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Abstract
Variation in the klotho gene is linked to differences in health outcomes: klotho allele KL-VS heterozygosity is associated with
longevity, better cognition and greater right frontal grey matter volume in late life. Contradicting reports, however, suggest that
KL-VS’s effect on health might be age-dependent. Here we examine the relationship between KL-VS genotype, cognition and
brain structure in childhood and adolescence. We hypothesized that KL-VS has early influences on cognitive and brain devel-
opment. We investigated the associations of KL-VS carrier status with cognition and brain morphology in a cohort of 1387
children and adolescents aged 3–21 years, examining main effects and interactions between age, sex and socioeconomic
circumstance. KL-VS had no main effect on either cognition or brain structure, though there was a significant KL-VS × age
interaction for cognition (specifically executive function, attention, episodic memory, and general cognition), total grey matter
and total brain volume. KL-VS heterozygotes had better cognition than non-carriers before age 11, but lower cognition after age
11. Heterozygotes had smaller brains than non-carriers did in early childhood. Sexmoderated the association betweenKL-VS and
white matter volume. Among girls, KL-VS heterozygotes had smaller white matter volumes than non-carriers. Among boys,
heterozygotes had greater white matter volumes than non-carriers. However, a replication in a cohort of 2306 children aged 6–
12 years showed no significant associations. In contrast to findings in late life, these results show that KL-VS does not have a
main effect on cognition and brain structure. Furthermore, KL-VS’s influence may depend on age and sex.
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Introduction

Children’s cognitive developmental trajectories and outcomes
are highly variable, which leads to both societal and personal
disparities. Lower early-life cognition has been associated

with increased risk of disease and early death (Hart et al.
2003; Whalley and Deary 2001). A mixture of inherited and
environmental factors lead to individual differences in child-
hood cognition. Increasing our understanding of the genetic
and environmental causes of these developmental cognitive
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inequalities, and their interplay, may lead to modification
strategies that maximize downstream health gains.

The klotho (KL) gene, which codes for the klotho protein, is
associated with health and survival. Mice with a defective
version of the gene exhibit accelerated aging (Kuro-o et al.
1997). Over-expression of klotho in mice suppressed age-
related decline (Kurosu et al. 2005). In human adults, higher
klotho protein levels are associated with various positive
physical health outcomes, which include increased survival
in lung cancer patients (Usuda et al. 2011a; Usuda et al.
2011b), and decreased risk of cardiovascular disease
(Navarro-Gonzalez et al. 2014; Semba et al. 2011) and kidney
function decline (Drew et al. 2017). Additionally, variation in
the KL allele KL-VS is associated with differences in cogni-
tion (Dubal et al. 2014; Yokoyama et al. 2015; Mengel-From
et al. 2016), brain volumes (Yokoyama et al. 2015) and sur-
vival (Arking et al. 2002; Arking et al. 2005; Invidia et al.
2010).

In adults, individuals who are heterozygous for the KL-VS
allele outperform non-carriers on a measure of global cogni-
tion (measured as a composite of language, executive func-
tion, visuospatial function, learning andmemory) (Dubal et al.
2014). Additionally, compared to non-carriers, KL-VS hetero-
zygotes had greater right frontal cortical volumes and execu-
tive function, while KL-VS homozygotes had smaller right
frontal cortical volumes and poorer executive function
(Yokoyama et al. 2015). Interestingly, KL-VS heterozygosity
has been associated with increased klotho serum levels com-
pared to non-carriers, whereas KL-VS homozygosity was as-
sociated with decreased klotho levels (Yokoyama et al. 2017).
However, the benefits of KL-VS heterozygosity may be de-
pendent on age or environmental circumstances (Mengel-
From et al. 2016; Invidia et al. 2010; de Vries et al. 2017).
Conflicting reports found no difference in cognition between
heterozygotes and non-carriers (Deary et al. 2005), and even a
heterozygote disadvantage in cognition (Mengel-From et al.
2016). Similarly, previous work has found inconsistent asso-
ciations between KL-VS genotype and survival (Arking et al.
2002; Arking et al. 2005; Invidia et al. 2010). Furthermore, we
recently found that individuals who were heterozygous had
lower white matter volumes and lower survival, but increased
right frontal cortical volumes, and longitudinally, a slower
cognitive decline than non-carriers (de Vries et al. 2017).
This suggests that KL-VS heterozygosity does not necessarily
have a uniformly positive effect, and can be associated with
both positive and negative outcomes. Environmentally, chron-
ic high stress may also contribute to lower levels of klotho
(Prather et al. 2015). In children, socioeconomic disadvantage
has been associated with markers of early-life stress (Lupien
et al. 2000; Evans and Schamberg 2009), and with both early
and late-life structural brain differences (Noble et al. 2015;
Piccolo et al. 2016; Staff et al. 2012) and health (Luo and
Waite 2005).

These conflicting reports suggest a degree of uncertainty
regarding the influence of KL-VS heterozygosity on cogni-
tion, health and aging. Critically, the above findings are lim-
ited to studies of mice, adults and elderly individuals. The
effect of KL-VS in childhood and its interaction with other
known correlates of development, such as socioeconomic cir-
cumstance, are unknown. It is also unclear whether KL-VS
predominantly acts on the domains of executive functioning
(working memory, cognitive flexibility and inhibition), or af-
fects other areas of cognition. More generally, it is unclear if
KL-VS’s effect is due to differential development in childhood
and/or differential aging later in life.

In this study, we investigated the associations between
KL-VS carrier status, cognition and brain structure in 1387
children and adolescents in the Pediatric Imaging,
Neurocognition and Genetics (PING) sample (Jernigan et al.
2016). Specifically, we aimed to examine the relationship be-
tween KL-VS carrier status and structural brain development
(brain volume, cortical thickness and cortical surface area).
Furthermore, we aimed to establish which domains of cogni-
tion are associated with variation in KL-VS. We hypothesized
that KL-VS is associated with executive function (working
memory, cognitive flexibility, and inhibition) after adjusting
for possible confounders, including age, socioeconomic cir-
cumstance and genetic ancestry. We also performed explor-
atory analyses of the association between KL-VS and episodic
memory, processing speed, reading, vocabulary and attention.
We additionally investigated whether links with KL-VS are
moderated by age, sex and/or socioeconomic circumstance.
Finally, we investigated a possible replication of key findings
in the Generation R cohort (Jaddoe et al. 2012).

Methods

Participants

PING sample

Data from the multi-site Pediatric Imaging, Neurocognition
and Genetics (PING) study (Jernigan et al. 2016) were used
for this study (http://ping.chd.ucsd.edu/). Participants between
the ages 3 and 21 were recruited from several sites in the
United States, in the areas of Baltimore, Boston, Honolulu,
Los Angeles, New Haven, New York, Sacramento, and San
Diego. Written informed consent was obtained from all
participants or their legal guardian. The human research
protections programs and institutional review boards at the
universities that contributed to PING data collection and
data sharing approved all experimental and consenting
procedures (Brown et al. 2012).

Genome-wide genotyping was performed on DNA extract-
ed from saliva samples using the Illumina Human660W-Quad

214 Brain Imaging and Behavior (2020) 14:213–225

http://ping.chd.ucsd.edu


BeadChip, from which klotho KL-VS genotype data were ob-
tained (rs9536314). 1028 participants were KL-VS non-car-
riers, 347 heterozygotes, and 12 homozygotes. Due to their
small numbers in the sample, KL-VS homozygotes were ex-
cluded from statistical analyses.

Genetic ancestry was determined by ADMIXTURE soft-
ware. For each participant, the degree of African, Central
Asian, East Asian, European, Native American and Oceanic
ancestry was determined, resulting in six genetic ancestry fac-
tor (GAF) variables.

Household income and parental education, which were
used as proxies for socioeconomic circumstance, were
assessed by a questionnaire. To assess income, parents (or
guardians) were asked: BWhat is the total income in your
household from all sources over the last year?^ There were
12 categories: category 1 was B< $5000 dollar^, and category
12 was B$300,000 and above^. To assess education, parents
were asked BHighest Grade Completed in School^. There
were 7 categories: category 1 was BLess than seven years of
school^ and category 7 was BProfessional (MA, MS, ME,
MD, PhD, LLD, and the like)^. Household income and pa-
rental education data were recoded as the means of each bin
(Noble et al. 2015). The average level of parental education
was used.

Generation R sample

The prospective population-based Generation R cohort was
used as the replication sample (Kooijman et al. 2016).
Parents were originally recruited to participate in this study
of child and maternal health during pregnancy and have been
followed ever since. When their children were between 6 and
12 years old, they visited our research center for an MRI
(White et al. 2018). This sample consists of data from children
who had genomic data and either had a usable scan at the age-
6 assessment, or a usable scan at the age-10 assessment (total
N = 2306, of which 1140 were girls). A majority of the sample
(64%) was of Dutch ethnicity, 27% of the sample had a non-
Western background, and 9% had a different (non-Dutch)
Western background. All procedures were approved by the
Medical Ethical Committee at the Erasmus MC University
Medical Center, Rotterdam, and participants provided in-
formed consent/assent.

The generation and management of GWAS genotype data
for the Generation R Study was performed at the Genetic
Laboratory of the Department of Internal Medicine, Erasmus
MC, the Netherlands. DNA from whole blood at birth was
analyzed using Illumina 610 K/660W. Filtering for sample
(≥97.5%) and SNP call rates (≥95%), minor allele frequency ≥
1% and deviations from Hardy-Weinberg equilibrium
(p < 10–7) were conducted (https://www.ncbi.nlm.nih.gov/
pubmed/25762173). 1698 participants were KL-VS non-
carriers, and 608 were heterozygotes. Data were imputed

with the Haplotype Reference Consortium v1.1 panel
(https://imputationserver.sph.umich.edu/index.html). Twenty
principal components of ancestry (PCA) were calculated for
the whole Generation R sample (N = 5731).

Image acquisition and processing

PING sample

Magnetic resonance imaging (MRI) scans (T1-weighted, T2-
weighted, diffusion-weighted, and resting-state functional
MRI) were collected using 12 3 Tesla scanners. The T1-
weighted scans were processed and segmented using an
adapted version of the FreeSurfer software package to obtain
measures of brain volumes, cortical thickness and cortical
surface area (Jernigan et al. 2016).

Measures of total grey matter volume, total white matter
volume, total brain volume and total intracranial volume were
obtained using the SPM software package (SPM12, version
6470) (Ashburner 2009). We opted to derive these measures
with SPM12, because it has previously been demonstrated
that SPM12’s estimate of total intracranial volume outper-
forms FreeSurfer’s segmentation in a pediatric sample
(Sargolzaei et al. 2015). SPM12’s segmentation algorithm
was employed in conjunction with customized pediatric tissue
probability maps. These tissue probability maps were gener-
ated with SPM8, using the Template-O-Matic Toolbox (Wilke
et al. 2008), and are based on the sex and mean age of the
imaged participants.

The segmented grey and white matter probability maps
were then normalized to MNI space using a sample-specific
DARTEL template (Ashburner 2007), and smoothed with an
8 mm kernel.

Generation R sample

Structural imaging data were collected on 3 Tesla MRI sys-
tems (GE, MR750, N = 309; MR750W, N = 1997),
Milwaukee, WI, Muetzel et al. 2017). Images were processed
using the FreeSurfer image analysis suite (version 6.0) to ob-
tain estimates of intracranial volume, total brain volume, total
gray matter volume and total white matter volume (Fischl
2012). Surface reconstructions were visually inspected for ac-
curacy, and data not suitable for analysis were excluded leav-
ing 2306 datasets with usable imaging and genomic data
(Muetzel et al. 2017).

Cognitive testing

PING sample

The cognition of PING participants was assessed by adminis-
tering the NIH Toolbox Cognition Battery (NTCB) (Gershon
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et al. 2013; Akshoomoff et al. 2014). The NTCB consists of
seven cognitive tests, which produced eight cognitive scores.

The Dimensional Change Card Sort Test measures cogni-
tive flexibility and attention. Participants are presented with
images that vary along two dimensions (shape and color), and
were asked tomatch one of the two images with a target image
along one of the two dimensions.

The Picture Sequence Memory Test measures episodic
memory. Participants are shown a sequence of images. They
are then presented with those same images, and are asked to
place them in the correct order.

The List Sorting Working Memory Test measures working
memory. Participants are presented with a series of images
together with the name of what is depicted in the image.
They are then asked to recall and sort them according to size
(smallest to largest).

The Pattern Comparison Processing Speed Test measures
speed of processing. Participants are shown two images, side
by side, and are asked whether or not they are the same. The
test score was given by the total number of correct responses
within the time limit of 90 s.

The Picture Vocabulary Test assesses receptive vocabulary.
Participants are presented with a sound recording of a word,
and are shown four images. They are asked tomatch the sound
with the image that most closely corresponds to the meaning
of the word.

For the Oral Reading Recognition Test participants are
asked to read a series of letters and words aloud. Depending
on age, between 70 and 125 items were administered. The test
score was given by the total number of correct responses.

The Flanker Inhibitory Control and Attention Test assesses
attention and inhibitory control. Participants were asked to
indicate whether an object was pointing to the left or right.
The object was flanked by other objects that pointed either in
the same direction (congruent), or in the opposite direction
(incongruent). The flanker task resulted in two scores: an in-
hibition score based on both the congruent and incongruent
responses, and an attention score based only on the congruent
responses.

Generation R sample

For a subset of the 2306 children with imaging and genomic
data, 2302 children (1493 KL-VS non-carriers, 539 heterozy-
gotes) were assessed at the age-6 assessment using an abbre-
viated version of the Snijders-Oomen Niet-verbale
Intelligentie Test – Revisie (SON-R 2½-7) (Tellegen et al.
2005; Tiemeier et al. 2012). A non-verbal intelligence quo-
tient was estimated from the two SON-R performance subtests
that were administered (Mosaics and Categories), which is
highly correlated with estimates resulting from the complete
version (Basten et al. 2014).

Statistical analysis

T-tests and general linear modeling were performed using
SPSS version 24. Initially, associations were examined in the
PING cohort. First, t-tests examined whether there were dif-
ferences between heterozygotes and non-carriers in genetic
ancestry, age at cognitive testing, household income, parental
education, and any of the cognitive tests and global brain
measures (p < .05). Then, general linear models were
employed to examine differences in cognition and global
brain metrics. Differences in regional brain metrics were ana-
lyzed using the PING study data portal (Bartsch et al. 2014)
and voxel-based morphometry (VBM). Subsequently, it was
examined whether key associations could be replicated in the
Generation R cohort.

PING - cognition

Guided by previouswork in adults in late life (Yokoyama et al.
2015), we examined whether there was a difference between
KL-VS heterozygotes and non-carriers in measures of execu-
tive function: working memory (List Sorting Working
Memory), cognitive flexibility (Dimensional Change Card
Sort), and inhibition (Flanker Inhibitory Control score). As
an exploratory analysis, we examined whether KL-VS geno-
type was associated with differences in the Picture Sequence
Memory Test (episodic memory), Flanker attention score, the
Pattern Comparison Processing Speed Test, Picture
Vocabulary Test, and Reading Recognition Test.

We examined whether there were interactions between
KL-VS and sex, age, age2, household income and parental
education. Both a linear and quadratic age term were included
in order to model the expected curvilinear relationship be-
tween age and cognition. Age was standardized prior to cal-
culating age2 in order to reduce the multicollinearity between
these terms and their interactions. As income was positively
skewed, the natural logarithm of income was included in the
models. Covariates included sex, genetic ancestry factors
(GAF), age, age2, household income, and parental education.

We examined whether KL-VS had a differential effect on
any specific cognitive domain, by pairwise comparing the
beta-values. We standardized the cognitive scores, and com-
puted the Z-scores for each comparison by subtracting the two
betas from each other and dividing it by the square root of the
sum of their squared error terms. There was a significant dif-
ference in betas when the Z-score’s absolute value is larger
than 1.96.

PING - brain imaging

We examined whether there were differences between KL-VS
heterozygotes and non-carriers in brain MRI derived total
brain volume, total grey matter volume and total white matter
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volume (correcting for total intracranial volume). We also ex-
amined whether there were differences in mean cortical thick-
ness, and total brain surface area, between KL-VS heterozy-
gotes and non-carriers. We examined whether there were in-
teractions between KL-VS and sex, age, age2, household in-
come and parental education. Again, age was modeled with a
linear and quadratic term, and income with a logarithmic term.
We corrected for sex, genetic ancestry factors (GAF), age,
age2, household income, parental education, and MRI
scanner.

Regional brain analysis was performed in two ways. The
PING study data portal (Bartsch et al., 2014) was used to
examine local differences in cortical surface area, thickness
and volume. As many regions are compared in this type of
unbiased whole brain analysis, False Discovery Rate (FDR)
multiple comparison correction was employed. We examined
whether there were interactions between KL-VS and sex, age,
age2, household income and parental education. Covariates
included sex, genetic ancestry factors (GAF), age, age2,
household income, parental education, and MRI scanner
(dummy-coded). Regional cortical volume was additionally
corrected for total brain volume.

Furthermore, using SPM12, VBM was performed on the
normalized and smoothed tissue probability maps. Local dif-
ferences in grey and white matter volume were examined
voxel-by-voxel in an unbiased whole brain analysis. In addi-
tion, small volume correction was used to examine differences
in right dorsolateral prefrontal cortex (rDLPFC) volume,
which was previously found to be associated with KL-VS
genotype (Yokoyama et al. 2015). Family-wise error (FWE)
multiple comparison correction was employed, with a mini-
mum cluster extent of 5 voxels. The final model that was
applied to the global brain volume variables was employed,
correcting for total brain volume instead of total intracranial
volume.

Generation R replication

The following FreeSurfer segmentations were used as out-
comes in the Generation R general linear models: total brain
volume (supratentorium (no ventricles) plus cerebellum), total
gray matter and total white matter volumes (both from
surface-based estimates). Models were adjusted for age at
MRI, age2, sex, total intracranial volume, genetic ancestral
background (first 7 principle components), and MRI scanner,
with klotho status as the predictor. In addition, it was exam-
ined whether age-6 general intellectual ability was associated
with KL-VS carrier status. The model was adjusted for age at
cognitive testing, age2, sex, genetic ancestral background, in-
come and maternal education.

First, a main effect of KL-VS was tested. Subsequently, in
separate models, the two-way interaction effects of age-by-
klotho and sex-by-klotho were tested.

Results

Cognition

Table 1 shows a demographic description of the PING sample,
split by KL-VS non-carriers, heterozygotes and homozygotes.
Relative to non-carriers, heterozygotes have significantly
higher proportions of European (t(652.42) = 5.43, p < .001)
and African (t(521.54) = 2.62, p = .009) ancestry, and lower
proportions of Native American (t(693.98) = −3.28,
p = .001), East Asian (t(1289.86) = −10.74, p < .001) and
Oceanic ancestry (t(1196.00) = −4.33, p < .001). There was
no difference in proportion of Central Asian ancestry
(t(1373) = 0.32, p = .747). The participants were grouped in
ancestry groups, corresponding to >50% of any ancestry; the
remaining participants were categorized in the group Mixed
(see Table 1). The frequency of KL-VS heterozygosity varies
across ancestry groups. Notably, the East Asian ancestry
group has the lowest frequency of KL-VS heterozygosity
(7%). Previous work has found that the KL-VS klotho variant
did not exist in Korean and Japanese populations (Kim and
Jeong 2016). Investigating whetherKL-VS heterozygosity ap-
pears in the East Asian ancestry group because of mixed her-
itage, we varied the threshold for group membership from
>50% to >85% in 5% increments. The frequency of heterozy-
gosity decreases until it reaches 0% at >85% ancestry (N =
109). There were no differences in age at cognitive testing,
household income, parental education, or any of the cognitive
tests or brain measures.

As performance on the eight cognitive scores was expected
to be highly correlated, we performed a principal component
analysis and extracted a single, unrotated principal component
from the data. This principal component can be a considered
as a measure of general cognitive ability (g) (Spearman 1904;
Jensen 1998). Here g accounted for 73.2% of the overall var-
iability across the eight cognitive scores. The component load-
ings were: .788 for Picture Sequence Memory (which mea-
sures episodic memory), .856 for List Sorting (working mem-
ory), .814 for Pattern Comparison (processing speed), .854 for
Picture Vocabulary (receptive vocabulary), .879 for Oral
Reading (reading recognition), .905 and .857 for Flanker (in-
hibition and attention), and .887 for Dimensional Change
Card Sort (cognitive flexibility).

Models were constructed to examine whether KL-VS car-
rier status was associated with cognition and brain measures,
when adjusting for covariates. As income and education are
highly correlated with each other, models considered educa-
tion and income effects separately. The initial models com-
prised the terms KL-VS, sex, GAF, age, age2, education (or
income), and KL-VS × education (or KL-VS × income). The
interaction terms were not significant (p > .05) and were there-
fore dropped from the models. Then, interactions of KL-VS
with sex and age were examined in a model with the terms:
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KL-VS, sex, education, income, GAF, age, age2, KL-VS ×
sex, KL-VS × age, and KL-VS × age2. Non-significant inter-
action terms were removed in an iterative process, examining
higher-order interactions first.KL-VS × age2 andKL-VS × sex
were not significant and were removed from the models.

Table 2 shows the results from the final general linear
models. KL-VS carrier status had no main effect for any of
the cognitive test scores. However, the KL-VS × age interac-
tion was significantly associated with certain cognitive test

scores. Specifically, the association between KL-VS and ex-
ecutive function varied by age, with a significantKL-VS × age
interaction for inhibition (p = .015) and cognitive flexibility
(p = .001), but not for working memory (p = .116). In explor-
atory analyses, a significant KL-VS × age interaction was
found for episodic memory (p = .002) and attention
(p = .022). No KL-VS x age interactions were found for pro-
cessing speed (p = .642), vocabulary (p = .208) and reading
(p = .699). For the composite cognitive score g, while there

Table 1 Demographic description of the PING sample

Non-carriers N = 1028 Heterozygotes N = 347 Homozygotes N = 12

Sex-Number Male 508, 49.6% 195, 56.9% 9, 75.0%

Age at Cognitive Testing 11.69 (0.16) 11.71 (0.25) 12.26 (1.59)

Household Income $97,411 (2439) $98,853 (4507) $99,167 (27,865)

Parental Education (years) 14.96 (0.07) 15.10 (0.13) 15.58 (0.63)

Genetic ancestry factor (GAF)

European .599 (.012) .717† (.018) .806 (.099)

African .124 (.008) .172† (.016) .184 (.101)

Native American .055 (.004) .033† (.006) .011 (.008)

East Asian .188 (.010) .047† (.008) .000 (.000)

Oceanic .009 (.001) .003† (.001) .000 (.000)

Central Asian .025 (.004) .027 (.007) .000 (.000)

> 50% European ancestry (N) 607 248 [28.7%] 10

> 50% African ancestry (N) 116 64 [35.2%] 2

> 50% Native American ancestry (N) 11 5 [31.3%] 0

> 50% East Asian ancestry (N) 187 14 [7.0%] 0

> 50% Oceanic ancestry (N) 0 0 0

> 50% Central Asian ancestry (N) 18 6 [25%] 0

Mixed ancestry (N) 89 10 [10.1%] 0

Cognitive test scores

Picture Sequence Memory 25.43 (0.37) 25.53 (0.58) 28.50 (3.62)

List sorting 17.29 (0.18) 17.75 (0.27) 20.00 (1.50)

Pattern Comparison 36.43 (0.38) 36.58 (0.60) 36.67 (2.88)

Picture Vocabulary 0.58 (0.05) 0.69 (0.07) 1.09 (0.43)

Oral Reading 122.4 (2.2) 123.7 (3.6) 145.5 (22.7)

Flanker Inhibition 7.56 (0.06) 7.65 (0.09) 7.52 (0.60)

Flanker Attention 8.03 (0.06) 8.13 (0.09) 7.92 (0.59)

Dimensional Change Card Sort 7.61 (0.05) 7.71 (0.08) 7.46 (0.46)

g −0.007 (0.035) 0.019 (0.051) 0.017 (0.345)

Cortical measures N = 877 N = 306 N = 12

Mean Cortical Thickness [mm] 2.784 (0.006) 2.784 (0.009) 2.806 (0.054)

Total Cortical Surface Area [mm2 × 103] 170.4 (0.6) 171.0 (1.0) 175.6 (7.5)

Brain volumes N = 636 N = 251 N = 10

Total Grey Matter Volume [mm3 × 106] 0.737 (0.003) 0.747 (0.005) 0.753 (0.016)

Total White Matter Volume [mm3 × 106] 0.425 (0.002) 0.427 (0.004) 0.439 (0.020)

Total Brain Volume [mm3 × 106] 1.162 (0.005) 1.174 (0.008) 1.192 (0.034)

Total Intracranial Volume [mm3 × 106] 1.360 (0.005) 1.378 (0.009) 1.408 (0.049)

Mean values are shown. The numbers in round brackets indicate the standard error. The numbers in square brackets indicate the frequency of KL-VS
heterozygosity in each ancestry group. N indicates the maximum number of participants used in analyses. † indicates a significant difference between
heterozygotes and non-carriers at p < .01 level
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was no KL-VS main effect, a KL-VS × age interaction was
found (p < .001).

Fig. 1a depicts the significant KL-VS × age interaction for
g. In early to middle childhood, heterozygotes appear to
slightly outperform non-carriers. Thereafter, however, hetero-
zygotes show a less steep increase in cognition with age.
Dividing the cohort into two groups (younger and older than
11 years, or the approximate start of puberty) and examining
the raw data, we find that heterozygotes perform about 0.23
standard deviations ahead of their non-carrier peers on global
cognition in early to middle childhood. However, by mid- to
late-adolescence, heterozygotes perform about 0.25 standard
deviations behind non-carriers on global cognition. To probe
these differences further, the same general linear models that
were used to examine associations with cognition for the
whole cohort (see Table 2), are applied to the two groups
(younger and older than 11 years), with the KL-VS × age
interaction removed. Table 3 shows the difference of the esti-
mated marginal means of the standardized cognitive scores
between heterozygotes and non-carriers, and the correspond-
ing p-values. Younger heterozygotes performed slightly but
significantly better than non-carriers did on cognitive flexibil-
ity and g, whereas older heterozygotes performed slightly but
significantly worse than non-carriers did on inhibition, atten-
tion and g (see Fig. 1b for estimated marginal means of g, split
by age and KL-VS genotype).

We then compared the effect sizes of the KL-VS × age inter-
action across the eight cognitive scores. The effect size for epi-
sodic memory (measured by Picture Sequence Memory, 0.129)
was significantly higher than that for reading (Oral Reading,
0.012). The effect size for cognitive flexibility (Dimensional
Change Card Sort, 0.138) was significantly higher than those
for reading (0.012) and processing speed (Pattern Comparison,
0.019). However, these differences do not withstand multiple
comparison correction, and there were no other significant dif-
ferences in effect size, justifying the use of g as a summary
measure of general cognitive ability in this cohort.

In order to examine whether genetic ancestry could influ-
ence the found associations with cognition, the analysis was
restricted to participants with >50% European ancestry (N =
677). A significant KL-VS × age interaction was found for g
(p = .006), in the same direction as seen before: younger het-
erozygotes outperform their non-carrier peers, while older het-
erozygotes perform worse than non-carriers did. Splitting the
group by age (as before), shows that this differences is signif-
icant in children younger than 11 years (p = .017), but not in
children older than 11 (p = .688). Investigating further by
restricting the analysis to participants with >50% African an-
cestry (N = 139) we again found a significant KL-VS × age
interaction for g (p = .034) in the same direction. Splitting the
group by age now shows a significant difference in cognition
for children older than 11 (p = .019), but not for children youn-
ger (p = .939).Ta
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The replication in the Generation R cohort showed no sig-
nificant main effect of KL-VS for non-verbal IQ at 6 years-of-
age (p = .327), and no significant KL-VS × age interaction
(p = .173).

Brain analysis

We first examined whether KL-VS carrier status was associ-
ated with total grey matter volume, total white matter volume
or total brain volume. In preliminary models, terms that were
not significant for total grey/white/brain volume were re-
moved from the models in an iterative process; higher-order
interactions were examined first. Interactions of KL-VS with
income and education were again examined in two separate
models. The models comprised the terms KL-VS, sex, age,
age2, GAF, scanner, total intracranial volume, education (or
income), and KL-VS × education (or KL-VS × income).

Income, education, KL-VS × education, and KL-VS × income
were not significant. Next, interactions ofKL-VSwith sex and
age were examined in a model consisting of the terms:KL-VS,
sex, age, age2, GAF, scanner, total intracranial volume,
KL-VS × sex, KL-VS × age, and KL-VS × age2. KL-VS ×
age2 was not significant and was removed from the models.

Table 4 shows the results from the final general linear
models. KL-VS had no main effect. The KL-VS × age inter-
action was significantly associated with total brain volume
(p = .039) and total grey matter volume (p = .045), but not
total white matter volume (p = .559). Figure 2 shows plots of
age versus the total grey matter/total brain volume value pre-
dicted by the general linear model, split by KL-VS heterozy-
gotes and non-carriers. The figure and the significantKL-VS ×
age interaction suggest that heterozygotes have less total grey
matter and total brain volume than non-carriers do in early
childhood, but catch up when older, and subsequently show
similar rates of decline.

KL-VS × sex was significantly associated with total white
matter volume (p = .049), but not total grey matter (p = .361) or
total brain volume (p = .492). Figure 3 shows the estimated
marginal means of total white matter volume, split by sex and
KL-VS genotype. Among girls, KL-VS heterozygotes had
smaller total white matter volumes than non-carriers, whereas
among boys, heterozygotes had greater white matter volumes
than non-carriers. An analysis of the simple effects shows no
significant difference in total white matter volume between
heterozygotes and non-carriers for either girls (p = .059) or
boys (p = .409).

Limiting the analysis to participants with >50% European
ancestry (N = 614) found thatKL-VS × sex was not significant
for total white matter volume (p = .230). A further analysis
using participants with >50% African ancestry (N = 122),
however, did find a significant KL-VS × sex interaction
(p = .023) in the same direction as seen before. The simple
effects analysis again shows no significant difference between
heterozygotes and non-carriers, for girls (p = .136) or for boys

Table 3 PING sample comparison of cognitive scores between KL-VS
heterozygotes and non-carriers, split by age

Below age 11 Above age 11

Δ p Δ p

Picture Sequence Memory 0.034 .507 −0.114 .076

List Sorting 0.005 .921 −0.013 .777

Pattern Comparison 0.038 .465 −0.063 .293

Picture Vocabulary 0.026 .507 0.024 .644

Oral Reading 0.002 .950 0.008 .874

Flanker Inhibition 0.080 .215 −0.079 .003

Flanker Attention 0.120 .099 −0.066 .016

Dimensional Change Card Sort 0.163 .021 −0.060 .122

g 0.093 .034 −0.063 .045

Δ indicates the difference of the estimated marginal means of the stan-
dardized cognitive scores between KL-VS heterozygotes and non-car-
riers. p indicates the corresponding p-values. A negative sign (−) indicates
that heterozygotes have lower means than non-carriers do. Bold signifies
p < .05. Nage < 11 ranges from 479 to 628; Nage > 11 ranges from 600 to 614
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(p = .073). In both ancestry groups, KL-VS × age was not
significant for total brain volume (pEuropean = .129;
pAfrican = .950) or total grey matter volume (pEuropean = .160;
pAfrican = .471).

The above global brain volume findings did not pass a
multiple testing threshold. There were no significant differ-
ences (p > .05) between KL-VS heterozygotes and non-
carriers in mean cortical thickness and total cortical surface

area. The interaction terms KL-VS × income, KL-VS × edu-
cation, KL-VS × sex, KL-VS × age, and KL-VS × age2 were
also not significant. There were also no significant differences
(p > .05, FDR corrected) in regional cortical thickness, surface
area, and volume. The interaction terms KL-VS × income,
KL-VS × education, KL-VS × sex, KL-VS × age, and
KL-VS × age2 were again not significant. In addition, the
VBM analysis showed no significant differences in regional

Table 4 PING sample estimated coefficients of the general linear models for total grey/white/brain volume

Total Brain Volume Total Grey Matter Volume Total White Matter volume

Intercept 0.115† (0.019) 0.121† (0.016) −0.006 (0.014)

KL-VS −0.002 (0.004) 0.001 (0.003) −0.002 (0.003)

Sex −0.009 (0.005) 0.005 (0.004) −0.014† (0.004)

Age −0.027† (0.003) −0.034† (0.002) 0.007† (0.002)

Age2 −0.006† (0.001) −0.005† (0.001) −0.001 (0.001)

GAFAfrican −0.031† (0.005) −0.030† (0.004) −0.002 (0.004)

GAF Native American −0.007 (0.013) −0.018 (0.010) 0.011 (0.009)

GAF East Asian 7E-05 (0.006) −0.004 (0.005) 0.004 (0.004)

GAF Oceanic −0.118 (0.250) −0.154 (0.203) 0.035 (0.182)

GAF Central Asian −0.004 (0.009) −0.003 (0.007) −0.001 (0.006)

Scanner 1 −0.091† (0.005) −0.056† (0.004) −0.036† (0.004)

Scanner 2 0.000 (0.005) −0.003 (0.004) 0.003 (0.004)

Scanner 3 0.001 (0.005) 0.006 (0.004) −0.005 (0.004)

Scanner 4 −0.014† (0.005) −0.011† (0.004) −0.003 (0.004)

Scanner 5 −0.085† (0.006) −0.050† (0.005) −0.035† (0.004)

Scanner 6 −0.014† (0.005) −0.008 (0.004) −0.006 (0.004)

Scanner 7 0.004 (0.005) 0.007 (0.004) −0.003 (0.004)

Scanner 8 0.005 (0.011) 0.004 (0.009) 0.001 (0.008)

Total intracranial volume 0.799† (0.012) 0.473† (0.010) 0.326† (0.009)

KL-VS ×Age 0.006* (0.003) 0.005* (0.002) 0.001 (0.002)

KL-VS × Sex 0.004 (0.006) −0.004 (0.005) 0.008* (0.004)

† indicates terms significant at p < .01 level. * denotes terms significant at p < .05 level. The numbers inside the brackets indicate the standard errors.
GAF stands for genetic ancestry factor; GAF European was chosen as the reference group. N = 872

Fig. 2 The PING sample showed
a significant KL-VS × age
interaction for brain volume.
Scatter plots of age versus
predicted value for total grey
matter volume (a), and total brain
volume (b) [mm3 × 106]. N = 872
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grey or white matter volume, or rDLPFC volume (p > .05,
FWE corrected).

In the Generation R cohort replication (see Supplementary
Table 1), there was no main effect of KL-VS for total brain
volume, total grey matter volume, and total white matter vol-
ume. The interaction terms KL-VS × sex and KL-VS × age
were also not significant.

Discussion

In both the PING sample of 1387 children and adolescents,
and the Generation R sample of 2306 children studied here,
we found that klotho allele KL-VS has no main effect on
cognition or brain structure. These results suggest that the
differences previously described in late life may be acquired
throughout the life-course, as opposed to laid down in child-
hood. Furthermore, findings in the PING sample suggest that
KL-VS’s influence may depend on age and sex.

In the PING sample, KL-VS is associated with different
trajectories of brain and cognitive development in childhood
and adolescence. Specifically, KL-VS heterozygotes had an
advantage in cognition in early to middle childhood, but a
disadvantage through adolescence. KL-VS heterozygotes also
had larger brains in early-to-middle childhood; this
neurodevelopmental difference was not sustained in adoles-
cence. Associations between KL-VS and cognitive and brain
outcomes did not vary by socioeconomic circumstance (mea-
sured by parental education or household income), which has
previously been shown to influence cortical surface area in
this sample (Noble et al. 2015). The subgroup analyses show
that genetic ancestry and population substructure influence the
found associations. For the cognitive findings, while the in-
fluence of KL-VS varies with age in both the African and
European ancestry group, the European group appears to drive
the heterozygote advantage in younger children, while the
African group appears to drive the heterozygote disadvantage

in older children. For the brain findings, no interaction with
age was seen for either ancestry group.

The cognitive analyses in PING suggest that KL-VS is
associated with executive functioning and with general cogni-
tive ability, supporting previous work in older adults (Dubal
et al. 2014; Yokoyama et al. 2015). Exploratory analyses in-
dicate that KL-VS is also associated with episodic memory
and attention. Further, non-carriers have greater age-related
increases in cognition than do heterozygotes. This interaction
supports the previously proposed possibility of an age-
dependent effect of KL in older adults (Mengel-From et al.
2016; de Vries et al. 2017). Previous contradictory reports
on the association between KL-VS carrier status and cognition
may be explained by differences in the age range of the sam-
ples and/or the measures of cognition that were examined.

In the PING sample, the association between KL-VS
carrier status and white matter volume varied by sex.
Non-carrier girls tended to have greater white matter vol-
ume than heterozygote girls, whereas heterozygote boys
tended to have greater white matter volume than non-
carrier boys (though post-hoc analyses found no signifi-
cant difference in total white matter volume between het-
erozygotes and non-carriers within either sex). The sub-
group analysis suggests that this interaction may be driven
by participants with a majority of African ancestry. It is
possible that (1) differential development in early life
might partially explain the previously found lower total
white matter volumes for heterozygotes in late life (de
Vries et al. 2017), and (2) heterozygosity in women might
be driving this disadvantage. However, the lower white
matter volumes for heterozygotes in late life were found
in a homogeneous Scottish cohort. Of note, lower total
white matter volumes in late life are associated with de-
creased longevity (Van Elderen et al. 2016).

Sex- and age-related trajectories in neurodevelopment are
well-established, and support the found KL-VS interactions
with sex and age. Boys have more global white matter volume
than girls (Wilke et al. 2007; Lenroot and Giedd 2006); this
difference is sustained in adults (Gur et al. 1999; Chen et al.
2007; Good et al. 2001). Boys and girls also follow different
trajectories of white matter growth during development (De
Bellis et al. 2001; Giedd et al. 1999). In addition, total grey
matter volume follows an inverted U-shape with increasing
age (Giedd and Rapoport 2010). The initial increase in volume
may relate to dendritic arborisation (Giedd 2004), while the
subsequent decrease likely reflects dendritic pruning process-
es (De Bellis et al. 2001). Previous work in mice has shown
that klotho plays a role in neurodevelopment, including
myelination (Chen et al. 2013), synaptic function (Dubal
et al. 2014) and dendritic arborization (Laszczyk et al. 2017).

There were no significant differences in mean or regional
cortical thickness, total or regional cortical surface area or
regional grey or white matter volume between KL-VS
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heterozygotes and non-carriers. Specifically, heterozygotes’
right dorsolateral prefrontal cortex (rDLPFC) volume advan-
tage seen in late life (Yokoyama et al. 2015) was not observed
in this early-life sample. This suggests that differences in tra-
jectories of aging, not development, may cause heterozygotes’
greater rDLPFC volume seen in late life.

KL-VS homozygotes were not considered in the statistical
analysis because of their small numbers (NPING = 12).
Interestingly, however, for five out of the eight administered
cognitive tests (Picture Sequence Memory, List Sorting,
Pattern Comparison, Picture Vocabulary, Oral reading) homo-
zygotes outperformed both heterozygotes and non-carriers.
This is unexpected, as previous reports have suggested that
KL-VS homozygosity has detrimental effects on cognition
and right frontal brain volumes. One possibility is that the
detrimental effects of KL-VS homozygosity might not be uni-
formly present at all stages in life, and perhaps even have
positive effects early in development.

Crucially, none of the interactions found in the PING
sample were replicated in the larger Generation R sample.
The non-replication, in addition to the modest p-values
that do not pass a multiple testing threshold, suggest that
the found interactions might be false posit ives.
Furthermore, the subgroup analysis indicates that popula-
tion substructure has an influence on these associations.
However, as this is only one study in a body of literature,
and one of the few that examines the influence of klotho
genotype in children, future work should continue to ex-
plore these interactions. The different age-distribution/
narrower age-range of the Generation R sample (6 to
12 years, compared to 3 to 21 years) could have contrib-
uted to the lack of replication. Moreover, participants of
the two cohorts were administered different tests of cog-
nition, and our analysis in the PING sample suggests that
KL-VS is associated with specific cognitive domains.

These results complicate a Bstraightforward^ interpretation
of the influence of KL-VS heterozygosity as beneficial. We
find no main effect of KL-VS genotype. In addition, interac-
tions with age, sex and ethnicity may have an effect on the
significant associations found, and their direction. Future
research questions to be explored include whether higher
klotho levels are always associated with better outcomes,
across the lifespan, ethnic groups, sex, and across various
health metrics. Yokoyama et al. (2017) found that in late life,
KL-VS heterozygotes had higher klotho serum levels, and
homozygotes had lower klotho levels, relative to non-carriers.
However, it is unclear whether the relationship between
KL-VS genotype and klotho levels remains constant during
the life course. Furthermore, brain development is a noisy
process. Longitudinal data might uncover meaningful associ-
ations, which cross-sectional data might miss. A fuller under-
standing of the precise mechanisms by which KL-VS geno-
type and klotho protein levels affect the brain, health and

survival could lead to strategies that promote both early-life
development and late-life healthy aging.

Acknowledgements We thank the PING study participants who contrib-
uted to the research. The study was supported by the University of
Aberdeen Development Trust and by the SINAPSE (Scottish Imaging
Network: A Platform for Scientific Excellence) Postdoctoral and Early
Career Researcher Exchanges funding. The PING Study (National
Institutes of Health Grant RC2DA029475) funded data collection and
sharing for this project. PING is funded by the National Institute on
Drug Abuse and the Eunice Kennedy Shriver National Institute of
Child Health & Human Development. PING data are disseminated by
the PING Coordinating Center at the Center for Human Development,
University of California, San Diego.

Data used in preparation of this article were obtained from the
Pediatric Imaging, Neurocognition and Genetics Study (PING) database
(http://ping.chd.ucsd.edu/). As such, the investigators within PING
contributed to the design and implementation of PING and/or provided
data but did not participate in analysis or writing of this report. A com-
plete listing of PING investigators can be found at http://ping.chd.ucsd.
edu/index.php?option=com_content&view=article&id=104&Itemid=
134.

The Generation R Study is conducted by the Erasmus Medical Center
in close collaboration with the School of Law and Faculty of Social
Sciences of the Erasmus University Rotterdam, the Municipal Health
Service Rotterdam area, Rotterdam, the Rotterdam Homecare
Foundation, Rotterdam and the Stichting Trombosedienst &
Artsenlabora tor ium Rijnmond (STAR-MDC), Rotterdam.
Neuroimaging was supported by the Netherlands Organization for
Health Research and Development (ZonMw) TOP project number
91211021. We gratefully acknowledge the contribution of children and
parents, general practitioners, hospitals, midwives and pharmacies in
Rotterdam. We would like to thank Karol Estrada, Dr. Tobias A.
Knoch, Anis Abuseiris, Luc V. de Zeeuw, and Rob de Graaf, for their
h e l p i n c r e a t i n g GR IMP, B i gGR ID , Med iGR ID , a n d
Se rv i c e s@Med iGRID /D-Gr i d , [ f unded by the Ge rman
Bundesministerium fuer Forschung und Technology; grants 01 AK 803
A-H, 01 IG 07015 G] for access to their grid computing resources. We
thank Pascal Arp, Mila Jhamai, Marijn Verkerk, Manoushka Ganesh,
Lizbeth Herrera and Marjolein Peters for their help in creating, managing
and QC of the GWAS database.

The general design of Generation R Study is made possible by finan-
cial support from the Erasmus Medical Center, Rotterdam, the Erasmus
University Rotterdam, ZonMw, the Netherlands Organisation for
Scientific Research (NWO), the Ministry of Health, Welfare and Sport
and the Ministry of Youth and Families.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval All procedures performed in studies involving human
participants were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical standards.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.

Brain Imaging and Behavior (2020) 14:213–225 223

http://ping.chd.ucsd.edu
http://ping.chd.ucsd.edu/index.php?option=com_content&view=article&id=104&Itemid=134
http://ping.chd.ucsd.edu/index.php?option=com_content&view=article&id=104&Itemid=134
http://ping.chd.ucsd.edu/index.php?option=com_content&view=article&id=104&Itemid=134


References

Akshoomoff, N., Newman, E., Thompson, W. K., McCabe, C., Bloss, C.
S., Chang, L., Amaral, D. G., Casey, B., Ernst, T.M., & Frazier, J. A.
(2014). The NIH toolbox cognition battery: Results from a large
normative developmental sample (PING). Neuropsychology, 28(1),
1–10.

Arking, D. E., Krebsova, A., Macek, M. S., Macek Jr., M., Arking, A.,
Mian, I. S., Fried, L., Hamosh, A., Dey, S., McIntosh, I., & Dietz, H.
C. (2002). Association of human aging with a functional variant of
klotho. Proceedings of the National Academy of Sciences of the
United States of America, 99(2), 856–861. https://doi.org/10.1073/
pnas.022484299.

Arking, D. E., Atzmon, G., Arking, A., Barzilai, N., & Dietz, H. C.
(2005). Association between a functional variant of the KLOTHO
gene and high-density lipoprotein cholesterol, blood pressure,
stroke, and longevity. Circulation Research, 96(4), 412–418.

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm.
NeuroImage, 38(1), 95–113.

Ashburner, J. (2009). Computational anatomy with the SPM software.
Magnetic Resonance Imaging, 27(8), 1163–1174.

Bartsch, H., Thompson, W. K., Jernigan, T. L., & Dale, A. M. (2014). A
web-portal for interactive data exploration, visualization, and hy-
pothesis testing. Frontiers in Neuroinformatics, 8, 25. https://doi.
org/10.3389/fninf.2014.00025.

Basten, M., van der Ende, J., Tiemeier, H., Althoff, R. R., Rijlaarsdam, J.,
Jaddoe, V. W., Hofman, A., Hudziak, J. J., Verhulst, F. C., &White,
T. (2014). Nonverbal intelligence in young children with dysregula-
tion: The generation R study. European Child & Adolescent
Psychiatry, 23(11), 1061–1070.

Brown, T. T., Kuperman, J. M., Chung, Y., Erhart, M., McCabe, C.,
Hagler, D. J., Venkatraman, V. K., Akshoomoff, N., Amaral, D.
G., &Bloss, C. S. (2012). Neuroanatomical assessment of biological
maturity. Current Biology, 22(18), 1693–1698.

Chen, X., Sachdev, P. S., Wen, W., & Anstey, K. J. (2007). Sex differ-
ences in regional gray matter in healthy individuals aged 44–48
years: A voxel-based morphometric study. NeuroImage, 36(3),
691–699.

Chen, C. D., Sloane, J. A., Li, H., Aytan, N., Giannaris, E. L., Zeldich, E.,
Hinman, J. D., Dedeoglu, A., Rosene, D. L., Bansal, R., Luebke, J.
I., Kuro-o, M., & Abraham, C. R. (2013). The antiaging protein
Klotho enhances oligodendrocyte maturation and myelination of
the CNS. The Journal of neuroscience : the official journal of the
Society for Neuroscience, 33(5), 1927–1939. https://doi.org/10.
1523/JNEUROSCI.2080-12.2013.

De Bellis, M. D., Keshavan, M. S., Beers, S. R., Hall, J., Frustaci, K.,
Masalehdan, A., Noll, J., & Boring, A.M. (2001). Sex differences in
brain maturation during childhood and adolescence. Cerebral
Cortex, 11(6), 552–557.

de Vries, C. F., Steff, R. T., Harris, S. E., Chapko, D., Williams, D. S.,
Reichert, P., Ahearn, T., McNeil, C. J., Whalley, L. J., & Murray, A.
D. (2017). Klotho, APOEε4, cognitive ability, brain size, atrophy,
and survival: A study in the Aberdeen birth cohort of 1936.
Neurobiology of Aging, 55, 91–98. https://doi.org/10.1016/j.
neurobiolaging.2017.02.019.

Deary, I. J., Harris, S. E., Fox, H. C., Hayward, C., Wright, A. F., Starr, J.
M., & Whalley, L. J. (2005). KLOTHO genotype and cognitive
ability in childhood and old age in the same individuals.
Neuroscience Letters, 378(1), 22–27.

Drew, D. A., Katz, R., Kritchevsky, S., Ix, J., Shlipak, M., Gutiérrez, O.
M., Newman, A., Hoofnagle, A., Fried, L., & Semba, R. D. (2017).
Association between soluble klotho and change in kidney function:
The health aging and body composition study. Journal of the
American Society of Nephrology: JASN, 28(6), 1859–1866.

Dubal, D. B., Yokoyama, J. S., Zhu, L., Broestl, L., Worden, K., Wang,
D., Sturm, V. E., Kim, D., Klein, E., & Yu, G. (2014). Life extension
factor klotho enhances cognition. Cell Reports, 7(4), 1065–1076.

Evans, G. W., & Schamberg, M. A. (2009). Childhood poverty, chronic
stress, and adult working memory. Proceedings of the National
Academy of Sciences of the United States of America, 106(16),
6545–6549. https://doi.org/10.1073/pnas.0811910106.

Fischl, B. (2012). FreeSurfer. NeuroImage, 62(2), 774–781. https://doi.
org/10.1016/j.neuroimage.2012.01.021.

Gershon, R. C., Wagster, M. V., Hendrie, H. C., Fox, N. A., Cook, K. F.,
& Nowinski, C. J. (2013). NIH toolbox for assessment of neurolog-
ical and behavioral function. Neurology, 80(11 Suppl 3), S2–S6.
https://doi.org/10.1212/WNL.0b013e3182872e5f.

Giedd, J. N. (2004). Structural magnetic resonance imaging of the ado-
lescent brain.Annals of the New York Academy of Sciences, 1021(1),
77–85.

Giedd, J. N., & Rapoport, J. L. (2010). Structural MRI of pediatric brain
development: What have we learned and where are we going?
Neuron, 67(5), 728–734.

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H.,
Zijdenbos, A., Paus, T., Evans, A. C., & Rapoport, J. L. (1999).
Brain development during childhood and adolescence: A longitudi-
nal MRI study. Nature Neuroscience, 2(10), 861–863.

Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N., Friston, K. J.,
& Frackowiak, R. S. (2001). A voxel-based morphometric study of
ageing in 465 normal adult human brains.NeuroImage, 14(1), 21–36.

Gur, R. C., Turetsky, B. I., Matsui, M., Yan,M., Bilker,W., Hughett, P., &
Gur, R. E. (1999). Sex differences in brain gray and white matter in
healthy young adults: Correlations with cognitive performance. The
Journal of neuroscience : the official journal of the Society for
Neuroscience, 19(10), 4065–4072.

Hart, C. L., Taylor, M. D., Smith, G. D., Whalley, L. J., Starr, J. M., Hole,
D. J., Wilson, V., & Deary, I. J. (2003). Childhood IQ, social class,
deprivation, and their relationships with mortality andmorbidity risk
in later life: Prospective observational study linking the Scottish
mental survey 1932 and the Midspan studies. Psychosomatic
Medicine, 65(5), 877–883.

Invidia, L., Salvioli, S., Altilia, S., Pierini, M., Panourgia, M. P., Monti,
D., De Rango, F., Passarino, G., & Franceschi, C. (2010). The fre-
quency of klotho KL-VS polymorphism in a large Italian popula-
tion, from young subjects to centenarians, suggests the presence of
specific time windows for its effect. Biogerontology, 11(1), 67–73.

Jaddoe, V. W., van Duijn, C. M., Franco, O. H., van der Heijden, Albert,
J., van IIzendoorn, M. H., de Jongste, J. C., van der Lugt, A.,
Mackenbach, J. P., Moll, H. A., & Raat, H. (2012). The generation
R study: Design and cohort update 2012. European Journal of
Epidemiology, 27(9), 739–756.

Jensen, A.R. (1998). The g factor: The science of mental ability. : JSTOR.
Jernigan, T. L., Brown, T. T., Hagler, D. J., Akshoomoff, N., Bartsch, H.,

Newman, E., Thompson, W. K., Bloss, C. S., Murray, S. S., &
Schork, N. (2016). The pediatric imaging, neurocognition, and ge-
netics (PING) data repository. NeuroImage, 124, 1149–1154.

Kim, H., & Jeong, B. (2016). Lack of functional KL-VS polymorphism
of the KLOTHO gene in the Korean population. Genetics and
Molecular Biology, 39(3), 370–373.

Kooijman, M. N., Kruithof, C. J., van Duijn, C. M., Duijts, L., Franco, O.
H., van IJzendoorn, M. H., de Jongste, J. C., Klaver, C. C., van der
Lugt, A., & Mackenbach, J. P. (2016). The generation R study:
Design and cohort update 2017. European Journal of
Epidemiology, 31(12), 1243–1264.

Kuro-o, M., Matsumura, Y., Aizawa, H., Kawaguchi, H., Suga, T.,
Utsugi, T., Ohyama, Y., Kurabayashi, M., Kaname, T., & Kume,
E. (1997). Mutation of the mouse klotho gene leads to a syndrome
resembling ageing. Nature, 390(6655), 45–51.

Kurosu, H., Yamamoto, M., Clark, J. D., Pastor, J. V., Nandi, A., Gurnani,
P., McGuinness, O. P., Chikuda, H., Yamaguchi, M., Kawaguchi,

224 Brain Imaging and Behavior (2020) 14:213–225

https://doi.org/10.1073/pnas.022484299
https://doi.org/10.1073/pnas.022484299
https://doi.org/10.3389/fninf.2014.00025.
https://doi.org/10.3389/fninf.2014.00025.
https://doi.org/10.1523/JNEUROSCI.2080-12.2013
https://doi.org/10.1523/JNEUROSCI.2080-12.2013
https://doi.org/10.1016/j.neurobiolaging.2017.02.019
https://doi.org/10.1016/j.neurobiolaging.2017.02.019
https://doi.org/10.1073/pnas.0811910106
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1016/j.neuroimage.2012.01.021
https://doi.org/10.1212/WNL.0b013e3182872e5f


H., Shimomura, I., Takayama, Y., Herz, J., Kahn, C. R., Rosenblatt,
K. P., & Kuro-o, M. (2005). Suppression of aging in mice by the
hormone klotho. Science (New York, N.Y.), 309(5742), 1829–1833.

Laszczyk, A. M., Fox-Quick, S., Vo, H. T., Nettles, D., Pugh, P. C.,
Overstreet-Wadiche, L., & King, G. D. (2017). Klotho regulates
postnatal neurogenesis and protects against age-related spatial mem-
ory loss. Neurobiology of Aging, 59, 41–54.

Lenroot, R. K., & Giedd, J. N. (2006). Brain development in children and
adolescents: Insights from anatomical magnetic resonance imaging.
Neuroscience & Biobehavioral Reviews, 30(6), 718–729.

Luo, Y., &Waite, L. J. (2005). The impact of childhood and adult SES on
physical, mental, and cognitive well-being in later life. The Journals
of Gerontology. Series B, Psychological Sciences and Social
Sciences, 60(2), S93–S101.

Lupien, S. J., King, S., Meaney, M. J., & McEwen, B. S. (2000). Child’s
stress hormone levels correlate with mother’s socioeconomic status
and depressive state. Biological Psychiatry, 48(10), 976–980.

Mengel-From, J., Soerensen, M., Nygaard, M., McGue, M., Christensen,
K., & Christiansen, L. (2016). Genetic Variants in KLOTHO
Associate With Cognitive Function in the Oldest Old Group. The
Journals of Gerontology. Series A, Biological Sciences and Medical
Sciences, 71(9), 1151–1159. https://doi.org/10.1093/gerona/glv163.

Muetzel, R. L., Blanken, L. M., van der Ende, J., El Marroun, H., Shaw, P.,
Sudre, G., van der Lugt, A., Jaddoe, V. W., Verhulst, F. C., &
Tiemeier, H. (2017). Tracking brain development and dimensional
psychiatric symptoms in children: A longitudinal population-based
neuroimaging study. American Journal of Psychiatry, 175(1), 54–62.

Navarro-Gonzalez, J. F., Donate-Correa, J., Muros de Fuentes, M., Perez-
Hernandez, H., Martinez-Sanz, R., & Mora-Fernandez, C. (2014).
Reduced klotho is associated with the presence and severity of cor-
onary artery disease.Heart (British Cardiac Society), 100(1), 34–40.
https://doi.org/10.1136/heartjnl-2013-304746.

Noble, K. G., Houston, S. M., Brito, N. H., Bartsch, H., Kan, E.,
Kuperman, J. M., Akshoomoff, N., Amaral, D. G., Bloss, C. S., &
Libiger, O. (2015). Family income, parental education and brain
structure in children and adolescents. Nature Neuroscience, 18(5),
773–778.

Piccolo, L. R., Merz, E. C., He, X., Sowell, E. R., & Noble, K. G. (2016).
Age-related differences in cortical thickness vary by socioeconomic
status. PLoS One, 11(9), e0162511.

Prather, A., Epel, E., Arenander, J., Broestl, L., Garay, B., Wang, D., &
Dubal, D. (2015). Longevity factor klotho and chronic psychologi-
cal stress. Translational Psychiatry, 5(6), e585.

Sargolzaei, S., Sargolzaei, A., Cabrerizo, M., Chen, G., Goryawala, M.,
Pinzon-Ardila, A., Gonzalez-Arias, S. M., & Adjouadi, M. (2015).
Estimating intracranial volume in brain research: An evaluation of
methods. Neuroinformatics, 13(4), 427–441.

Semba, R. D., Cappola, A. R., Sun, K., Bandinelli, S., Dalal, M., Crasto,
C., Guralnik, J. M., & Ferrucci, L. (2011). Plasma klotho and mor-
tality risk in older community-dwelling adults. The Journals of
Gerontology.Series A, Biological Sciences and Medical Sciences,
66(7), 794–800. https://doi.org/10.1093/gerona/glr058.

Spearman, C. (1904). " general intelligence," objectively determined and
measured. The American Journal of Psychology, 15(2), 201–292.

Staff, R. T., Murray, A. D., Ahearn, T. S., Mustafa, N., Fox, H. C., &
Whalley, L. J. (2012). Childhood socioeconomic status and adult

brain size: Childhood socioeconomic status influences adult hippo-
campal size. Annals of Neurology, 71(5), 653–660.

Tellegen, P., Winkel, M., Wijnberg-Williams, B., & Laros, J. (2005).
Snijders-Oomen niet-verbale intelligentietest SON-R 2, 5–7.
Amsterdam: Boom Testuitgevers.

Tiemeier, H., Velders, F. P., Szekely, E., Roza, S. J., Dieleman, G., Jaddoe,
V. W., Uitterlinden, A. G., White, T. J., Bakermans-Kranenburg, M.
J., & Hofman, A. (2012). The generation R study: A review of
design, findings to date, and a study of the 5-HTTLPR by environ-
mental interaction from fetal life onward. Journal of the American
Academy of Child & Adolescent Psychiatry, 51(11), 1119–1135. e7.

Usuda, J., Ichinose, S., Ishizumi, T., Ohtani, K., Inoue, T., Saji, H.,
Kakihana, M., Kajiwara, N., Uchida, O., Nomura, M., Tsutsui, H.,
Ohira, T., & Ikeda, N. (2011a). Klotho is a novel biomarker for good
survival in resected large cell neuroendocrine carcinoma of the lung.
Lung Cancer, 72, 355–359. https://doi.org/10.1016/j.lungcan.2010.
10.008.

Usuda, J., Ichinose, S., Ishizumi, T., Ohtani, K., Inoue, T., Saji, H.,
Kakihana, M., Kajiwara, N., Uchida, O., Nomura, M., Ohira, T.,
& Ikeda, N. (2011b). Klotho predicts good clinical outcome in pa-
tients with limited-disease small cell lung cancer who received sur-
gery. Lung Cancer, 74, 332–337. https://doi.org/10.1016/j.lungcan.
2011.03.004.

Van Elderen, S. S., Zhang, Q., Sigurdsson, S., Haight, T. J., Lopez, O.,
Eiriksdottir, G., Jonsson, P., de Jong, L., Harris, T. B., Garcia, M.,
Gudnason, V., van Buchem, M. A., & Launer, L. J. (2016). Brain
volume as an integrated marker for the risk of death in a community-
based sample: Age gene/environment susceptibility-Reykjavik
study. The journals of gerontology.Series A, Biological sciences
and medical. sciences, 71(1), 131–137. https://doi.org/10.1093/
gerona/glu192.

Whalley, L. J., & Deary, I. J. (2001). Longitudinal cohort study of child-
hood IQ and survival up to age 76. BMJ (Clinical research ed.),
322(7290), 819.

White, T., Muetzel, R. L., El Marroun, H., Blanken, L. M., Jansen, P.,
Bolhuis, K., Kocevska, D., Mous, S. E.,Mulder, R., & Jaddoe, V.W.
(2018). Paediatric population neuroimaging and the generation R
study: The second wave. European Journal of Epidemiology,
33(1), 99–125.

Wilke, M., Krägeloh-Mann, I., & Holland, S. K. (2007). Global and local
development of gray and white matter volume in normal children
and adolescents. Experimental Brain Research, 178(3), 296–307.

Wilke, M., Holland, S. K., Altaye, M., & Gaser, C. (2008). Template-O-
Matic: A toolbox for creating customized pediatric templates.
NeuroImage, 41(3), 903–913.

Yokoyama, J. S., Sturm, V. E., Bonham, L. W., Klein, E., Arfanakis, K.,
Yu, L., Coppola, G., Kramer, J. H., Bennett, D. A., & Miller, B. L.
(2015). Variation in longevity gene KLOTHO is associated with
greater cortical volumes. Annals of clinical and translational neu-
rology, 2(3), 215–230.

Yokoyama, J. S., Marx, G., Brown, J. A., Bonham, L. W., Wang, D.,
Coppola, G., Seeley, W. W., Rosen, H. J., Miller, B. L., & Kramer,
J. H. (2017). Systemic klotho is associated with KLOTHO variation
and predicts intrinsic cortical connectivity in healthy human aging.
Brain Imaging and Behavior, 11(2), 391–400.

Brain Imaging and Behavior (2020) 14:213–225 225

https://doi.org/10.1093/gerona/glv163
https://doi.org/10.1136/heartjnl-2013-304746.
https://doi.org/10.1093/gerona/glr058
https://doi.org/10.1016/j.lungcan.2010.10.008
https://doi.org/10.1016/j.lungcan.2010.10.008
https://doi.org/10.1016/j.lungcan.2011.03.004
https://doi.org/10.1016/j.lungcan.2011.03.004
https://doi.org/10.1093/gerona/glu192.
https://doi.org/10.1093/gerona/glu192.

	Klotho gene polymorphism, brain structure and cognition in early-life development
	Abstract
	Introduction
	Methods
	Participants
	PING sample
	Generation R sample

	Image acquisition and processing
	PING sample
	Generation R sample

	Cognitive testing
	PING sample
	Generation R sample

	Statistical analysis
	PING - cognition
	PING - brain imaging
	Generation R replication


	Results
	Cognition
	Brain analysis

	Discussion
	References




