis and
biomarker classification as expected.

3.2. Correlations between CR proxies

All CR proxies showed significant positive correlations with
each other (Table S1). Correlation between education and pIQ was
the strongest (Kendall's tau = 0.67, p < .01) and correlation be-
tween OC and LCA was the weakest (Kendall’s tau = 0.26, p < .01).

3.3. Moderating effects of CR proxies on the relationship between A
deposition and cognition

Of the four CR proxies, only education had a significant mod-
erating effect on the relationship between global AB deposition
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Table 1
Participant characteristics
Allparticipants CU-(n = 232) CU+(n = 36) MCI+(n = 44) ADD+(n = 39) p°
(n = 351)
Age, y 69.60 (7.84) 68.09 (7.88) 74.00 (6.77) 72.39 (6.55) 71.38 (7.33) <0.001
Female (%) 195 (55.56) 124 (53.45) 16 (44.44) 31 (70.45) 24 (61.54) 0.081
APOE &4 carriers” (%) 105 (29.91) 37 (15.95) 11 (30.56) 29 (65.90) 28 (71.79) <0.001
GDS, score 5.53 (5.14) 4.60 (4.96) 6.53 (5.31) 8.00 (5.32) 7.33 (4.37) <0.001
CR proxies
Education, years 11.36 (4.75) 11.60 (4.79) 12.17 (4.42) 10.52 (4.46) 10.13 (4.90) 0.13
plQ, score 114.59 (11.05) 115.87 (9.87) 117.13 (9.04) 112.01 (11.44) 107.54 (15.32) <0.001
0C, score 2.35 (1.39) 2.44 (1.35) 2.61 (1.36) 1.86 (1.52) 2.15 (1.41) 0.040°¢
LCA, score 2.27 (0.69) 2.33 (0.70) 2.26 (0.57) 2.08 (0.66) 2.13 (0.70) 0.092
Cognitive measures
CERAD-TS, score 66.62 (15.50) 73.20 (9.94) 72.03 (9.51) 50.50 (10.30) 40.64 (11.13) <0.001
in vivo AD biomarkers
Global AB, SUVR 1.38 (0.45) 1.11 (0.06) 1.67 (0.35) 1.96 (0.32) 2.07 (0.41) <0.001
AD-CM, SUVR 1.38 (0.14) 1.42 (0.12) 1.39 (0.12) 1.27 (0.15) 1.20 (0.13) <0.001
AD-CT, mm 2.50 (0.20) 2.58 (0.14) 2.49 (0.15) 2.36 (0.20) 2.22 (0.19) <0.001

Key: AB, amyloid-beta; CU-, AB-negative cognitively unimpaired; CU+, AB-positive cognitively unimpaired; MCI+, AB-positive mild cognitive impairment; ADD+, AB-positive
Alzheimer’s disease dementia; APOE &4, apolipoprotein E £4; GDS, Geriatric Depression Scale; CR, cognitive reserve; plQ, premorbid intelligence quotient; OC, occupational
complexity; LCA, lifetime cognitive activity; CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; CERAD-TS, Total Score of CERAD neuropsychological assess-
ment battery; SUVR, standardized uptake value ratio; AD-CM, AD-signature region cerebral glucose metabolism; AD-CT, AD-signature region cortical thickness.
Note: Data are presented as mean (SD) unless otherwise indicated.

2 Estimated by 1-way analysis of variance (continuous variable) and chi-square test (categorical variable).

b APOE ¢4 carriers are the percentage of individuals with at least one APOE4 allele.

¢ Post-hoc test (Bonferroni) of 1-way analysis of variance did not show any significant group differences.

Table 2
Moderating effect of each CR proxy on the relationship between
global AS and cognition

Table 3
Moderating effect of each CR proxy on the relationship between
AD-CM and cognition

Model term B SE B p Model term B SE B p
Model 1 Model 1
Education 1.14 0.13 0.35 <.001" Education 1.04 0.14 0.32 <.001°
Global AB -17.94 1.44 -0.52 <.001" AD-CM 38.84 4.37 0.36 <.001°
Education x global AS 0.80 0.28 0.11 .004¢ Education x AD-CM -2.23 1.00 -0.09 .026*
Model 2 Model 2
plQ 0.55 0.06 0.39 <.001" plQ 0.53 0.06 0.38 <.001°
Global AB -16.14 1.41 -0.46 <.001° AD-CM 34.24 4.20 0.32 <.001°
plQ x global AB 0.07 0.10 0.03 45 plQ x AD-CM -0.91 0.38 -0.10 .016¢
Model 3 Model 3
ocC 2.12 0.49 0.19 <.001 ocC 1.85 0.52 0.17 <.001°
Global AB -17.55 1.55 -0.50 <.001° AD-CM 38.75 4.66 0.36 <.001°
0OC x global AB 1.83 0.97 0.07 .061 0C x AD-CM -2.77 3.25 -0.04 40
Model 4 Model 4
LCA 5.85 0.89 0.26 <.001° LCA 5.52 0.94 0.25 <.001°
Global AB -17.01 152 -049 <.001 AD-CM 36.92 448 035 <.001°
LCA x global AS 2.38 2.01 0.05 24 LCA x AD-CM -15.63 6.33 -0.10 .0142

Note: Age, sex, and APOE4 carrier status were treated as covariates.
B: unstandardized coefficient, 8: standardized coefficient.

Key: CR, cognitive reserve; Af, amyloid-beta; pIQ, premorbid Intelli-
gence Quotient; OC, occupational complexity; LCA, lifetime cognitive
activity; SE, standard error; APOE4, apolipoprotein E 4.

Note: Age, sex, and APOE4 carrier status were treated as covari-
ates. B: unstandardized coefficient, §: standardized coefficient.

Key: CR, cognitive reserve; AD-CM, AD-signature region cerebral
glucose metabolism; pIQ, premorbid Intelligence Quotient; OC, oc-
cupational complexity; LCA, lifetime cognitive activity; SE, stan-

4 p<0.01 dard error; APOE4, apolipoprotein E £4.
b p < 0.001. 4 p < 0.05.
b p < 0.001.

and CERAD-TS (Table 2). Individuals with higher education showed
shallower slope of decline in CERAD-TS when AfS deposition in-
creased compared to those with lower education. The result re-
mained unchanged when we re-examined the model using the ed-
ucation as groups stratified into tertiles [> 13 years, 10~12 years,
and < 10 years] instead of a continuous value, for illustrative pur-
pose (Fig. 1A).

CR group showed shallower slope of decline of CERAD-TS associ-
ated with AD-CM compared with the lower CR group (Fig. 1B-1D).

3.5. Moderating effects of CR proxies on the relationship between
AD-CT and cognition
3.4. Moderating effects of CR proxies on the relationship between

AD-CM and cognition

For the association between AD-CM and CERAD-TS, education,
pIQ, and the LCA score showed significant moderating effects, ex-
cept for the OC (Table 3). For the 3 significant proxies, the higher

Of the four proxies, only OC showed significant moderating ef-
fect on the relationship between AD-CT and CERAD-TS (Table 4).
The higher OC subgroup showed shallower slope of decline in
CERAD-TS when AD-CT decreased compared to the lower OC sub-
group (Fig. 1E).
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Fig. 1. Visual representations showing the relationships between CR proxies, AD pathologies, and cognition. (A) Moderation of education for the relationship between AfS
deposition and CERAD TS. Moderation of (B) education, (C) pIQ, and (D) LCA for the relationship between AD-CM and CERAD-TS. (E) Moderation of OC for the relationship
between AD-CT and CERAD-TS. Each of education, pIQ, and LCA was stratified into tertiles: Educational level was stratified into high (> 13 years), middle (10~12 years),
and low (< 9) levels; plQ was divided into high (> 120), middle (115~120), and low (< 114) levels; and LCA was stratified into high (> 2.6), middle (2.0~2.6), and low (<
1.9) levels. OC was stratified into high (3~4), middle (2), low (0~1) levels. Age, sex, and APOE &4 carrier status are controlled as covariates. *p < 0.05; *p < 0.05; **p <
0.001. Key: CERAD, Consortium to Establish a Registry for Alzheimer’s Disease; CERAD TS, Total Score of CERAD neuropsychological assessment battery; Af, amyloid-beta;
AD-CM, AD-signature region glucose metabolism; AD-CT, AD-signature region cortical thickness; plQ, premorbid Intelligence Quotient; LCA, lifetime cognitive activity; OC,

occupational complexity; APOE €4, apolipoprotein E 4.

Table 4
Moderating effect of each CR proxy on the relationship between
AD-CT and cognition

Model term B SE B p
Model 1
Education 0.98 0.14 0.30 <.001°
AD-CT 39.74 3.41 0.51 <.001°
Education x AD-CT  -0.61 063 -0.04 33
Model 2
plQ 0.55 0.05 0.40 <.001°
AD-CT 3727 324 048 <.001°
plQ x AD-CT -0.18 0.24 -0.03 45
Model 3
ocC 1.93 0.49 0.17 <.001°
AD-CT 39.18 3.56 0.50 <.001°
OC x AD-CT -6.28 2.19 -0.11 .004°
Model 4
LCA 5.81 089 0.26 <.001°
AD-CT 40.03 3.50 0.51 <.001°
LCA x AD-CT 0.59 4.20 0.01 .89

Note: Age, sex, and APOE4 carrier status were treated as covari-
ates. B: unstandardized coefficient, 8: standardized coefficient.
Key: CR, cognitive reserve; AD-CT, AD-signature region corti-
cal thickness; pIQ, premorbid Intelligence Quotient; OC, occupa-
tional complexity; LCA, lifetime cognitive activity; SE, standard
error; APOE4, apolipoprotein E ¢4.

3 p <001

b p < 0.001

3.6. Subgroup analyses for CU and CI

For CI individuals, the findings were similar with full sample
except that the moderation effects of education, pIQ, and LCA on
AD-CM to cognition were not significant (Table S2). For CU indi-

viduals, only LCA significantly moderated the relationship between
AD-CT and cognition (Table S3).

4. Discussion

We found that various CR proxies showed different moderat-
ing effects on the relationships between in vivo AD pathologies
and cognition for overall participants. First, for the relationship of
cerebral A8 deposition with cognition, only education had a sig-
nificant moderating effect. Secondly, education, pIQ, and LCA had
significant moderating effects on the association between AD-CM
and cognition. Thirdly, only OC had significant moderating effect
on the relationship between AD-CT and cognition. Additional sub-
group analyses showed that such moderation effects of the CR
proxies were similarly observed in CI individuals, but most of them
were not in CU individuals.

Our finding on the significant moderating effect of education
on the association between AB deposition and cognitive decline
is in line with the findings from 2 postmortem neuropathologi-
cal studies (Bennett et al., 2005, 2003) and an amyloid PET study
(Roe et al., 2008). However, for the other CR proxies, we did not
find presence of moderating effect influencing the effect of A on
cognition. Similar to our result, a previous study with smaller sam-
ple (133 CN, 17 MC], and 6 AD dementia) showed that pIQ did not
moderate the relationship between global A8 deposition on PET
and cognition, whereas it moderated the association of tau deposi-
tion with cognition (Rentz et al., 2017). There are no prior reports
on the moderating effects of OC and LCA on the relationship be-
tween A pathology and cognitive decline.

Although it is not easy to explain why only education mod-
erated the negative effect of A pathology on cognition, a possi-
ble explanation is that education level is not only associated with
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the level of cognitive activity (Landau et al., 2012; Wilson et al.,
2007) but also with establishing healthy lifestyle (e.g., regular exer-
cise, restricted caloric intake, avoiding harmful substance use, etc.)
for maintaining brain health (Mirowsky and Ross, 2003), whereas
pIQ, OC, and LCA may largely reflect intellectual ability, demand,
or activity. Such difference between education and other CR prox-
ies may be one of the reasons for the differential moderation of
Ap-related cognitive decline. Other possibility is that formal edu-
cation is mainly achieved during critical period of early-life brain
development compared to other CR proxies reflecting long adult-
hood period as well as early-life. Early-life lifestyle enrichment is
associated with better late-life cognition (Wilson et al., 2013) and
increased cerebral glucose metabolism in AD-vulnerable regions
(Ko et al., 2018). In addition, although not directly examined in the
currently study, education may moderate the relationship between
A and cognitive decline by delaying or lowering tau pathology,
given that brain tau deposition is a key mediator of A-driven cog-
nitive decline (Hanseeuw et al., 2019; Jack et al., 2018). A previous
study reported that education was related to lower CSF t-tau con-
centrations at similar CSF AB42 levels (Rolstad et al., 2010). An-
other study also showed that education could mitigate age-related
changes in CSF tau biomarkers (Almeida et al., 2015).

We observed significant moderating effect of education, plQ,
and LCA on the relationship between AD-CM and CERAD-TS. The
findings for education and pIQ were consistent with previous re-
ports that indicated individuals with higher education or pIQ can
better tolerate the influence of hypometabolism on cognitive de-
cline (Alexander et al., 1997; Ewers et al., 2013; Garibotto et al.,
2008; Kemppainen et al., 2008). The finding for LCA also suggests
that participating in cognitive activity, as a modifiable lifestyle
factor, may be beneficial to preserve cognition in late life by
resilience to hypometabolism in AD-vulnerable regions. Previous
literatures focused on the effect of cognitive activity on cogni-
tion (Gidicsin et al., 2015; Wilson et al., 2013) or AD patholo-
gies (Gidicsin et al., 2015; Ko et al.,, 2018; Landau et al., 2012),
but whether cognitive activity moderates the negative effect of AD
pathology on cognition was unclear yet.

In contrast to other CR proxies, OC moderated the relationship
between AD-CT and cognition, whereas it did not change the ef-
fect of AD-CM. The finding for the significant moderation of OC for
the negative influence of cortical atrophy is in line with a prior
report that showed greater OC is associated with increased brain
atrophy in a cohort at risk for AD while holding cognition constant
(Boots et al.,, 2015). However, the mechanisms by which OC mod-
erate the effect of AD-CT on cognitive decline differentially from
other proxies are not clear. Some explanation might be possible.
OC may encapsulate interpersonal or social component as well as
intellectual one (Boots et al., 2015; Smart et al., 2014), whereas
other CR proxies are mainly related to intellectual abilities or ac-
tivities. A previous study showed that when OC was broken down
into components (i.e., complexity of work with people, complexity
of work with data, and complexity of work with things), only the
complexity of work with people had a significant impact on brain
volume (Boots et al., 2015). Social interaction, which could be re-
lated to complexity of work with people is known to delay pro-
gression of AD (Fratiglioni et al., 2000; Zuelsdorff et al., 2013). In
addition, previous studies demonstrated that occupation and par-
ticipating in social activities exerted similar protective effects on
cognition (Adam et al.,, 2013; Andel et al., 2015).

As suggested from previous reports (Pettigrew and Sol-
dan, 2019; Soldan et al., 2017; Stern, 2012), the results from sub-
group analyses revealed that the moderation effects of CR proxies
were different between CU and CI group. While the findings from
CI subgroup were similar to those from the whole group, we did
not find significant result for most cases except the moderation of

LCA on the relationship between AD-CT and cognition. The results
for CU subgroup were consistent with previous reports that there
was no significant moderating effect of CR on the relationship be-
tween AD pathology and cognition in cognitively intact individuals
(Rentz et al., 2017; Vemuri et al., 2015). As negative effect of AD
pathology on cognition is probably subtle and variance of cognition
itself is very small, it is not likely to detect easily the moderation
effect of CR in CU status.

Our study has several strengths: First, we used 3 different neu-
roimaging modalities including amyloid PET, FDG-PET, and 3D MRI
to analyze the abilities of CR proxies to moderate the influence
by various in vivo AD pathologies. In addition, we included rela-
tively large number of participants with diverse cognitive spectrum
from CU, MCI to dementia. Moreover, we included only AB-positive
MCI and AD dementia individuals selected by using amyloid PET
to investigate specifically the effect of AD pathologies on cogni-
tion moderated by candidate CR proxies considering that 29~63%
of MCI and 7~21% of AD dementia patients do not actually have
ApB deposition in brain (Jansen et al.,, 2015; Ossenkoppele et al.,
2015).

Nevertheless, several limitations need to be mentioned. First,
due to its cross-sectional design, moderation for the causal rela-
tionships of brain pathologies with cognitive decline could not be
assessed precisely. Longitudinal follow-up studies are required to
confirm the findings. Second, the cognitive activity questionnaire
used to assess LCA was based on retrospective recall and might be
influenced by recall bias related to cognitive impairment or depres-
sion. To minimize the recall bias, we excluded the individuals with
major depressive disorder or advanced dementia (CDR > 1). Re-
mote memory for early or midlife experience is usually maintained
in mild AD dementia patients with CDR 0.5 or 1 (Morris, 1993).
Third, we did not assess brain tau pathology, although it is one of
the key AD pathologies. Further studies including tau PET or CSF
tau measurement could provide additional insight into the differ-
ential moderation of CR proxies. Lastly, as the current study was
conducted for exploratory purposes, we did not strictly control the
possibility of increased type I error due to multiple tests. To con-
firm the findings, therefore, further studies with larger sample size
and more strict threshold for statistical significance are needed.

5. Conclusions

In conclusion, the present findings suggest that the proposed CR
proxies have different moderating effects on the relationships be-
tween specific AD pathologies and cognition. To investigate CR or
related issues, it may be necessary to select proper CR proxies con-
sidering the target brain pathology. For AB pathology, education
seem the best CR proxy. Education, pIQ, and LCA are suitable for
evaluating the moderating effect on the relationship of AD-related
hypometabolism with cognition, while OC may be the best proxy
for the influence of AD-related brain atrophy with cognition.
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