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Cognitive reserve (CR) is a concept that can explain the discrepancies between the pathologic burden of the
disease and clinical manifestations. It refers to the individual susceptibility to age-related brain changes and
pathologies related to Alzheimer’'s disease, thus recognized as a factor affecting the trajectories of the disease. The
purpose of this study was to explore the current states of clinical studies on neural substrates of CR in Alzheimer’s
disease using functional magnetic resonance imaging. We searched for clinical studies on CR using fMRI in the
Pubmed, Cochrane library, RISS, KISS and ScienceON on August 14, 2023. Once the online search was finished,
studies were selected manually by the inclusion criteria. Finally, we analyzed the characteristics of selected articles
and reviewed the neural substrates of CR. Total thirty-four studies were included in this study. As surrogate markers
of CR, not only education and occupational complexity, but also composite score and questionnaire-based method,
which cover various areas of life, were mainly used. The most utilized methods in resting-state fMRI were independent
component analysis, seed-based analysis, and graph theory analysis. Through the analysis, we demonstrated that
neuroimaging techniques could capture the neural substrates associated with cognitive reserve. Moreover, functional
connectivity of brain regions centered on prefrontal and parietal cortex and network areas such as default mode
network showed a significant correlation with CR, which indicated a significant association with cognitive performance.
CR may induce differential effects according to the disease status. We hope that this perspective on cognitive reserve
would be helpful when conducting clinical researches on the mechanisms of traditional Korean medicine for
Alzheimer’s disease in the future.
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Fig. 1. Flowchart of the study selection process.
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Table 2. Independent Component Analysis

Table 1. Trends of proxies of Cognitive Reserve over the years

Ccorgn Eé);:;e CRIq Education U::E:lr?g Occupation Lifestyle o'}lUPrgs:rrs
2015~2017 0 2 4 1 0 0 5
2018~2020 1 0 4 1 0 1 5
2021~2023 3 3 5 0 2 1 12

total 4 5 13 2 2 2 22
16
14
12 W ifestyle
10 B Occupation
3 Premorbid Verbal 1Q
6 B Education
41 HCRIg
217 B Composite CR
0
2015~2017  2018~2020 2021~2023

Fig. 2. Trends of proxies of Cognitive Reserve over the years in fMRI
studies.

Significant associations between rs-FC and neuropsychologic assessments or
CR indexes

Positive correlation between rs-FC of PCC and years of Education

Interaction effect of CR * peak aDMN-pDMN anti-correlation on the memory
composite score in MCI for different CR proxies(education: t = 3.176, p =
0.002; 1Q : t=-2.213, p=0.030)

- Increased aDMN/pDMN connectivity related to better verbal learning in
women (p = 0.006; simple Pearson correlation valuesr = 0.39, p < 0.001) and
not men when cotrolling for age and education

- No correlation between left prefrontal and DMN connectivity and education

- Positive correlation between MMSE and FC of the left pSTG (seed of the
language network)-precuneus (R = 0.272, p = 0.014)

- Near-centenarians and centenarians showed stronger FC between left FPCN
and right FPCN after FWE correction (FWE-corrected p = 0.034)

- Near-centenarians and centenarians had weaker functional connectivity
between DMN, and fronto-temporo-parietal network (FTPN) compared to
young-old controls (FWE-corrected p =0.012)

- Functional connectivity strength between bilateral FPCNs was positively
associated with performance in visuospatial domain (8 = 0.385, uncorrected p
= 0.009)

- Interaction between the BDNF Val66Met and APOE polymorphisms : stronger
functional connectivity between the DAN and the posterior default mode
region in Met/e3 carriers compared to Met/e4, (p=0.04)

- Association between Cognitive reserve and increased functional connectivity
between the DAN and two clusters, lef grey matter hippocampal and
amygdala regions (p=0.038), and subcallosal cortex(p=0.015) controlled for
GM maps, as well as between the DAN and white matter callosal cortex
controlled for APOE(p=0.03 & p=0.046) controlled for BDNF (p=0.016)

Author ) ICA
(Vear) Number of Subjects networks
. 11 (AD)
(ggféj‘z"s) 18 (MCl) DMN
16 (HO)
. 36 (HC)
F’égﬁ%‘%?r 76 (a-MCl) aDMN, pDMN, DAN
93 (MCl)
%‘fg‘?ﬂ 158 (Normal or e-MCl) aDMN, pDMN
Marin DMN, ECN, Language
(2021)") 81 (MCh Network
46 (Near-centenarians and centenarians;
Jiang years range 95~103)
(2020)'® 58 (Young-old controls; years range 19 components
76~79)
76 (HQ)
;33 (experimental €3 homozygotes)
9 (control €3 homozygotes)
&
) 26 (experimental €4 qarriers)
l?lzeotéaj)cg? 8 (controls €4 carriers) DMN, SN, DAN
31 (experimental Val homozygotes)
10 (controls Val homozygotes)
&
28 (experimental Met carriers)
7 (controls Met carriers)
D?Z‘Jggg)%‘;‘)” 127 (HO) DMN, SN, ECN

- Weak DMN/SN/ECN connectivity or negative SN-DMN/ECN connectivity,
were associated with higher dementia risk

- Strong DMN/SN/ECN connectivity or negative DMN-SN/ECN connectivity,
wereassociated with lower dementia risk

AD : Alzheimer's disease, MCI : Mild cognitive impairment, HC : Healthy control, rs-FC: resting state functional connectivity, DMN :

Default mode network, FPCN :

Frontoparietal control network, ECN : Executive control network, DAN : Dorsal attention network, PCC : Posterior cingulate cortex, SN : Salience network, MMSE : Mini

mental state exam, BDNF : Brain-derived neurotrophic factor, APOE : Apolipoprotein E

Table 3. Seed based functional connectivity analysis

Author

Significant associations between rs-FC and neuropsychologic assessments

(Yean) Number of Subjects Seed or CR indexes
24 (MCl) - Negative connectivity between the LFC and the DMN showed higher
Franzmeier 16 (HC)/ LFC memory reserve in MCI-Ab+(p=0.0088) and MCl(p=0.0222);
(2017)%® 23 (MCl) - Positive connectivity between the LFC and the DAN showed higher
32 (HQ) memory reserve in MCI-Ab+(p=0.0295) and MCl(p=0.0489)
pCC/ - Increased correlation between the PCC/precuneus and right inferior
Chirles 17 (MCl) parietal lobe in MCI
(2017 18 (HC) precuneus - Increased correlation between the PCC/precuneus and left postcentral
gyrus in MCl and HC
Franzmeier 24 (AB - HC) LEC More years of education predicted higher gLFC connectivity, controlled
(2017)% 44 (AR +MCl) for age and sex in the MCI-AB+
- Local connectivity in the salience network showed a significant
moderation effect on the relationship between WML volumes and
Benson 140 (HO) FPN-LPPC, SN-ACC executive functions
(2018)™ 90 (MCI) DMN-MPFC - Global connectivity of the fronto-parietal network showed a significant
moderating effect on the relationship between WML and executive
function
gLFC-connectivity was reduced in mutation carriers compared to
Franzmeier Sporadic AD (AR + ) (75) LFC non-mutation carriers (P = 0.0164); markers of disease severity including
(2018)® Controls(AB -) (41) EYO, CSF-tau global PiB-PET uptake and hippocampalvolume were not
associated with gLFC-connectivity in mutation carriers
55 (CN, AB-)
Neitzel 27 (CN, AB+) LEC Interaction effect of gLFC connectivity x entorhinal tau PET on delayed
(2019)*” 8 (MCl, AB-) recall performance was significant (3 = 0.19, SE = 0.06, p = 0.003)

5 (MCI, AB+
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<1>DMN
- medial prefrontal cortex, left and right
parletjggggNPCC - Positive correlation between MMSE and FC of the left pSTG (seed of
Marin ) : . the language network)-precuneus
(2021)" 81 (Mcl) IefltegtngnggﬂgT)togtfrfigorn:)ﬂrigt)ar}lccisrtiacrgi - Higher amplitude of regional spontaneous activity in bilinguals
<3>Language Network compared to monolinguals in the thalamus bilaterally
- left and right inferior frontal gyri and
the left and right posterior pSTG
- Negative correlations between education years and the GMV of the
dorsal anterior cingulate cortex (dACC) in AD
57 (AD) the regions showing signifcant - Negative correlations between education years and the ReHo values of
Zhu 57 (aMC)) correlation with years of education from the left ITC in AD ; alTC, pITC
(2021)™ 48 (HO) both the GMV and ReHo analyses ; - In HC : Negative correlation between GMV of dACC and semantic
dACC, alTC, pITC memory
- In AD : Positive correlation between GMV of dACC and semantic
memory (r=0.453, p=0.001) and episodic memory (r=0.334, p=0.015)
<1>DMN
—.MPFC , PCC and left and_ right
parietal cortices (left LP and right LP) < re of pMN increased in the CST group (t= 3.31, p < 0.05)
Liu 16 (CST) <> CEN - Increased correlation in the CST over TAU in the follow-up over
40) 13 (TAU) . . baseline : ILP(46, -68, 34), rLP(-44, -66, 34), and PCC(0, 50, -4)
(2021) . 7 weeks follow up left dIPFCaal%d ri”ghl';thPIEFC’ left PPC Partial correlation controlling for age and gender between years of
9 work and improvement in ADAS-Cog (r = 0.75, p < 0.01)
<3> LN
- Al, STG , iFG , and mTG
- Bilateral FPCN : Significant Association with CRI-working activity and
Ye 144 (WMH) bilateral DLPFC CRI leisure time activity in the WMH without CI group
(2021)%" 101 (HO) - Association was significantly positive and negative in the WMH without
Cl group and the WMH with Cl group
113 (NQ)
Du 132 }SCD) LEC Women showed lower gLFC connectivity than men in all subgroups
(2021)# 32 (Ag+) except AB+ and only no difference in the AB+ group
56 (AB-)
N - CRxWMH interaction was detected in the left anterior central gyrus
Chen 6689 ((\\AI<II\I<I/IT-I vxlttl;] I;(')% 55)) and middle frontal gyrus and left medial frontal gyrus
(2022 47 (Control with high CR) bilateral DLPFC - high CR had significantly higher FC in the two regions than those with
48 (Control with Io%v CR) low CR (P = 0.001 for the left anterior central gyrus and middle frontal
gyrus, and P = 0.011 for the left medial frontal gyrus)
- LCG showed the cognitive improvement of general cognition, episodic
Reserve network memory, encoding and language function after neuro-navigated rTMS (P
. - LFC < 0.05)
(20%)41) 1165 ((hCCC-]G77S§CDD 44aaMMCCI,| 44£8)) - LCG showed increased DMN connectivity in left inferior orbital frontal
' ' ' DMN gyrusand left inferior triangle frontal gyrus, while HCG displayed
- PCC longitudinally ~ decreasedconnectivity in those regions (P < 0.5,

determined by Monte Carlo simulation).

MCI : Mild cognitive impairment, HC : Healthy control, aMCl : Amnestic mild cognitive impairment, rs-FC: resting state functional connectivity, SCD : Subjective cognitive
decline, ADAD : Autosomal dominant Alzheimer's disease, EYO : Estimated years from symptom onset, Pib-PET : Pittsburgh compound B-PET, CSF : Cerebrospinal fluid,
LFC : Left frontal cortex, DMN : Default mode network, PCC : Posterior cingulate cortex, FPN : Frontoparietal network, LPPC : Left posterior parietal cortex, SN : Salience
network, ACC : Anterior cingulate cortex, MPFC : Medial prefrontal cortex, ECN :, STG : Superior temporal gyrus, ITC : Inferior temporal cortex, dIPFC : Dorsolateral
refrontal cortex, PPC : Posterior parietal cortex, ECN : Executive control network, CST : Cognitive stimulating therapy, GMV : Gray matter volume, WML : White matter
esion, WMH : White matter hemorrhage, LCG: low connection group, HCG: high connection group

Table 4. Graph theory-based network anlaysis

Author
(Year)

Number of Subjects

Graph measures

Significant associations between rs-FC and neuropsychologic assessments or
CR indexes

Serra
(2017)*"

Weiler
(2018

Li
(2021

Li
(2021)%

Kim
(2021

61(AD), 61(aMCl), 25(HC)

28 (HO)
28 (aMCl)
14 (mild AD)

16 (normal aging €4-)
9 (normal aging €4+)
34 (MCI €4-)

23 (MCI €4+)

7 (AD €4-)

21 (AD €4+)

82 (AD)
56 (aMCl)
63 (HO)

57 (Early aMCl)
141 (Late aMCI)
173 (Mild ADD)
39 (Moderate-to-
Severe ADD)

betweenness centrality, nodal degree,
nodal efficiency

betweenness centrality, eigenvector
centrality, clustering coefficient,
transitivity, efficiency and
small-worldness

Cp, Lp, v, A o = y/A Eg and Eloc

Eloc, Eglob, Cp, Lp, y , A, o, nodal
clustering coefficient, nodal

betweenness,

nodal degree centrality, nodal
efficiency, nodal local efficiency

local efficiency

Positive correlations only in patients with aMCl between MMSE score and
small worldness and between MMSE and clustering coefficient

- aMCl group vs. HC : increased betweenness centrality, local clustering
coefficient, local efficiency and eigenvector centrality in several regions
(DMN, ECN, AN, SN, VSN, SMN); diminished betweennesscentrality and
eigenvector centrality in regions (DMN, ECN, AN)

- mild AD group vs. HC : increased local characteristic path length in three
regions(SN, DMN, LN)

- Years of education had a positive correlation with local clustering
coefficient and local efficiency in areas belonging to the SN, DMN, AN, VSN,
LN and AN

- Significant differences based on education in the normalized clustering
coefficient, small-worldness, and local efficiency

- Significant genotype differences were observed in the normalized
clustering coefficient and small-worldness

- Negative correlation between years of education and nodal degree in the
noncarriers in these regions; ORBInf, bilateral PHG, AMYG, TPOsup, bilateral
TPOmid

- For regional topological metrics :

1) Interaction effects between group and sex in nodal clustering coefficient
of the right superior orbital frontal gyrus, left postcentral gyrus, and
rightmiddle temporal gyrus, the nodal efficiency of the left middle cingulum
and right precuneus, and the noal local efficiency of the right superior
orbitalfrontal gyrus and left postcentral gyrus

2) HC > aMCI (male) : decreased Cp nodal and nodal local efficiency of the
right orbital frontal lobe

3) HC, aMCl > AD (male) : decreased Cp nodal of the right middle temporal
gyrus, decreased nodal efficiency of the left middle cingulum, and decreased
nodal local efficiency of the left postcentral gyrus

- Positive correlations between years of education and RSFN edge effciency
in late aMCl

- Positive correlation between years of education and Hub nodes that were
the orbital part of the right middle frontal gyrus and the right posterior
cingulate gyrus

- Positive correlation with mean RSFN edge efciency of the sub-network in
the late aMCl group

Eg : global efficiency, Eloc : local efficiency, Cp : clustering coefficient, Lp : characteristic

length, o : smallworldness
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Fig. 3. Main analytic methodologies of resting state fMRI data. A:
Independent component analysis(ICA), B: Seed-based functional
connectivity(FC), C: Graph measure analysis(These figures are acquired
from the real fMRI data)
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