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This study examined the single-nucleotide polymorphism heritability and genetic correlations of cognitive abilities and brain structural
measures (regional subcortical volume and cortical thickness) in middle-aged and elderly East Asians (Korean) from the Gwangju
Alzheimer’s and Related Dementias cohort study. Significant heritability was found in memory function, caudate volume, thickness of
the entorhinal cortices, pars opercularis, superior frontal gyri, and transverse temporal gyri. There were 3 significant genetic correlations
between (i) the caudate volume and the thickness of the entorhinal cortices, (ii) the thickness of the superior frontal gyri and pars
opercularis, and (iii) the thickness of the superior frontal and transverse temporal gyri. This is the first study to describe the heritability
and genetic correlations of cognitive and neuroanatomical traits in middle-aged to elderly East Asians. Our results support the previous
findings showing that genetic factors play a substantial role in the cognitive and neuroanatomical traits in middle to advanced age.
Moreover, by demonstrating shared genetic effects on different brain regions, it gives us a genetic insight into understanding cognitive
and brain changes with age, such as aging-related cognitive decline, cortical atrophy, and neural compensation.
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Introduction
Due to the increase in life expectancy, a growing number of
individuals experience significant challenges related to cognitive
dysfunction, and age-related cognitive decline and cognitive dis-
orders, such as Alzheimer’s disease (AD), have arguably become
a serious issue in public health. The genetic studies investigating
their etiology have revealed that age-related cognitive dysfunction
is influenced by genetic factors (Fan et al. 2019; Mollon et al. 2021),
but the genetic underpinnings have not yet been fully elucidated
(Collins and Williams-Gray 2016; Fan et al. 2019; Mollon et al.
2021). Accordingly, numerous studies have been performed to
elucidate the genetic basis of age-related cognitive dysfunction,
and among those studies, the exploration of genetic influences on
brain structures and cognitive abilities has often been attempted
since abnormal brain morphology and impaired cognitive ability
are intertwined in the pathophysiology of cognitive dysfunction
(Goh et al. 2011; Salthouse 2011; Thompson et al. 2020).

Neuroimaging genetic studies have repeatedly found that neur-
oanatomical phenotypes such as intracranial volume, subcortical

volume, and cortical thickness are highly heritable in childhood
to adulthood, with genetic factors accounting for up to >90%
of their variability (Lessov-Schlaggar et al. 2012; Batouli et al.
2014; Brouwer et al. 2014; Hibar et al. 2015; Ge et al. 2016; Lukies
et al. 2017; Satizabal et al. 2019; Zhao et al. 2019; Biton et al.
2020; Grasby et al. 2020; Pizzagalli et al. 2020), and the heritability
differs depending on the brain area. Behavioral genetic research
has shown that general cognitive ability is substantially heritable
across the life course, with approximately half of the variance
in general cognition attributed to genetic factors (Haworth et al.
2010; Davies et al. 2011, 2015; Greenwood et al. 2011; Kraljević
et al. 2021; Mollon et al. 2021). Specific cognitive abilities such
as attention, executive function, and memory have also been
found to be heritable (Greenwood et al. 2011; Robinson et al.
2015; Lemvigh, Brouwer, Pantelis, et al. 2020; Mollon et al. 2021).
These heritability studies have demonstrated that the genetic
contribution to cognition and brain structure changes with
age by showing that the heritability is moderated by age and
have suggested that the heritability variation may be attributed
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to the different stages in developmental or aging trajectories
(Lessov-Schlaggar et al. 2012; Batouli et al. 2014; Lukies et al. 2017;
Mollon et al. 2021).

However, no studies have investigated the genetic contribu-
tions to brain structure and cognitive function simultaneously in
middle-aged and older adults, who are the most vulnerable to age-
related neurodegenerative diseases and are in the middle of the
aging process, experiencing cortical atrophy and cognitive decline
(Grady 2012; Montembeault et al. 2012). Furthermore, although
it is known that people from different ethnic groups can have
different genetic backgrounds and could be subject to different
nongenetic factors, no studies based on the populations of East
Asian ancestry have investigated the heritability of cognitive func-
tion and brain structure together in middle-to-late adulthood. To
fill these research gaps, in this study, we estimated the single-
nucleotide polymorphism (SNP) heritability of cognitive abilities
and brain structural measures (subcortical volume and cortical
thickness) in middle-aged and elderly East Asians. Furthermore,
we calculated the genetic correlations among these cognitive and
brain structural measures. For heritability and genetic correlation
analyses, we performed a genome-wide complex trait analysis
(GCTA) (Yang, Lee, et al. 2011; Yang, Manolio, et al. 2011). We
hope that our study can offer a better understanding of the
genetic influences on the cognitive abilities and brain structures
in middle-aged and older adults and provide insights into the
genetic underpinnings of age-related cognitive dysfunction.

Materials and methods
Study participants
The study participants included 2,159 middle-aged to elderly (41–
105 years) subjects who were enrolled in the Gwangju Alzheimer’s
and Related Dementias study in Korea. All subjects underwent
comprehensive clinical and neuropsychological assessments and
brain magnetic resonance (MR) imaging. Participants were strat-
ified into 3 categories of cognitive status, including normal cog-
nition, mild cognitive impairment (MCI), and AD, based on the
National Institute Neurological and Communicative Disorders
and Stroke–Alzheimer’s Disease and Research Disorders Associ-
ation (McKhann et al. 1984) diagnostic criteria. All diagnoses were
evaluated by dementia specialists in neurology and psychiatry at
the Chosun University Hospital and Chonnam National University
Hospital, Gwangju, Republic of Korea. Excluded subjects included
individuals with a focal lesion on brain MRI, history of head
trauma, or psychiatric disorders which could affect their mental
function.

The study protocol was approved by the Institutional Review
Board of Chosun University Hospital, Korea (CHOSUN 2013-12-
018-070). All volunteers or authorized guardians for cognitively
impaired individuals gave written informed consent before par-
ticipation.

Cognitive measures
Cognitive functions were measured using the Seoul Neuropsy-
chological Screening Battery (SNSB) (Ahn et al. 2010; Kang et al.
2019), which assesses 5 domains of cognition, including attention,
language, visuospatial, memory, and frontal/executive function.
Each domain comprises the following subtests: (i) attention: Digit
Span Test (forward and backward) (Kang et al. 2002); (ii) lan-
guage: comprehension, repetition, and Korean-Boston Naming
Test (Kang et al. 1999); (iii) visuospatial function: Rey Complex
Figure Test-copy (Meyers and Meyers 1995) and Clock Drawing
Test; (iv) memory: Seoul Verbal Learning Test and Rey Complex

Figure Test (Meyers and Meyers 1995); and (v) frontal/executive
function: go/no-go, phonemic fluency, Korean-Color Word Stroop
Test color reading (Lee et al. 2000), Digit Symbol Coding (Joy
et al. 2004), and Korean-Trail Making Test-Elderly’s version Part B
(Yi et al. 2007).

A composite score for each cognitive domain was calcu-
lated. For memory, language, visuospatial, and frontal function
domains, the z-score of each test was calculated based on the
age-, sex-, and education-specific normative data presented in
the SNSB. The average of the z-scores of tests comprising the
domain was used as the composite score for each domain. For
the attention domain, the sum of the forward and backward Digit
Span Test raw scores was calculated as the composite score. The
composite cognitive domain scores were then used as measures
of cognitive abilities in all analyses.

MR imaging and preprocessing
Brain MR imaging was performed using a 3.0-T scanner (Skyra,
Siemens; 20-channel head coil; MPRAGE sagittal view; time
to repetition (TR) = 2,300 ms; time to echo (TE) = 2.143 ms;
inversion time (TI) = 900 ms; flip angle (FA) = 9◦; field of view
(FoV) = 256 mm × 256 mm; matrix = 320 × 320; slice thick-
ness = 0.8 mm) and a 1.5-T scanner (Avanto, Siemens; 12-channel
head coil; MPRAGE axial view; TR = 1,800 ms; TE = 3.43 ms;
TI = 1,100 ms; FA = 15◦; FoV = 224 mm × 224 mm; matrix = 256 ×
256; slice thickness = 0.9 mm).

T1-weighted images were processed in an automated pipeline
using FreeSurfer software version 5.3.0 (Fischl 2012). In short,
the procedure included: motion correction, image normalization,
removal of nonbrain tissue, Talairach transformation, white mat-
ter (WM) and gray matter (GM) subcortical segmentation, inten-
sity normalization, tessellation of the GM and WM boundaries,
automated topology correction, and surface deformation.

Subcortical volumes were calculated with FreeSurfer’s auto-
mated procedure for volumetric measures. These procedures
resulted in the extraction of volumes for 8 bilateral subcortical
regions, including the amygdala, caudate, hippocampus, nucleus
accumbens, pallidum, putamen, thalamus, and lateral ventricles.

Cortical thickness was calculated as the shortest distance
between the GM/WM boundary and pial surface at each vertex
across the cortical mantle and was measured in millimeters
(mm). In addition to vertex-based reconstruction, FreeSurfer
automatically parcellated the cortex into 31 gyral-based regions
of interest per hemisphere according to the Desikan-Killiany-
Tourvill atlas (Klein and Tourville 2012). For each of the 68 cortical
parcellations, FreeSurfer calculated the average cortical thickness
(in mm).

Genotyping
Before the quality control and imputation procedures, 2,162 par-
ticipants were genotyped using an Affymetrix customized Kore-
anChip (Moon et al. 2019; Seo et al. 2019). Genotype data were
processed using PLINK (Purcell et al. 2007) and ONETOOL (Song
et al. 2018). SNPs were excluded if the genotype call rate was <0.95
or not in the Hardy–Weinberg equilibrium (HWE) (P < 1 × 10−5).
Subjects were also excluded if they were duplicated (identity-by-
state >0.9), the genotype call rate was <0.95, or there was an
inconsistency between recorded and genetic sex. After applying
these filters, 2,159 subjects and 685,742 SNPs remained.

Genotypes were prephased using SHAPEIT (Delaneau et al.
2014) and were then imputed using the 1000 Genomes Phase 3
reference panel and IMPUTE2 (Howie et al. 2009). Imputed SNPs
were excluded in cases with the INFO score <0.5, a genotype
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call rate <0.98, minor allele frequencies <0.01, or a P-value for
the HWE <1 × 10−6. We finally pruned SNPs that were in linkage
disequilibrium using a cutoff of r2 > 0.5, windows of 50 SNPs, and a
step size of 5 SNPs. The filtering after imputation was made using
PLINK as well. As a result, 2,159 subjects with genotype data of
604,613 SNPs were further analyzed.

SNP heritability and genetic correlation analysis
GCTA was employed to estimate the heritability of cognitive func-
tion, regional brain subcortical volume, and cortical thickness
from the individual genotypes. Only genotypes on the autosomal
chromosomes were used to calculate the genetic relationship
matrix with GCTA. Heritability was calculated using a linear
mixed model after adjusting for the effects of age, sex, and the
first 10 principal components (PCs) from the genomic relationship
matrix as fixed covariates. PCs were obtained using EIGENSOFT
(Price et al. 2006). Additionally, the heritability estimate for each
autosomal chromosome was calculated. Since we used a sample
from the AD study cohort, there was an ascertainment bias (AB)
that the proportion of individuals with MCI or AD was relatively
higher than the real-world population of middle-aged to older
adults. Therefore, the heritability estimates that were found to be
significant were adjusted for the AB by assuming the prevalence
of MCI and AD in the middle-aged to elderly (>age of 60 years)
population in Korea, which was 30.52% (Lee et al. 2011; Korea
2020). The genetic correlation was estimated with the bivariate
genomic-restricted maximum likelihood method (Yang, Manolio,
et al. 2011), as implemented in the GCTA software, for pairs of
phenotypes with significant heritability.

Results
Subject characteristics
Table 1 shows the demographic and clinical characteristics of
2,159 participants. The mean age is 72.8, and 60.2% of them are
female. There were 805 (37.3%) cognitively normal individuals,
1,247 (57.7%) MCI patients, and 107 (5.0%) AD-type dementia
patients. The proportions of apolipoprotein E (APOE) ε2 and ε4 car-
riers were, respectively, 11.6% and 19.5%. The mean scores of each
domain of neuropsychological assessment were 8.83 (standard
deviation [SD] = 2.29) for attention, −0.15 (SD = 0.63) for language,
0.05 (SD = 0.96) for visuospatial function, −0.29 (SD = 0.76) for
memory, and − 0.29 (SD = 0.77) for frontal function.

SNP heritability of cognitive function
Estimates of the SNP heritability of cognitive function are pre-
sented in Table 2 and Fig. 1. Significant heritability was observed
only for memory function (h2

SNP = 0.46, P = 0.01). Additionally, for
memory function, the heritability after adjusting for AB is pre-
sented in Supplementary Table S1 (h2

SNP adjusted for AB = 0.51) and
the heritability estimates for each chromosome are described in
Supplementary Table S2 and Supplementary Fig. S1. There was a
significant heritability on chromosome 13 (h2

SNP = 0.10) and 19
(h2

SNP = 0.06). However, no significant heritability was found for
other cognitive functions (attention: h2

SNP = 0.00, P = 0.50; lan-
guage: h2

SNP = 0.06, P = 0.39; visuospatial function: h2
SNP = 0.00,

P = 0.50; frontal function: h2
SNP = 0.19, P = 0.19).

SNP heritability of regional subcortical volume
Estimates of the SNP-based heritability of regional subcortical
volume are presented in Table 3 and Fig. 1. We found a significant
heritability estimate for caudate volume (h2

SNP = 0.42, P = 0.02).
For caudate volume, the heritability after adjusting for AB is

Table 1. Descriptive characteristics of the study sample.

Characteristics (n = 2159) Mean (SD) or n (%)

Demographic data
Age 72.77 (5.42)
Sex

Female 1,300 (60.2)
Male 859 (39.8)

AD diagnosis
NC 805 (37.3)
MCI 1,247 (57.7)
AD 107 (5.0)

Genetic traits
APOE ε2 carrier 250 (11.6)
APOE ε4 carrier 422 (19.5)

Neuropsychological scores
Attention 8.83 (2.29)
Language −0.15 (0.63)
Visuospatial 0.05 (0.96)
Memory −0.29 (0.76)
Frontal −0.29 (0.77)

Note: SD, standard deviation; AD, Alzheimer’s disease; NC, normal
cognition; MCI, mild cognitive impairment; APOE, apolipoprotein E.

described in Supplementary Table S1 (h2
SNP adjusted for AB = 0.46)

and the chromosome-specific heritability is illustrated in
Supplementary Table S3 and Supplementary Fig. S2. Significant
heritability was found on chromosome 18 (h2

SNP = 0.08). However,
no significant heritability was observed for other subcortical
volumes (nucleus accumbens: h2

SNP = 0.18, P = 0.20; amygdala:
h2

SNP = 0.00, P = 0.50; hippocampus: h2
SNP = 0.00, P = 0.50; lateral

ventricle: h2
SNP = 0.26, P = 0.10; pallidus: h2

SNP = 0.29, P = 0.07;
putamen: h2

SNP = 0.21, P = 0.17: thalamus: h2
SNP = 0.09, P = 0.34).

SNP heritability of regional cortical thickness
Table 4 and Fig. 1 show the SNP-based heritability of regional
cortical thickness. Significant heritability was found for the
pars opercularis (h2

SNP = 0.35, P = 0.04), superior frontal gyri
(h2

SNP = 0.45, P = 0.02), entorhinal cortices (h2
SNP = 0.42, P = 0.03),

and transverse temporal gyri (h2
SNP = 0.37, P = 0.04). For these

cortical regions showing significant heritability, the heritability
estimates after correcting AB are presented in Supplemen-
tary Table S1 (pars opercularis, h2

SNP adjusted for AB = 0.39; supe-
rior frontal gyri, h2

SNP adjusted for AB = 0.50; entorhinal cortices,
h2

SNP adjusted for AB = 0.46; transverse temporal gyri, h2
SNP adjusted for AB

= 0.41). Supplementary Tables S4–S7 and Supplementary Figs. S3–
S6 show the heritability estimates by chromosome. Significant
chromosome-specific heritability was found on chromosomes
5 (h2

SNP = 0.13) and 16 (h2
SNP = 0.11) for the pars opercularis

(Supplementary Table S4 and Supplementary Fig. S3); on chro-
mosomes 5 (h2

SNP = 0.19), 17 (h2
SNP = 0.09), and 19 (h2

SNP = 0.11)
for the superior frontal gyri (Supplementary Table S5 and
Supplementary Fig. S4); on chromosomes 13 (h2

SNP = 0.08), 18
(h2

SNP = 0.10), and 20 (h2
SNP = 0.10) for the entorhinal cor-

tices (Supplementary Table S6 and Supplementary Fig. S5);
and on chromosomes 2 (h2

SNP = 0.13) and 6 (h2
SNP = 0.08) for

the transverse temporal gyri (Supplementary Table S7 and
Supplementary Fig. S6). On the other hand, significant heri-
tability was not found for cortical thickness of other brain
regions (caudal middle frontal: h2

SNP = 0.20, P = 0.17; isthmus
cingulate: h2

SNP = 0.14, P = 0.26; posterior cingulate: h2
SNP = 0.10,

P = 0.31; rostral anterior cingulate: h2
SNP = 0.30, P = 0.08; caudal

anterior cingulate: h2
SNP = 0.19, P = 0.19; lateral orbitofrontal:
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Table 2. SNP heritability of cognitive function in the whole sample.

Cognitive function Vp Vg Heritability

h2
SNP SE P-value

Attention 4.65 0.00 0.00 0.21 0.50
Language 0.36 0.02 0.06 0.22 0.39
Visuospatial 0.86 0.00 0.00 0.22 0.50
Memory 0.52 0.24 0.46 0.21 0.01a

Frontal 0.52 0.10 0.19 0.22 0.19

Note: All analyses are adjusted for age, sex, and 10PCs. Vp, total phenotypic variance; Vg, genetic variance; h2
SNP, single-nucleotide polymorphism (SNP)-based

heritability estimates; SE, standard error. aIndicates significant heritability at P < 0.05.

Fig. 1. Heritability estimates of cognitive function and brain structural measures (regional subcortical volume and cortical thickness).

h2
SNP = 0.16, P = 0.21; medial orbitofrontal: h2

SNP = 0.08, P = 0.35;
paracentral: h2

SNP = 0.08, P = 0.35; pars orbitalis: h2
SNP = 0.15,

P = 0.23; pars triangularis: h2
SNP = 0.23, P = 0.14; precentral:

h2
SNP = 0.20, P = 0.17; rostral middle frontal: h2

SNP = 0.34, P = 0.06;
cuneus: h2

SNP = 0.26, P = 0.10; lateral occipital: h2
SNP = 0.25,

P = 0.13; lingual: h2
SNP = 0.29, P = 0.09; pericalcarine: h2

SNP = 0.00,
P = 0.50; inferior parietal: h2

SNP = 0.16, P = 0.23; postcentral:
h2

SNP = 0.06, P = 0.39; precuneus: h2
SNP = 0.05, P = 0.40; supe-

rior parietal: h2
SNP = 0.15, P = 0.25; supramarginal: h2

SNP = 0.07,
P = 0.37; fusiform: h2

SNP = 0.19, P = 0.19; inferior temporal: h2
SNP =

0.12, P = 0.29; middle temporal: h2
SNP = 0.00, P = 0.50; parahip

pocampal: h2
SNP = 0.33, P = 0.07; superior temporal: h2

SNP = 0.15,
P = 0.24; insula: h2

SNP = 0.27, P = 0.10).

Genetic correlations
Table 5 presents the genetic and environmental correlations
between the traits showing significant heritability in the
univariate SNP heritability analysis. Significantly positive genetic
correlations were found between caudate volume and entorhinal
cortices thickness (rG = 0.571, P = 0.03), between pars opercularis
thickness and superior frontal gyri thickness (rG = 0.823, P = 0.03),
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Table 3. SNP heritability of regional subcortical volumes in the whole sample.

Subcortical volume Vp Vg Heritability

h 2
SNP SE P-value

Nucleus accumbens 8,661.59 1,586.84 0.18 0.22 0.20
Amygdala 58,779.65 0.07 0.00 0.22 0.50
Caudate 282,936.24 119,219.77 0.42 0.21 0.02a

Hippocampus 243,318.62 0.28 0.00 0.21 0.50
Lateral ventricle 56,537,981.92 14,822,716.05 0.26 0.21 0.10
Pallidus 58,011.30 16,930.84 0.29 0.21 0.07
Putamen 523,003.68 108,740.51 0.21 0.21 0.17
Thalamus 959,118.40 82,143.45 0.09 0.21 0.34

Note: All analyses are adjusted for age, sex, and 10PCs. Vp, total phenotypic variance; Vg, genetic variance; h2
SNP, single-nucleotide polymorphism (SNP)-based

heritability estimates; SE, standard error. aIndicates significant heritability at P < 0.05.

Table 4. SNP heritability of regional cortical thickness in the whole sample.

Cortical thickness Vp Vg Heritability

h2
SNP SE P-value

Cingulate
Caudal middle frontal 0.09 0.02 0.20 0.21 0.17
Isthmus cingulate 0.13 0.02 0.14 0.21 0.26
Posterior cingulate 0.10 0.01 0.10 0.21 0.31
Rostral anterior cingulate 0.14 0.04 0.30 0.21 0.08
Caudal anterior cingulate 0.07 0.01 0.19 0.21 0.19

Frontal
Lateral orbitofrontal 0.10 0.02 0.16 0.21 0.21
Medial orbitofrontal 0.09 0.01 0.08 0.21 0.35
Paracentral 0.22 0.02 0.08 0.21 0.35
Pars opercularis 0.08 0.03 0.35 0.21 0.04a

Pars orbitalis 0.11 0.02 0.15 0.21 0.23
Pars triangularis 0.08 0.02 0.23 0.21 0.14
Precentral 0.16 0.03 0.20 0.21 0.17
Rostral middle frontal 0.09 0.03 0.34 0.22 0.06
Superior frontal 0.08 0.04 0.45 0.21 0.02a

Occipital
Cuneus 0.09 0.02 0.26 0.21 0.10
Lateral occipital 0.13 0.03 0.25 0.22 0.13
Lingual 0.06 0.02 0.29 0.22 0.09
Pericalcarine 0.07 0.00 0.00 0.21 0.50

Parietal
Inferior parietal 0.13 0.02 0.16 0.21 0.23
Postcentral 0.09 0.01 0.06 0.21 0.39
Precuneus 0.10 0.01 0.05 0.21 0.40
Superior parietal 0.11 0.02 0.15 0.21 0.25
Supramarginal 0.10 0.01 0.07 0.21 0.37

Temporal
Entorhinal 0.52 0.22 0.42 0.22 0.03a

Fusiform 0.16 0.03 0.19 0.21 0.19
Inferior temporal 0.16 0.02 0.12 0.21 0.29
Middle temporal 0.16 0.00 0.00 0.21 0.50
Parahippocampal 0.34 0.11 0.33 0.22 0.07
Superior temporal 0.13 0.02 0.15 0.22 0.24
Transverse temporal 0.22 0.08 0.37 0.21 0.04a

Insula
Insula 0.10 0.03 0.27 0.21 0.10

Note: All analyses are adjusted for age, sex, and 10PCs. Vp, total phenotypic variance; Vg, genetic variance; h2
SNP, single-nucleotide polymorphism (SNP)-based

heritability estimates; SE, standard error. aIndicates significant heritability at P < 0.05.
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Table 5. Genetic correlations between variables showing significant SNP heritability in univariate GCTA heritability analysis.

Traits Cognitive function Subcortical volume Cortical thickness

Memory Caudate Pars opercularis Superior frontal Entorhinal Transverse temporal

Memory
Caudate 0.092
Pars opercularis 0.167 -
Superior frontal 0.223 - 0.823a

Entorhinal 0.208 0.571a −0.105 0.298
Transverse temporal −0.236 - 0.721 0.887a 0.286

Note: All analyses are adjusted for age, sex, and 10PCs. SNP, single-nucleotide polymorphism; GCTA, genome-wide complex trait analysis. aIndicates
significant heritability at P < 0.05.

and between superior frontal gyri thickness and transverse
temporal gyri thickness (rG = 0.887, P = 0.01).

Discussion
In the present study, we evaluated the SNP heritability and genetic
correlations of cognitive abilities and brain structural measures
in middle-aged to older adults from South Korea. We found that
memory function, caudate volume, and cortical thickness of the
entorhinal cortices, pars opercularis, superior frontal gyri, and
transverse temporal gyri are heritable. We observed 3 signifi-
cant genetic correlations between (i) the caudate volume and
the thickness of the entorhinal cortices; (ii) the thickness of the
superior frontal gyri and pars opercularis; and (iii) the thickness
of the superior frontal and transverse temporal gyri. This result
confirmed previous findings regarding the heritability of cognitive
abilities and regional brain structures, supporting the notion that
genetic factors play a great role in cognitive and neuroanatomical
traits in middle to advanced age. Furthermore, by demonstrating
shared genetic effects on different brain regions, it gives us a
genetic insight into understanding cognitive and brain changes
with age such as aging-related cognitive decline, cortical atrophy,
and neural compensation.

In our heritability analysis, memory function was found to be
moderately heritable (46%) among various cognitive functions.
This result is in agreement with prior research findings show-
ing that memory function exhibits moderate-to-high heritability
(twin-based heritability: 30%–62%) until old age (Johansson et al.
1999;Wilson et al. 2011; Reynolds and Finkel 2015) and that the
heritability of memory function increases with age, whereas other
cognitive traits, such as attention, language, and visuospatial
function, show a declining pattern of heritability with age (Wilson
et al. 2011; Reynolds and Finkel 2015). In previous genome-wide
association studies (GWAS), several variants of genes such as
APOE, BDNF, WWC1, NECTIN2, TOMM40, and H2ACP1 were found
to be associated with memory function and modulation of age-
related cognitive decline (Kauppi et al. 2011; Persson et al. 2013;
Lamb et al. 2015; Li et al. 2017). Among them, genes, including
NECTIN2, TOMM40, and H2ACP1, are located on chromosome 13 or
19 (Arpawong et al. 2017; de la Fuente et al. 2021) where significant
chromosome-specific heritability of memory function was found
in our study, and the effects of several genes, such as APOE, BDNF,
and WWC1, on memory function have been reported to increase
with age (Li et al. 2010; Kauppi et al. 2011; Persson et al. 2013;
Papenberg et al. 2015). Our result confirms the previous finding
that memory function is substantially influenced by multiple
genes. This may indicate that the high level of heritability of
memory function in middle-aged to older adults may result from

the expression of multiple genes affecting memory function or
magnifying effects of memory-related genes as age increases.

In the heritability analysis of regional subcortical volumes,
we observed moderate heritability (42%) of the caudate volume,
which is in line with existing findings that the caudate volume is
one of the most highly heritable features among the subcortical
structures of healthy adults. According to previous SNP heritabil-
ity studies, a moderate proportion (34%–57%) of the variance in
caudate volume is estimated to be accounted for by the genetic
factors in young-to-aged adults (Roshchupkin et al. 2016; Elliott
et al. 2018; Satizabal et al. 2019; Biton et al. 2020). Moreover, the
caudate volume has shown high twin-based heritability (71%–
85%) among subcortical regions in middle-aged to older adults
(Kremen et al. 2010; Wen et al. 2016; Satizabal et al. 2019). In pre-
vious GWAS, several genes, such as SLC6A3, DRD2, LOC107987256,
WDR4, and ZNF521, have been identified as being associated with
caudate volume (Durston et al. 2005; Stein et al. 2011; Satizabal
et al. 2019; Smith et al. 2021; Brouwer et al. 2022). In particular,
the LOC107987256 and ZNF521 genes are located on chromosome
18, where significant chromosome-specific heritability of caudate
volume was observed in the present study (Smith et al. 2021).
Recently, the adverse genetic effect of DRD2 on caudate volume
was found to exist only in older adults but not in young adults
(Li et al. 2018), showing an age-specific genetic effect on caudate
volume. Based on these previous findings and our results, it can
be inferred that the high heritability of caudate volume in middle-
aged to older adults may be attributed to the genetic factors asso-
ciated with caudate volume, such as an increase in the expression
of genes involved in caudate volume.

Heritability analysis of the regional cortical thickness revealed
significant heritability in the entorhinal cortices (42%), pars oper-
cularis (35%), superior frontal gyri (45%), and transverse temporal
gyri (37%), which are mainly located in the frontal and temporal
areas. This result is consistent with the previous findings from
heritability studies and GWAS. Numerous heritability studies have
shown that the brain structures of the frontal and temporal
cortices are heritable in adults (twin-based heritability: frontal =
49%–83% and temporal = 40%–70%) and that, compared to other
cortical regions, the heritability of these regions is maintained
at a relatively high level until old age (twin-based heritability:
frontal = 66%–86% and temporal = 55%–92%) (Batouli et al.
2014; Eyler et al. 2014; Wen et al. 2016; Lukies et al. 2017). Also,
according to previous GWAS, various genes have been identified
to be associated with the neurostructural traits of frontal and
temporal cortices, and several genes are located on the chro-
mosomes where significant chromosome-specific heritability of
regional cortical thickness was also found in our current study
(Zhao et al. 2019; Grasby et al. 2020; Smith et al. 2021). This
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includes (i) MIR4460 and ADAMTS19-AS1 on chromosome 5 for
the pars opercularis; (ii) CCT7P2 and LDHBP3 on chromosome 5
for the superior frontal gyri; (iii) CCBE1 on chromosome 18 for
the entorhinal cortices; and (iv) LYPD6B on chromosome 2 as well
as MIR4643 and MAP3K7 on chromosome 6 for the transverse
temporal gyri. Earlier research has reported that the neurodevel-
opmental and aging-related changes in cortical structures follow
the genetic organization of the cortex, and the genetic influences
on structural changes in the frontal and temporal regions are rel-
atively substantial in later life. Moreover, the frontal and temporal
areas are known to follow a similar pattern of structural changes
with age; these are the regions which are the most affected by
aging in elderly people as well as late-maturing brain regions,
whose maturation continues even until mid-to-late adulthood
(Long et al. 2012; Tamnes et al. 2013; Fjell et al. 2015; Sele et al.
2021). Taken together, our result may indicate that the cortical
thickness of the frontal and temporal areas in middle-aged to
elderly people is influenced by genetic factors or by an increase
in the expression of genes involved in the age-related structural
changes of the frontal and temporal areas.

The results of some previous studies are contradictory to the
findings of our heritability analysis. With regard to cognitive
function, apart from memory function, other cognitive abilities,
such as executive function, attention, and language ability, were
found to have significant heritability (Davies et al. 2015; Mollon
et al. 2021). With regard to the regional subcortical volumes,
some subcortical regions that did not have significant heritabil-
ity according to our results, including the nucleus accumbens,
amygdala, hippocampus, pallidum, putamen, and thalamus, were
shown to have significant heritability in other studies (Eyler et al.
2014; Wen et al. 2016). With regard to the regional cortical thick-
ness, regions that are not included in the frontal and temporal
areas have been shown to have significant heritability (Grasby
et al. 2020; Hofer et al. 2020). The inconsistency between the
previous reports and our results could be explained by participant
characteristics, such as the small sample size, inclusions of only
East Asians, and inclusion of elderly people with or without
cognitive impairment. First, our sample size was smaller com-
pared to previous studies. This might have led to false negatives
where we were not able to detect true effects in our study. A
future study with a larger sample may provide more accurate
results and help to identify whether the discrepancy between
the previous and present results is due to different sample sizes.
Second, unlike most previous studies, our study only included
participants of East Asian descent. Most previous research has
been conducted in European-derived populations, and since the
findings have the most relevance for those populations, they
might not apply equally to non-European populations. There-
fore, the difference in ethnicity could lead to inconsistency with
previous findings from other populations, and our findings may
provide an understanding of genetic influences in the East Asian
populations which are distinguishable from other populations. In
future studies, comparative analyses across different populations
can help increase the understanding of genetic similarities or
differences by ethnicity. Last, in our study, the average age was
relatively high, and individuals with cognitive impairment, such
as patients with AD, were included. Previous studies and the
resource-modulation model indicate that the heritability is likely
to diminish once individuals reach very low resource levels; for
example, in individuals with dementia or terminal decline, for
whom genes may account less for the individual differences in
cognitive function and brain traits (Wilson et al. 2011; Papenberg
et al. 2015). Consistent with this notion, one study reported that

APOE does not affect the progression rate of cognitive decline in
clinical AD (MacDonald et al. 2011) or even the rate of decline
from preclinical to clinical dementia (Bunce et al. 2004). A repli-
cation study without cognitively impaired individuals may help
elucidate the reasons for inconsistencies in the findings. However,
in contrast to the traits with significant heritability, most of the
cognitive and brain structural traits that did not show significant
heritability in our study have been commonly reported to have
a decreasing heritability pattern with age during late adulthood
and a low level of heritability in later life (Giedd et al. 2007; Batouli
et al. 2014; Jansen et al. 2015; Reynolds and Finkel 2015; Lemvigh,
Brouwer, Sahakian, et al. 2020). As suggested by these previous
studies, the traits that did not show significant heritability in
our study may be the ones that are likely to be more influenced
by the environmental effects with age. This would explain the
relative decrease in the genetic contribution to the traits and low
heritability in late adulthood.

We found a significant genetic correlation between the caudate
volume and entorhinal cortical thickness. Both the caudate and
entorhinal cortex have been involved in memory function, and
they play a role in different memory systems. The caudate is
a central structure in the basal ganglia memory system that
contributes to habit learning, which refers to the gradual learning
of stimulus–response associations over many trials (Knowlton
et al. 1996; Jog et al. 1999; Yin and Knowlton 2006). On the other
hand, the entorhinal cortex is a pivotal region in the medial
temporal lobe (MTL) memory system that supports explicit mem-
ories of events or episodes (O’Keefe and Nadel 1978; Eichenbaum
2004). These two memory systems have been known to interact
in dynamic ways and compensate for one another when one
system starts failing because of neurological dysfunction or brain
aging. According to functional neuroimaging studies, during
a memory task, an increased activity of the MTL has been
observed in individuals who have functional degradation of the
caudate (Voermans et al. 2004; Rieckmann and Bäckman 2009;
Rieckmann et al. 2010). Furthermore, in recent structural neu-
roimaging studies, an increase in caudate volume was observed
in patients with AD and elderly adults, who had medial temporal
cortical atrophy due to AD neuropathology or aging (Persson et al.
2018; Sodums and Bohbot 2020). These previous studies have
suggested that increased activity and neuroanatomical structure
of the MTL or entorhinal cortex reflect compensation to maintain
memory function despite structural or functional impairment
of other regions. Taken together, these findings, along with our
results, may imply that the memory function maintained by the
compensatory interaction between the caudate and entorhinal
cortex in individuals who experience aging, or possibly have age-
related neurodegeneration, are affected by the genetic factors
involved in the neuroanatomical structures of the caudate and
entorhinal cortex. In the future, GWAS that investigate the
genetic variants simultaneously associated with the regions that
cooperatively facilitate memory function, such as the caudate
and entorhinal cortex, may provide a better understanding of the
mechanism underlying the memory impairment caused by aging
or neurodegeneration.

According to our genetic correlation analysis, the cortical thick-
ness of the superior frontal gyri is genetically correlated with the
cortical thickness of the pars opercularis and transverse temporal
gyri. In agreement with our findings, in various functional and
structural neuroimaging studies, it has been reported that the
superior frontal area works in conjunction with the pars opercu-
laris and transverse temporal gyri in the cognitive processing that
those 2 areas involved in, such as language and speech ability
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(Nachev et al. 2008; Tremblay and Gracco 2009; Hertrich et al.
2016; Tremblay and Dick 2016). The pars opercularis has been
identified as a crucial region for language production (Tremblay
and Dick 2016), and the medial superior frontal regions, including
the supplementary motor area (SMA) and pre-SMA, support the
language production by contributing to the initiation/execution
of speech output and higher language processes, such as context-
tracking and monitoring of language representations (Nachev
et al. 2008; Tremblay and Gracco 2009; Hertrich et al. 2016). The
transverse temporal gyrus plays an important role in speech
perception (Qian et al. 2017; Eckert et al. 2019; Armstrong et al.
2020), and the prefrontal area, including the superior frontal
gyri, has been associated with the process of speech perception
such as blocking noise and inhibiting lexical competitors (Wong
et al. 2010; Husain et al. 2011). Furthermore, prior neuroimag-
ing research has revealed that people with impairment in the
pars opercularis or transverse temporal area caused by aging or
neurological lesions show a higher activity or increased struc-
tural volume/thickness in the frontal area, including the superior
frontal gyri (Wong et al. 2010; Du et al. 2016; Rosemann and Thiel
2020). This suggests that an increase in the activity and structure
of the superior frontal region works as a compensatory strategy
to maintain the language and speech abilities under challeng-
ing circumstances. Accordingly, our findings may indicate that
in middle-aged to older adults, age-related decline in language
ability, such as word-finding difficulty and problems with speech
comprehension or retention of speech ability accompanied by
compensation of the superior frontal region, is influenced by
shared genetic factors influencing the superior frontal gyri with
the pars opercularis and transverse temporal gyri. Additionally,
further studies that identify which specific genetic factor or vari-
ant is associated with the cortical thickness of those areas may
deepen our understanding of the underlying etiology of age-
related language problems and may help to develop a preventive
treatment for language impairment.

The overall findings of our genetic correlation analyses are in
line with the notion that the effects of genetic variance on regional
differences in the neuroanatomical structures may partly corre-
spond to functional specialization. Several studies have argued for
the genetic covariance of importance for functional specialization
by demonstrating the genetic correlations between functionally
related regions (Chen et al. 2013; Fjell et al. 2015). Moreover, an
interesting observation in our study was that the brain regions
showing significant genetic correlations are the areas where the
compensatory and cooperative interactions appear to maintain
the cognitive ability against the infirmity of the other regions; fur-
thermore, the associated cognitive abilities with the brain areas
showing the genetic correlations are known to be cognitive traits
that are vulnerable to aging. Together, our results may imply that,
in individuals experiencing aging processes, the compensatory
interaction or changes within the brain may be driven by the
genetic factors involved in neuroanatomical structures. In line
with this idea, a recent study suggested that the APOE gene is
a moderator of neuronal compensation and that the APOE ε4
carriers recruited the prefrontal area to maintain the memory
function when age-related brain changes substantially progressed
in older adults (Scheller et al. 2018).

We would like to acknowledge some limitations of our findings.
The major problem for our study is a relatively small sample
size for a GCTA heritability analysis. Because of this, it was
not easy to get sufficient statistical power with a correction for
multiple testing. However, the cognitive traits and brain structural

traits used in our study were highly correlated and were not
independent, thus, a correction for the number of analyses
performed could result in an overly conservative significance
criterion and multiple testing problems are less serious for our
results. Another limitation of our study is that the proportion
of individuals with MCI or AD in our sample was relatively
higher than that of the general middle-aged to elderly population.
We considered samples ascertained from the AD status and it
generated AB with a high proportion of MCI or AD. According to
previous studies, genetic effects tend to diminish once individuals
reach very low brain-resource levels, as observed in individuals
with severe cognitive impairment such as AD (Wilson et al. 2011;
Papenberg et al. 2015). Therefore, including a relatively high
number of individuals with severe cognitive impairment because
of the AB might dilute the genetic effects and underestimate the
actual heritability. Although the SNP heritability analyses were
not performed without individuals with cognitive impairment
because the SNP heritability estimates based on GCTA are
affected by the sample size, when correcting AB with AD and MCI
prevalence, the heritability estimates did not largely change, and
they were in the previously reported heritability range. However,
in order to yield more stable and accurate results, heritability
analyses need to be performed with larger samples that are
similar to the real-world proportion of cognitive status in future
studies. One final limitation of our findings is that GCTA can
detect only the additive effects of common genetic variants
and does not capture the effect of rare variants or nonadditive
effects, such as gene–gene interaction and gene–environment
interaction, whereas the twin-based method captures both
additive and nonadditive effects. Therefore, our SNP heritability
estimates might be lower than the estimates from twin-based
studies, and our estimates may only provide a lower limit of the
actual heritability. Thus, we should be cautious about assuming
true heritability estimates from our findings. Furthermore, this
missing heritability gap between GCTA and twin studies needs
to be filled by future studies that compare GCTA and twin study
estimates of heritability or explore the effects of rare genetic
variants on cognitive function and brain regional structures.

Conclusion
In conclusion, this is the first study to describe the heritability
and genetic correlations of cognitive and neuroanatomical traits
in middle-aged to elderly East Asians. Overall, the results of our
heritability analyses are in accordance with previous findings on
the heritability of cognitive function, regional subcortical volume,
and cortical thickness in different ethnic groups. The genetic cor-
relation results indicate that in middle-aged to older adults, the
brain area showing increased genetic effects on neuroanatomical
structures corresponds to the region where brain compensatory
work is more likely to appear with increasing age, and the shared
genetic effects on brain structures exist within the areas where
compensatory interaction takes place. Accordingly, the results
may imply that the mechanism underlying age-related brain com-
pensation and cognitive ability maintained by this compensation
may be accounted for, partly, by the genetic factors that influence
variations in the structure of the brain areas associated with
cognitive abilities vulnerable to aging. Our study provides an
understanding of the genetic variation in cognitive ability and
neuroanatomical structures in middle-aged to older adults and
provides an insight into the genetic basis of age-related cognitive
decline and neurodegenerative diseases.
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