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Abstract

Background Cognitive performance changes during the lifespan, but the information is gathered from studies on separate
age cohorts. Computerized neurocognitive testing enables efficient and similar assessments for all ages. We investigated (i)
the effect of age at different stages of life and (ii) intergenerational correlations across cognitive domains in the multigen-
erational Young Finns Study.

Methods Participants in three familiarly related generations (n=6486, aged 7-92 years) performed the Cambridge Neu-
ropsychological Test Automated Battery (CANTAB). Overall cognitive performance and domains representing learning
and memory, working memory, information processing, and reaction time were extracted by common principal component
analysis from the cognitive data with several age groups. Linear models were used to study the association of age, sex, and
education with overall cognitive performance and in the cognitive domains. Age-adjusted intergenerational correlations
were calculated.

Results Learning and memory peaked earlier during the lifespan compared to working memory and information processing,
and the rate of decline toward old age differed by domain. Weak intergenerational correlations existed between two consecu-
tive generations but were nonsignificant between grandparents and grandchildren. There was no systematic sex-specific
transmission in any cognitive domain.

Conclusion This study describes the natural course of cognitive performance across the lifespan and proves that cognitive
performance changes differently across cognitive domains with weak intergenerational transmission.

Keywords Cognitive performance - Lifespan - CANTAB - Neurocognitive testing - Multigenerational study

Introduction

Cognitive performance develops rapidly from infancy
throughout childhood, with differing trajectories between
cognitive domains; for example, executive function develops
later than memory [1-5]. Young adulthood is considered
the peak of cognitive ability [6, 7], whereas in adulthood,
cognitive performance starts to decrease with accelerated
deterioration in old age [7-9]. Understanding the natural
course of the development and decline of cognitive perfor-
mance in different stages of life is essential to distinguish
a cognitive function trajectory that deviates from a healthy
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one. However, information on cognitive performance across
the lifespan is gathered from studies on separate age cohorts
using different cognitive tests, whereas large-scale stud-
ies assessing cognitive performance using similar testing
methodologies for all ages are scarce. In one such study,
Swagerman et al. reported nonlinear associations with age
in different cognitive domains in a Dutch population rang-
ing in age from 10 to 86 years; however, even in this study,
the majority of the participants were adolescent twins [10].
There are no prior large-scale cohort studies in which data
on cognitive performance have been systematically collected
using identical methods for participants whose age range
covers the whole lifespan from childhood to old age in three
familiarly related generations.
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The heritability of cognitive performance is well estab-
lished by twin and adoption studies, which have shown that
cognitive performance is inherited both genetically and due
to environmental influences, such as rearing parents’ edu-
cational level [10—12]. The genetic heritability of cognitive
performance has recently been assessed by examining the
genetic influence of common variants in unrelated individu-
als [11, 13]. The magnitude of the genetic effect on cognitive
performance varies with age, and heritability of general cog-
nitive ability has been suggested to increase from approxi-
mately 20% in infancy to 60% in adulthood but to decrease
toward old age [12—15]. In addition, heritability may dif-
fer by cognitive domain [10, 16]. Previous family studies,
mostly of smaller cohorts, have suggested that there is a link
between parents’ and offspring’s cognitive performance, that
the transmission of cognitive abilities may be sex-specific
[17-19] and that it may extend even between grandparents
and grandchildren [20]. However, cohorts that could couple
sex-specific detailed data on cognitive performance between
two generations, and especially between three generations,
do not exist.

We leveraged our unique three-generational cohort of the
Cardiovascular Risk in Young Finns Study (YFS), which
included 6486 participants aged 7 to 92 years, to study (i)
the natural course of cognitive performance from child-
hood to old age and (ii) the intergenerational correlation of
cognitive performance across different cognitive domains.
This setting enables us to investigate cognitive performance
throughout the lifespan with a similar, modern cognitive
testing methodology for all participants in our large-scale
cohort. Furthermore, exploring the heritability of cognitive
abilities across three familiarly related generations provides
complementary evidence for previous results derived from
twin and adoption studies.

Materials and methods
Experimental design

The long-standing national multicenter Cardiovascular Risk
in Young Finns Study (YFS) was originally designed to pro-
vide evidence on the importance and timing of early-life
genetic and environmental exposures in the development
of cardiovascular diseases [21]. In 1980, 3596 participants
(boys and girls) aged 3—18 years were recruited from five
cities and their surrounding rural communities. The origi-
nal cohort G1 was followed up every 3-6 years. The lat-
est follow-up study was conducted in 2018-2020, in which
the data collection was expanded to three familiarly related
generations: grandparents (GO; aged 59-92 years), par-
ents (the original YFS participants G1; aged 41-56 years),
and offspring (G2; aged 3-37 years). In total, N=12,853

subjects were invited, and N=7341 (57.1%) provided data
in the first multigenerational YFS field study. Individuals
with diagnosed cognitive impairment and/or severe restric-
tions in movement abilities were excluded from the study. A
total of 6753 (52.5%) participants attended the study visit,
while 588 participants provided questionnaire data only. The
generation-specific participation rates for participants who
attended the study visit were 64.2% for the original partici-
pants (G1; n=2064; females 54.8%), 54.5% for the parents
of the original participants (GO; n=2146; females 60.6%),
and 44.6% for the offspring of the original participants (G2;
n=2543; females 54.9%).

Cognitive performance measurement

Cognitive performance was assessed during the clinical
study visit. Due to the blood samples included in the study
protocol, the participants arrived at the study visit after fast-
ing and having avoided smoking for at least 4 h. They were
also instructed to avoid heavy physical activity and drink-
ing alcohol beginning the previous evening before the study
visit. Before the cognitive testing, the subjects were provided
with a light snack containing a whole meal oat-based snack
biscuit, a fruit/berry oat drink, or weak fruit/berry juice.
In total, N=6610 (98%) of the participants who came to
the clinical study visit also provided data on cognitive per-
formance. Since the cognitive test battery was modified for
3—6-year-old children, they were excluded from the present
study. Hence, the generation-specific numbers of partici-
pants who successfully went through the cognitive testing
protocol reported in this study were N=2030 (95%) for the
original YFS participants (G1), N=2025 (83%) for their
parents (GO) and N=2431 (99%) for their children (G2).
Cognitive testing was performed using a computer-based
cognitive test battery (CANTAB®). The CANTAB® is a
computerized, predominantly nonlinguistic and culturally
neutral test focusing on a wide range of cognitive domains.
The test was performed using a validated touchscreen com-
puter system. The full test battery includes more than 20
individual tests, from which a suitable test battery for each
particular study may be selected. The test battery selected
for the extended YFS field study included five separate tests
that are sensitive enough to capture variation even within the
cognitively healthy cohort. The tests selected for the YFS
test battery measure four cognitive domains: (1) visual and
episodic memory and visuospatial associative learning, (2)
short-term and spatial working memory and problem solv-
ing, (3) reaction and movement speed and accuracy, and
(4) visual processing, recognition, and sustained attention.
The test battery was identical for all participants. A study
nurse administered the test to all participants and ensured
that there was no misunderstanding related to performing
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the test. Voice-over instructions were provided by the
CANTAB® software in Finnish.

First, the participants completed the motor screening
(MOT) test, which measures psychomotor speed and accu-
racy. In the YFS cognitive testing protocol, the MOT test
was considered a training procedure that introduced the test
equipment to the participants. Simultaneously, the MOT test
was used as a screening tool to indicate any difficulties in
vision, movement, comprehension, or ability to follow the
test instructions. During the MOT test, a series of red crosses
were shown in different locations on the screen, and the par-
ticipants were advised to touch, as quickly as possible, the
center of the cross every time it appeared. The MOT test
was identical for all participants regardless of age. After
the MOT test, four separate tests each measuring a specific
cognitive domain were conducted.

Learning and memory was assessed using paired associ-
ates learning (PAL) test, which measures visual and episodic
memory and visuospatial associative learning and includes
aspects of both delayed response procedures and conditional
learning. Either 2, 4, 6, 8, or 12 patterns were displayed
sequentially in boxes placed on the screen during the PAL
test. After that, the patterns were presented in the center of
the screen, and the participants were supposed to point to the
box in which the particular pattern was previously seen. The
test moves on to the next stage if all the patterns are placed
in the right boxes. In the case of an incorrect response, all
the patterns were redisplayed in their original locations, and
another recall phase was performed. The test terminated if
the patterns were still incorrectly placed after 4 presentation
and recall phases.

Working memory was assessed using spatial working
memory (SWM) test, which is used to measure the ability
to retain spatial information and manipulate items stored in
working memory, problem solving and self-organized search
strategies. During the SWM test, the participants were pre-
sented with 3, 4, 6, 8, or 12 randomly distributed colored
boxes on the screen. After that, the participants were sup-
posed to search for tokens hidden in the boxes. When a token
was found, it was supposed to be moved to fill an empty
panel on the right-hand side of the screen. Once the token
had been removed from the box, the participant had to recall
that the computer would never hide a new token in a box that
previously contained one; therefore, the participants were
not supposed to revisit the same boxes.

Information processing was evaluated using rapid visual
information (RVP) test, which is used to assess visual pro-
cessing, recognition, and sustained attention. In this test,
the participant was presented with three number sequences
(3-5-7, 2-4-6, and 4-6-8) next to a large box where
the number 1-9 appeared in a random order at a rate of
100 numbers per minute. Whenever any of the particular
sequences were presented, the participant was supposed to
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press a touchscreen button. Altogether, nine target sequences
were presented at 100-s intervals during the 6-min assess-
ment phase. During the practice phase, the participant was
given visual cues (i.e., colored or underlined numbers) to
help him or her recognize the particular sequence. At the
assessment phase, the cues were no longer presented.
Reaction time was evaluated using reaction time (RTI)
test, which assesses the speed of response and movement as
well as accuracy on a task where the stimulus was unpre-
dictable (five-choice location task). Five large circles were
presented on the screen, and the participant was supposed to
press down a touchscreen button at the bottom of the screen
and wait until a small yellow spot appeared in any of the five
large circles. When the yellow spot appeared, the participant
was supposed to touch the yellow spot as soon as possible
with the same hand that was pressing the touchscreen button.

Age and education

Age was defined in full years at the end of the year 2018.
Education years were queried from all participants aged
18 years and older. In Finland, the mean age at which sec-
ondary education is completed is 28 years. According to
our data, 492 (92%) of the 533 participants who reported
studying were at most 28 years old. Thus, we considered the
own education of the participants aged 28 years and older.
For participants aged 18-28 years, their own education was
provided if the participant did not report full- or part-time
studying. For all participants aged under 18 years and par-
ticipants aged 18-28 years who reported studying, paren-
tal education years were considered (the maximum years
of parental education for those participants with data for
both parents). Hence, for adults (excluding students), educa-
tion reflects self-acquired cognitive reserve, while for under
18-year-old participants and students, parental education
reflects socioeconomic status.

Statistical methods

The CANTAB® test produced several variables, the detailed
information of which is presented in Online Resource 1.
We used Flury’s common principal component analysis [22]
to derive the principal component scores for (i) across all
domains/whole CANTAB® test battery and (ii) separately
for each measured cognitive domain/each of the four sepa-
rate subtests. The main idea of this method is to conduct
a principal component analysis for a dataset arranged in
multiple groups. This approach allows the groups to have
different means, variances, and correlations but assumes
that the principal components are the same in those groups.
Given that cognitive performance may differ between gen-
erations and among participants of different ages, we defined
six groups as the input for the analysis: GO, G1, G2 (aged
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25-37 years; adulthood), G2 (18-24 years; young adult-
hood), G2 (13-17 years; adolescence) and G2 (7-12 years;
childhood). The G2 generation (children of the original YFS
participants) was divided into four age windows because
we wanted to recognize the possible variation in cognitive
performance within different developmental phases. We
standardized the variables of cognitive performance before
the analysis and subsequently windsorized a few outlying
values (> 10 SDs from the mean) to+ 10 to control for any
disproportionate influence. Common principal component
analysis was implemented with the multigroup package in
R (version 4.1.3). Participants’ first, second, and third prin-
cipal component scores were extracted, and the first prin-
cipal component scores were chosen to represent overall
cognition as well as cognitive domains representing learn-
ing and memory, working memory, information processing,
and reaction time. This selection was based on the largest
amount of explained variance compared to the following
principal components as well as reasonable variable load-
ings of the relevant key variables within each cognitive test.
The sign of each principal component was assigned so that
higher principal component scores indicate better test per-
formance (e.g., less errors, shorter latency times, and bet-
ter accuracy). For reaction time, the distribution of partici-
pants’ first principal scores was skewed, while for the other
domains, the first principal scores were normally distributed
according to visual inspection.

We estimated the means of cognitive performance in dif-
ferent domains across the age range of 7-92 years nonpara-
metrically by Loess smoothing, which uses locally weighted
polynomial regression in the estimation of the smooth fit.
Visualization of the cognitive performance trajectories was
based on these estimates. For the subsequent analyses, the
first principal component scores for each domain were stand-
ardized such that 20-29-year-old participants (20 <age < 30)
had a mean value of 0 and standard deviation of 1, as cog-
nitive performance was observed to be at its highest dur-
ing this age period based on the visualization. Therefore,
the values reported for each generation describe how many
standard deviations the given principal component scores
differ from those of 20-29-year-old participants. In addi-
tion, cognitive performance was visualized in similar man-
ner using the second and third principal component scores,
and additional analyses were conducted if visual inspection
suggested age-related changes in these components.

The associations between age, sex, and education and
overall cognitive performance and the specific cogni-
tive domains were studied using generation-specific lin-
ear models. Furthermore, for the G2 generation, models
were created for each of the four age groups to capture the
increasing developmental trajectory of cognitive perfor-
mance at a young age. The exposure variables age, sex, and
education were entered simultaneously into the cognitive

domain-specific models. Age was first linearly represented,
after which a quadratic term for age was applied (age2) to
allow for a nonlinear association between age and cognitive
performance (as suggested by Loess fits). Model residu-
als were homoscedastic and normally distributed by visual
inspection except for reaction time, the distribution was
skewed. Therefore, we tested the 1/x transformation for
reaction time. Due to easier interpretability, untransformed
results are shown in Tables 3 and 4. Linear models were
generated using SAS 9.4 (SAS Institute, Cary, North Caro-
lina, USA) software, and the level of statistical significance
was set at p <0.05.

We estimated intergenerational correlations among the
first principal component scores representing each cognitive
domain by calculating partial Pearson’s correlation (partial
Spearman’s rank correlation for reaction time) between GO
and G1, G1 and G2, and GO and G2. The analyses were
stratified for sex and adjusted for age. Hence, we obtained
age-adjusted correlations between mothers and daughters,
mothers and sons, fathers and daughters, and fathers and
sons in GO and G1 as well as in the G1 and G2 generations.
For GO and G2, sex-specific and age-adjusted correlations
were calculated between grandparents and grandchildren.
The intergenerational correlation analyses were conducted
using the ppcor package (version 1.1) in R. Correlations
with p <0.05 were considered to be statistically significant.

Results
Characteristics of the study population

In total, 6486 individuals completed cognitive testing suc-
cessfully in at least one cognitive domain. The partici-
pants’ cognitive data were missing for (i) technical reasons
(n=33), (i1) unwillingness to participate in some of the tests
(n="1776), (iii) distraction caused by a study nurse or the
environment (n=11), and (iv) unknown reasons (n=96).
The number of participants for each generation and sex, as
well as the number of parent/offspring and grandparent/
grandchild dyads, are shown in Fig. 1. The characteristics
of the three-generational study population, generation-spe-
cific characteristics, and domain-specific numbers of par-
ticipants with cognitive performance data are presented in
Table 1. Within the complete three-generational population,
the mean age was 45.3 years (range 7.0-92.0), and 56.7%
were females. The mean age of generation G1, the original
YES participants, was 48.7 years (range 41.0-56.0), while
in generation GO consisting of their parents, the mean age
was 72.7 years (range 59.0-92.0), and in generation G2
consisting of their children, the mean age was 19.7 years
(range 7.0-37.0). Within each generation, females partici-
pated more actively than males; 55.0% of the original YFS
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Fig. 1 Number of participants within each generation GO, G1, and G2. The blue circles represent males, and the purple circles represent females.

The numbers along the edges denote the numbers of the respective dyads

participants, 60.5% of their parents, and 55.0% of their off-
spring were females. Corresponding data within the G2 gen-
eration age groups are presented in Table 2.

Common principal component analyses

The first three principal components from the analyses
for the whole cognitive test battery represented 36% of
the variation of the entire test. Approximately, half of the
variation was attributed to the first principal component
(18%, Online Resource 1). The first principal component
representing overall cognition within our test battery was
a combination of the components of learning and memory
(PAL), working memory (SWM) and information pro-
cessing (RVP) domains: first-time memory score (PAL
test) and total hits (RVP test) had the highest positive

@ Springer

coefficient for the first principal component, whereas a
number of errors and attempts (8 and 12 patterns; PAL
test) and strategy (SWM test) tended to have the strongest
negative coefficients (Fig. 2). The domain-specific load-
ings within the first three principal components and the
rate of variation they represented are shown in Online
Resource 2. For learning and memory, the first principal
component represented 46% of the variation. The number
of reached patterns and first-time memory score had the
highest positive coefficients, while the strongest negative
coefficients were observed for total attempts (8 and 12
patterns). For working memory, the first principal com-
ponent represented 33% of the variation. No variable had
positive coefficients, and the strongest negative coefficients
were those indicating strategy use, followed by between-
error scores. For information processing, the first principal
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Table 1 Study population characteristics by generation

All participants (n=6486) GO (n=2025) G1 (n=2030) G2 (n=2431)

Age, years 45.3 (7.0-92.0) 72.7 (59.0-92.0) 48.7 (41.0-56.0) 19.7 (7.0-37.0)

Sex, male 2803 (43.3) 799 (39.5) 914 (45.0) 1090 (45.0)

Education, 14.3 (4.0) 11.9 4.1) 15.8 (3.7) 15.2 (3.3)
years

Data on N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD)
cognitive
performance

Overall cogni- 5570 —1.12 (1.51) 1422 —2.87(0.97) 1867 -0.92 (1.17) 2281 —0.19 (1.02)
tive perfor-
mance

Learningand 6215 —1.05(1.48) 1870 —2.51(1.03) 1951 —-0.92 (1.16) 2394 —0.00 (1.01)
memory
(PAL test)

Working 6386 —0.86 (1.19) 1937 —1.84 (0.75) 2022 —0.61 (1.13) 2427 - 0.27 (1.02)
memory
(SWM test)

Information 5773 —-0.46 (1.27) 1534 —1.33(1.24) 1932 0.15(1.03) 2307 -0.40(1.14)
processing
(RVP test)

Reaction time 6366 0.55(1.15) 1937 0.75(0.61) 2016 0.62 (0.37) 2413 0.40 (1.54)
(RTI test)*

The numbers are presented as the means (ranges) for continuous variables and as numbers of participants and percentages for categorical vari-
ables. Self-reported education years were considered for the G1 and GO participants. For the G2 participants, self-reported education years were
applied for all participants aged >28 years. For the participants aged <18 years, a maximum of parental education years was applied. For the
G2 participants aged 19-28 years, parental education years were applied if the participant reported that he/she was studying; otherwise, self-
reported education years were used. The cognitive performance variables are standardized domain specifically in relation to participants aged
20-29 years. Hence, the means (SD) describe how many standard deviations the given principal component differs from the highest values
reached at age 20-29 years

“Due to its nonnormal distribution, the median (interquartile range) is reported for the reaction time (RTI test)

Table 2 Characteristics of the study population within the G2 generation by age group

G2 (age 25-37 years) G2 (age 18-24 years) G2 (age 13-17 years) G2 (age 7-12 years)

(n=662) (n=821) (n=487) (n=461)
Age, years 28.3 (2.8) 21.2 (2.0) 14.8 (1.4) 9.9 (1.7)
Sex, male 293 (44.3) 327 (39.8) 253 (52.0) 217 (47.7)
Education, years 15.0 (2.6) 13.9 (2.8) 16.1 (3.6) 16.5 (3.7)
Data on cognitive performance N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD)
Overall cognitive performance 646 —0.11 (1.03) 802 0.01 (1.01) 471 —0.15(0.91) 362 —0.83(0.93)
Learning and memory (PAL test) 656 —0.15(1.04) 810 0.04 (1.02) 480 0.24 (0.87) 448 —0.14 (1.02)
Working memory (SWM test) 662 —0.05(1.02) 821 —0.01 (1.00) 487 —0.37 (0.87) 457 —0.98 (0.82)
Information processing (RVP test) 650 0.01 (1.02) 814 —0.05 (1.00) 477 —0.69 (0.96) 366 —1.53 (1.00)
Reaction time (RTT test)* 658 0.13(0.92) 820 —0.05(1.02) 486 —0.43(1.34) 449 —0.83 (2.70)

The numbers are presented as the means (ranges) for continuous variables and as numbers of participants and percentages for categorical varia-
bles. Self-reported education years were applied for all participants aged > 28 years. For the participants aged < 18 years, a maximum of parental
education years was applied. For the G2 participants aged 19-28 years, parental education years were applied if the participant reported that he/
she was studying; otherwise, self-reported education years were used. The cognitive performance variables are standardized domain specifically
in relation to participants aged 20-29 years. Hence, the means (SD) describe how many standard deviations the given principal component dif-
fers from the highest values reached at age 20-29 years

“Due to its nonnormal distribution, the median (interquartile range) is reported for the reaction time (RTI test)
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Fig.2 Loadings within the first three principal components for over-
all cognition and for domain-specific principal components. The rows
represent individual test variables obtained from CANTAB®, and the
columns represent the principal components. Blue cells indicate neg-

component represented 47% of the variation. Total hits and
A’ (an indicator of sensitivity to the target sequence) had
the highest positive coefficients, while median response
latency was the variable with the strongest negative coef-
ficient. Finally, for the reaction time, the first principal
component represented 33% of the variation. The median
movement time had the highest positive coefficient, while
the error score due to inaccuracy had the strongest nega-
tive coefficient.
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RTI 1st

PAL — Total attempts (8 patterns)
PAL — Total attempts (12 patterns)
PAL — Total errors (12 patterns, adjusted)
PAL — Total errors (8 patterns, adjusted)
PAL — Total attempts (6 patterns)
PAL — Total errors (6 patterns, adjusted) 0
PAL — Mean errors to succeed
PAL — Total attempts (4 patterns)
PAL - Total errors (4 patterns, adjusted)
PAL — Total errors (2 patterns, adjusted)
PAL — Total attempts (2 patterns)
PAL — Number of reached patterns
PAL — First time memory score
SWM - Strategy (6-8 boxes)
SWM - Strategy (6-12 boxes)
SWM - Strategy (6 boxes only)
SWM - Between errors (8 boxes)
SWM - Between errors (6 boxes)
SWM - Between errors (12 boxes)
SWM - Between errors (4 boxes)
SWM - Double errors (12 boxes)
SWM — Within errors (8 boxes)
SWM - Double errors (8 boxes)
SWM — Within errors (12 boxes)
SWM — Within errors (6 boxes)
SWM - Double errors (6 boxes)
SWM — Within errors (4 boxes)
SWM - Double errors (4 boxes)
RVP — Median response latency
RVP — Probability of false alarm
RVP — Total false alarm
RVP - A’ (sensitivity to target sequence)
RVP — Total hits
RTI — Error score (inaccurate)
- RTI — Error score (premature)
RTI — Error score (no response)
RTI — Median reaction time
RTIl — Median movement time
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i
]
o
&
=
[i%

RTI 3rd

ative and red cells indicate positive loadings according to the legend.
PAL learning and memory, SWM working memory, RVP information
processing, RTI reaction time

Visualization of cognitive performance trajectories

The cognitive performance trajectories of males and females
aged 7-92 years are visualized in Fig. 3. In general, the tra-
jectories indicated the rapid development of cognitive per-
formance during childhood and adolescence and a decline
in cognitive performance toward older age. However, the
trajectories differed between cognitive domains. Learning
and memory reached its peak before the age of 20 years and
then started to decline with an increasing slope in old age.
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Fig.3 Cognitive performance trajectories between ages 7 and 92 years. The data points represent the first principal component scores for each
cognitive domain, colored by the generation according to the legend. The trajectories for females and males were obtained by Loess smoothing

Working memory and information processing increased
steeply at a young age but remained stable or even increased
during adulthood and decreased gradually during old age.
Reaction time had a distinctive trajectory, remaining rather
stable after early age, with a surprisingly mild decline in
old age. As overall cognition was explained mostly by the
components of learning and memory, working memory,
and information processing, its trajectory resembled these
curves. To confirm the nonlinear association of age observed
via visualization, the quadratic term of age was statistically
significant (p <0.001) for all cognitive domains (models not
shown). By visual inspection, sex affects cognitive perfor-
mance, but the differences appear to be modest.

The cognitive performance trajectories based on the
participants’ second and third principal component scores
are visualized in Online Resource 3. For reaction time, the
second principal scores, affected mostly by the negative
loadings of median reaction time and median movement
time (Fig. 2), increased rapidly during the childhood and
declined gradually towards old age (Online Resource 3). For
the other cognitive domains, the second and third principal
component scores remained rather steady, indicating that the
essential information related to age is extracted in the first
principal component scores.

Role of age, sex, and education on cognitive
performance

To formally test the role of age, sex, and education on cog-
nitive performance, we utilized linear models within each
generation to further explore the role of these determi-
nants on cognitive performance. In concordance with the

visualization, age was negatively associated with most of the
cognitive domains in adult generations GO and G1 (Table 3).
In generation G2, which included children, adolescents, and
young adults, the association between age and cognitive per-
formance was positive except for that between learning and
memory (Table 3). Since generation G2 included a wide
age range of participants, they were further analyzed in four
age groups to investigate the development of cognitive per-
formance at a young age (Table 4). In general, the results
highlighted the early development of cognitive performance
in childhood (7-12 years) and adolescence (13—-17 years),
reaching a plateau in young adulthood (18-24 years) and
starting to decrease thereafter (25-37 years). Learning and
memory developed early and reached a plateau during ado-
lescence, while information processing still matured during
adolescence and reached a plateau in young adulthood and
adulthood (Table 4).

Female sex was associated with higher values for learning
and memory and reaction time but lower values for work-
ing memory in all three generations (Table 3, visualized in
Fig. 3). Male sex was associated with greater information
processing in G1 and G2 but not in the oldest GO generation.
Overall cognition was lower in females only in the adult
G1 generation, but there was no sex difference in cognition
between the younger G2 generation and the older GO gen-
eration (Table 3). When investigating sex differences in dif-
ferent age groups within generation G2, better performance
of males in working memory and information processing
and better performance of females in learning and memory
started to become visible during young adulthood (Table 4).
Reaction time was greater in females already in childhood
(Table 4).
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Table 3 Linear associations between age, sex and education and cognitive domains within the generations

Cognitive domain

GO (59-92 years)

f estimate
(95% CI)

G1 (41-56 years)
f estimate
(95% CI)

G2 (7-37 years)

f estimate
(95% CI)

Overall cognition

Learning and memory

‘Working memory

Information processing

Reaction time

Age, years
Female sex
Education, years
Age, years
Female sex
Education, years
Age, years
Female sex
Education, years
Age, years
Female sex
Education, years
Age, years
Female sex

Education, years

—0.05 (—0.06, —0.04)
0.05 (—0.05, 0.15)
0.04 (0.03, 0.06)
—0.05 (= 0.05, —0.04)
0.28 (0.19, 0.38)

0.04 (0.03, 0.05)
—0.02 (=0.03, —0.01)
—0.23 (= 0.30, — 0.16)
0.01 (0.00, 0.02)
—0.06 (—0.07, —0.04)
—0.07 (=0.19, 0.05)
0.07 (0.05, 0.08)
—0.02 (= 0.03, —0.01)
0.21 (0.07, 0.35)

0.00 (—0.02, 0.02)

—0.07 (—0.08, —0.06)
—0.25 (- 0.35, —0.15)
0.06 (0.05, 0.08)
—0.06 (= 0.07, —0.05)
0.09 (—0.01, 0.20)
0.06 (0.04, 0.07)
—0.05 (= 0.06, —0.04)
—0.49 (- 0.59, —0.39)
0.03 (0.02, 0.05)
—0.02 (=0.03, —0.01)
—0.23 (=032, —0.14)
0.08 (0.06, 0.09)

0.02 (0.01, 0.03)

0.25 (0.16, 0.33)
~0.00 (-0.01, 0.01)

0.03 (0.03, 0.04)
~0.03 (—0.12, 0.06)
0.03 (0.01, 0.04)
~0.00 (—0.01, 0.00)
0.12 (0.03, 0.20)

0.03 (0.02, 0.04)

0.05 (0.04, 0.05)
—0.11 (= 0.19, — 0.03)
0.01 (—=0.00, 0.02)
0.08 (0.07, 0.09)
—0.20 (-=0.29, —0.11)
0.03 (0.02, 0.04)

0.05 (0.04, 0.06)

0.52 (0.41, 0.62)
~0.03 (- 0.05, —0.02)

The principal components of cognitive performance were standardized in relation to the age group 20-29 years (20 <age <30). Hence, the
f estimates describe how many standard deviations (95% confidence intervals) the given principal component differs from the highest values

reached at age 20-29 years

Table4 Linear associations between age, sex and education with cognitive domains within the G2 generation in different age groups reflecting
adulthood, young adulthood, adolescence, and childhood

G2 (25-37 years)

G2 (18-24 years)

G2 (13-17 years)

G2 (7-12 years)

Cognitive domain f estimate f estimate f estimate B estimate
(95% CI) (95% CI) (95% CI) (95% CI)
Overall cognition Age, years —-0.05 (-0.08, —0.02) -0.03 (-0.07,0.01) 0.11 (0.05, 0.17) 0.25 (0.19, 0.31)
Female sex —0.09 (-0.25, 0.08) —-0.12 (-=0.27, 0.03) 0.05 (=0.12, 0.23) 0.02 (=0.16, 0.21)

Learning and memory

Working memory

Information processing

Reaction time

Education, years
Age, years
Female sex
Education, years
Age, years
Female sex
Education, years
Age, years
Female sex
Education, years
Age, years
Female sex
Education, years

0.06 (0.03, 0.09)
—0.04 (- 0.07, —0.02)
0.18 (0.01, 0.34)

0.05 (0.02, 0.08)
—0.03 (= 0.06, — 0.00)
—0.23 (- 0.40, — 0.07)
0.025 (- 0.01, 0.06)
0.00 (—0.02, 0.03)
—0.41 (- 0.57, —0.25)
0.10 (0.07, 0.13)

0.02 (—0.00, 0.05)
0.33 (0.19, 0.48)

0.00 (—0.02, 0.03)

0.07 (0.05, 0.10)
—0.01 (=0.05, 0.03)
0.14 (= 0.01, 0.29)
0.05 (0.02, 0.08)
—0.04 (- 0.08, —0.00)
—0.26 (- 0.41, —0.11)
0.06 (0.03, 0.08)

0.01 (—0.03, 0.04)
—0.30 (- 0.45, —0.16)
0.08 (0.06, 0.11)

0.01 (—0.03, 0.05)
0.41 (0.26, 0.56)
—0.01 (=0.04, 0.02)

0.028 (0.00, 0.05)
0.02 (—0.04, 0.08)
0.09 (—0.07, 0.26)
0.01 (=0.01, 0.04)
0.11 (0.05, 0.16)
0.02 (= 0.14, 0.18)
0.02 (0.00, 0.04)
0.21 (0.15, 0.27)
—0.02 (=0.19, 0.16)
0.03 (0.01, 0.05)
0.09 (0.01, 0.18)
0.74 (0.50, 0.98)
—0.05 (= 0.08, —0.02)

0.02 (—0.00, 0.05)
0.13 (0.08, 0.19)
0.04 (—0.15, 0.23)
0.02 (—0.00, 0.05)
0.17 (0.13, 0.21)
0.06 (—0.09, 0.21)
0.01 (=0.01, 0.03)
0.27 (0.20, 0.33)
—0.14 (=0.33, 0.05)
0.03 (0.00, 0.06)
0.12 (0.01, 0.22)
0.68 (0.33, 1.04)
—0.05 (=0.10, 0.00)

The principal components of cognitive performance were standardized in relation to the age group 20-29 years (20 <age <30). Hence, the
B estimates describe how many standard deviations (95% confidence intervals) the given principal component differs from the highest values

reached at age 20-29 years

In generations GO and G1, the association between edu-
cation and cognitive performance was positive and similar
but opposite in magnitude to the estimates of age in all the
other cognitive domains except for reaction time, which
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was not associated with education (Table 3). In the whole
G2 generation, education (parental education for partici-
pants younger than 18 years and students) was positively
associated with overall cognition, learning and memory,
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and information processing (Table 3). When assessing the
effect of education within G2 age groups, parental educa-
tion was positively associated with information processing
but negatively associated with reaction time in childhood
(Table 4). However, during adolescence, parental educa-
tion was positively associated with overall cognition and
working memory in addition to information processing, and
a negative association with reaction time persisted during
adolescence. In young adulthood and adulthood, education
was assessed as the participant’s own education (parental
education for 18-28-year-old participants who were stu-
dents), and the role of education in cognitive performance
resembled that of adult generations GO and G1: education
was positively associated with cognitive performance in all
domains except for reaction time, which was not associated
with education (Table 4).

Finally, additional analyses were performed for reaction
time. First, as the distribution of reaction time was skewed,
the above analysis was repeated using 1/x transformation.
With 1/x transformation, the association of sex was statisti-
cally significant only in the G2 generation, especially during
adolescence and young adulthood (Online Resource 4). Sec-
ond, as the visualization of the second principal component
scores revealed age-related changes in reaction time (Online
Resource 3), similar linear models as above were created
using second principal component scores of reaction time
which reflects reaction and movement time. In this analysis,
reaction time increased rapidly in childhood, and started to
decline in adulthood towards old age mostly without differ-
ences between sexes (Online Resource 5).

Intergenerational correlations of cognitive
performance

The age-adjusted intergenerational correlations of cognitive
performance stratified by sex are presented in Fig. 4. For
overall cognition, the correlation coefficients varied between
0.14 and 0.24, and all the correlations were statistically sig-
nificant. Correlations mostly of similar magnitude were
observed for learning and memory, information process-
ing, and working memory. The highest correlation, »=0.31
(p<0.001), was observed in information processing between
GO mothers and their G1 sons. For reaction time, correla-
tions between family members were mostly close to zero.
The correlations between GO and G1 and between G1 and
G2 were relatively similar in magnitude, suggesting that age
has no major effect on intergenerational correlations between
family members. Correlation coefficients between GO and
G1 are reported in detail in Online Resource 6, and those
between G1 and G2 are reported in Online Resource 7.
Corresponding age-adjusted sex-specific correlation
coefficients between grandparent GO and grandchild G2
are reported in Online Resource 8. Between these two

generations, the correlations were weak. Statistically sig-
nificant correlations were observed only in learning and
memory between grandmothers and grandsons (r=0.11,
p=0.020) and grandfathers and grandsons (r=0.17,
p=0.009) and in information processing between grand-
mothers and grandsons (r=0.11, p=0.049).

For reaction time, correlations were additionally calcu-
lated using the second principal component scores reflecting
reaction and movement time. Weak but statistically signifi-
cant correlations were observed between G1 and G2, but not
between the other generations (Online Resource 9).

Discussion

This study aimed to explore (i) the effect of age at different
stages of life and (ii) intergenerational associations across
cognitive domains. We utilized a computerized neurocog-
nitive testing platform, CANTAB®, to assess cognitive
performance with an identical testing procedure for all age
groups in our epidemiologic cohort study, which included
participants in three familiarly related generations. We used
common principal component analysis to summarize the rich
raw data obtained from the CANTAB® test battery to form
a single measure of overall cognition as well as of cognitive
domains related to learning and memory, working memory,
information processing, and reaction time. Trajectories of
cognitive performance across lifespan differed between cog-
nitive domains. While intergenerational correlations existed
between two consecutive generations, they were mostly
weak and lacked systematic sex-specific transmission.

We have previously shown that principal component
analysis is a valid data reduction method for analyzing
CANTAB® data [23]. In the present work, we extended this
idea and used common principal component analysis with
specific age groups to allow different means and standard
deviations for each age group, reflecting differences in gains
and losses of cognitive performance in different stages of
life. The benefit of this method is that by extracting the
first principal component, we obtained a single test score
describing cognitive performance in each cognitive domain
rather than reporting multiple different error scores and
latency times. In the present dataset, we observed known
sex-specific differences, such as females’ better performance
in learning and memory and males’ better performance in
information processing and working memory [24-26]. Fur-
thermore, we observed that education is positively associ-
ated with cognitive performance, which is in line with the
findings of previous studies indicating that years of educa-
tion enhance cognitive reserve [27, 28]. Parental education
was positively associated especially with information pro-
cessing and working memory, supporting the literature on
the positive effect of parental education and socioeconomic
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Overall cognition

Learning and memory

grand-
fathers

0.09

daughters
0.14

Information processing Reaction time

e O : grand.) 09 0.1
fathers fathers

0.04

0.07

0.05

daughters
-0.01 0.06

adjusted Pearson’s correlations (Spearman correlations for reaction
time). Statistically significant correlations are shown as black arrows,
and nonsignificant correlations are shown as gray arrows

Fig.4 Intergenerational correlations between family members within
each cognitive domain. The blue circles represent males, and the pur-
ple circles represent females. The numbers next to the arrows are age-

@ Springer



Journal of Neurology (2024) 271:7294-7308

7305

status on offspring’s cognitive performance [29]. As sex
and education are two well-known determinants of cogni-
tive performance, replicating these known results with our
dataset further validates the applicability of common prin-
cipal component analysis to CANTAB® data. While the first
principal component of the whole dataset describing overall
cognition within our test battery explained only 18% of the
variation, domain-specific explained variations were greater:
33% for both reaction time and working memory, 46% for
learning and memory, and 47% for information processing.
Therefore, we focus on domain-specific results.

It is well known that cognitive performance changes
during the lifespan, but the information is mostly gathered
from separate study populations in different age groups
with differing methods of neurocognitive assessment. Cog-
nitive performance is studied mostly from the perspective
of general cognitive ability, which has been schematically
described as an inverted U-curve [7]. In recent years, spe-
cific cognitive domains have been studied in more detail,
and it has become evident that different cognitive domains
both develop and decline at varying rates, modifying the
shape of the developmental curve differently across cog-
nitive domains [2, 3]. In the present study, we observed a
rise in cognitive performance at an early age, reaching a
plateau around young adulthood, and a decline toward old
age, suggesting that our data roughly follow the inverted
U-curve. However, the shapes of the cognitive trajectories
differed between cognitive domains. Learning and memory
developed rapidly in childhood, peaked in adolescence,
and started to decrease already in young adulthood, with
an increasing slope toward old age. Working memory and
information processing matured later and were at their high-
est levels during adulthood with longer plateaus, decreasing
more gradually toward older age. These results are in line
with observations derived from traditional psychometric
tests [30]. Fluid cognitive abilities, which refer to the ability
to learn and solve new problems without previously acquired
knowledge, mature early and start to decline around mid-
twenties onward, whereas crystallized cognitive abilities,
which depend on learning and cultural influences and reflect
experience based on acquired knowledge, such as informa-
tion processing, mature later and continue to improve in
adulthood [31]. Domain-specific trajectories in cognitive
performance resemble heterochronic development and dete-
rioration of gray matter volume, for which the peak of the
inverted U-curve occurs at different age for different regions
of cerebral cortex [7, 32, 33]. Similar cognitive domain-
specific findings were also reported among the Dutch popu-
lation covering almost the whole lifespan [10]. The findings
of the present cross-sectional study across the lifespan are
also in line with our recent longitudinal study among the
original YFS participants (G1 cohort in the present study),
in which we reported that age is associated with the change

in cognitive performance so that those in late midlife have
experienced a greater decline compared to those in their for-
ties, supporting the nonlinear effect of age observed in the
present study [34].

Surprisingly, the trajectories of reaction time remained
relatively stable during the lifespan when considering
the first principal component scores. This could be partly
explained by the test variables loaded in the first principal
component, which were error scores due to inaccuracy and
median movement time. Thus, the first component reflects
not only reaction time, as error-free performance is rewarded
in its computation. In the second principal component, the
median reaction and movement time were loaded more com-
pared to measures of accuracy, and an increase at young
age and a decrease towards old age was observed. Our
result obtained using the second principal component is in
line with the study among the Dutch population, in which
the rate of age-related decline was particularly strong for
measures of cognitive speed [10]. The simple reaction time
increases with age but is only approximately two millisec-
onds in a decade [35]. On the other hand, older adults may
favor accuracy over speed, whereas younger individuals aim
to balance speed and accuracy [36]. The first principal com-
ponents of reaction time in the present study included both
speed and accuracy, which may explain the relatively stable
trajectory across the lifespan observed in our study, possibly
representing different strategies at different ages for tasks
involving speed-accuracy compromise.

The effect of sex was mostly in agreement with the litera-
ture [24-26] as well as with our previous study among the
original YFS population (G1): females outperformed males
in memory and learning, while males performed better in
working memory and information processing [23]. How-
ever, according to visual inspection of the sex-specific tra-
jectories, the differences between sexes were mostly modest,
and they started to become visible in adolescence or young
adulthood. This finding is in line with previous literature
reporting that while there may be sex-specific differences
during cognitive development, these differences are usually
small [1, 37].

The heritability of cognitive performance has been stud-
ied mostly in twin and adoption studies. While traditional
research has focused on general cognitive function, more
recent studies have examined different cognitive domains. A
recent large meta-analysis reviewing monozygotic—dizygotic
comparisons concluded that the average heritability across
different specific cognitive domains was 56%, similar to that
of general cognitive function [16]. However, the magnitude
of heritability varies widely across cognitive domains [10,
16]. In addition, while the heritability of general cognitive
function increases from approximately 20% in infants to 60%
in adults, specific cognitive domains do not show a similar
developmental increase, and in some domains, heritability
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decreases with increasing age [16]. In the present study,
the intergenerational correlations between two consecutive
generations were mostly statistically significant but weak.
In addition, the correlations between grandparents (GO)
and parents (G1) as well as between parents (G1) and their
offspring (G2) were similar in magnitude, suggesting that
intergenerational correlations remain roughly the same at
different ages. To our knowledge, there are no prior large-
scale population studies investigating cognitive performance
in three familiarly related generations. In the Dutch study,
most of the participants were adolescent twin pairs, but other
family members were also included [10]. When all available
pedigree information was used in their study, genetic fac-
tors accounted for between 13 and 49% of the total variance
in cognitive speed and accuracy [10]. However, the higher
heritability of these findings compared to our findings may
be attributed to the considerable portion of twins in their
dataset. In a smaller study comprising families at risk of
developing substance use disorder, correlations of execu-
tive function between adolescents and their parents ranged
between 0.11 and 0.43 [38]. The executive function of par-
ents was also associated with that of their offspring in a
Chinese cohort [18] and in a US cohort even after adjusting
for socioeconomic status [19]. A larger German study fur-
ther suggested that intergenerational cognitive performance
transmission is sex specific [17]. Accordingly, a Swedish
study investigating the odds of students receiving top marks
in school subjects reported higher odds, especially if their
grandfathers did well in school, whereas their grandmothers
had a smaller role in intergenerational transmission [20].
While some of the correlations varied in magnitude between
sexes in our present study, we did not observe systematic
sex-specific transmission in any cognitive domain. Moreo-
ver, when assessing associations of cognitive performance
between grandparents and their grandchildren, correlations
were mostly nonsignificant. Taken together, our data sum-
marizing cognitive performance within each domain by
principal component analysis suggest that while intergen-
erational correlations are low, they do exist. However, cogni-
tive abilities are likely affected by many factors in addition
to heritable components.

The strength of the present study is the unique three-
generation study population with more than 2000 indi-
viduals in each of the three familiarly related generations,
representing both sexes and covering a wide age range.
All the participants were assessed using the same comput-
erized neurocognitive platform, CANTAB®, at the same
time point, which enabled us to study the effects of age
with comparable methodology across the study population.
While the CANTAB® is not yet widely used in clinical
practice, it could be utilized as a fast and cost-effective
platform to screen for possible cognitive impairments due
to aging-related memory diseases, such as Alzheimer’s
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disease but also in younger populations due to, e.g., mood
and anxiety disorders [39] and attention-deficit/hyperactiv-
ity disorders [40]. Studies on the general population are
needed to describe the natural development and deterio-
ration of cognitive performance, which may facilitate the
identification of the critical time windows for the promo-
tion of cognitive health and early prevention of cognitive
decline. While the present study describes trajectories
and variation in cognitive performance throughout almost
the entire lifespan among cognitively healthy participants
at population level, further studies including cognitively
impaired individuals are needed to define cutoff values
for CANTAB® or similar computerized neurocognitive
test in order to use computerized testing methodology in
clinical practice instead of currently used pen and paper
test batteries.

This study has several limitations. First, our data are
cross-sectional, and repeated assessments of the same
individuals using the same neurocognitive instrument
are needed to fully study cognitive trajectories. However,
the aging effect of the present study is in line with our
previous 7-year longitudinal study among the original
YFS participants in midlife (G1 generation in the present
study) [34], supporting the trajectories obtained in the
present study. Second, our test battery did not cover ver-
bal aspects of cognition, and tests focusing on inhibition
and delayed recall were also lacking. Third, while the first
principal component scores appeared to capture essential
characteristics of the dataset, the proportion of explained
variance was relatively low, which may have an impact on
the results of this study. Another limitation of common
principal component analysis is that the numerical results
depend on the data, and therefore comparing individual’s
cognitive test results to our population-level results is dif-
ficult. However, the aim of the study was to study cogni-
tive performance throughout the lifespan as a phenomenon
using a single summary score for each cognitive domain
rather than reporting multiple different test variables.
Finally, the participants of the present study were cogni-
tively healthy, and the results of this study may not reflect
general population especially among older populations,
in which prevalence of cognitive impairment is common.

To conclude, cognitive performance changes during
the lifespan, and multiple factors, such as sex, education,
and genetics, modify gains and losses. This unique study
of ~6500 individuals in three familiarly related genera-
tions provides much-needed information about the natural
course of cognitive performance from childhood to old age
and is thereby an essential reference for further studies
aiming at preventing pathological changes in cognition
deviating from normal cognitive performance, as well as
for studies aiming at promoting cognitive health.
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