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Background-—High blood pressure levels and higher arterial stiffness have been shown to be associated with lower cognition
during adulthood, possibly by accumulative changes over time. However, vascular factors may already affect the brain during early
life.

Methods and Results-—We examined the relation between cognition and vascular factors within 5853 children from the
Generation R Study (mean age 6.2 years) and 5187 adults from the Rotterdam Study (mean age 61.8 years). Diastolic and systolic
blood pressure and arterial stiffness were assessed, the latter by measuring pulse-wave velocity and pulse pressure. For cognition,
the Generation R Study relied on nonverbal intelligence, whereas the Rotterdam Study relied on a cognitive test battery to calculate
the g-factor, a measure of global cognition. In the Generation R Study, standardized diastolic blood pressure showed a significant
association with standardized nonverbal intelligence (b=�0.030, 95% confidence interval=[�0.054; �0.005]) after full adjustment.
This association held up after excluding the top diastolic blood pressure decile (b=�0.042 [�0.075; �0.009]), suggesting that the
relation holds in normotensives. Within the Rotterdam Study, standardized cognition associated linearly with standardized systolic
blood pressure (b=�0.036 [�0.060; �0.012]), standardized pulse-wave velocity (b=�0.064 [�0.095; �0.033]), and standardized
pulse pressure (b=�0.044 [�0.069; �0.020], and nonlinearly with standardized diastolic blood pressure (quadratic term
b=�0.032 [�0.049; �0.015]) after full adjustment.

Conclusions-—Blood pressure and cognition may already be related in the general population during early childhood, albeit
differently than during adulthood. ( J Am Heart Assoc. 2018;7:e009847. DOI: 10.1161/JAHA.118.009847)
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D ementia is a disease posing a huge burden on societies
worldwide, and the number of cases is predicted to

double by 2040.1 It is a multifactorial disease, with the role of

cardiovascular risk factors increasingly recognized.2 Blood
pressure and arterial stiffness have been of particular interest
since these are easily measured and amenable to standard
and inexpensive treatments. Interestingly, the effect of high
blood pressure may accumulate over time, as midlife,2–4

persistent hypertension into late life,5 and longer exposure to
hypertension6 have been shown to associate with dementia.
Furthermore, midlife blood pressure and arterial stiffness are
also inversely associated with cognition among healthy
individuals during later life,7,8 implying that vascular factors
and cognitive functioning relate on a clinical as well as a
preclinical level.

The previously described studies have focused on mid- and
late-life populations, but the relevance of the associations
during early life remains to be elucidated. Given that blood
pressure and arterial stiffness in individuals follow stable
trajectories,9–12 partly determined through genetic
predisposition,13,14 it is conceivable that the earliest adverse
associations between the vascular factors and cognition may
be discernable already at a young age.15 Previous studies
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investigating the link between blood pressure and cognition
during childhood and adolescence have primarily focused on
hypertensive versus normotensive populations.16–18 We
therefore hypothesize that the associations between vascular
factors and cognitive functioning may already be present
during childhood as well as within the normal ranges of blood
pressure. Finally, given the cumulative effects of vascular risk
factors during life, we also hypothesize that the magnitude of
the association increases with age.

Hence, we aimed to evaluate whether higher levels of
systolic (SBP) and diastolic blood pressure (DBP) and arterial
stiffness associated with worse cognition during childhood
and mid- to late adulthood. Arterial stiffness was measured
directly via carotid–femoral pulse-wave velocity (PWV) and
indirectly using pulse pressure (PP).19 We studied the early life
relation in the pediatric Generation R birth cohort, and used
data from the Rotterdam Study cohort with individuals aged
45 years and over to establish a benchmark for comparison.

Methods
The data, analytic methods, and study materials will not be
made available readily to other researchers for purposes of
reproducing the results or replicating the procedure because
of legal and informed-consent restrictions. Specific requests
for consideration can be made to the respective studies. The
first and the corresponding authors had full access to all data
sets within this study.

Study Population
The Generation R Study is a population-based birth cohort in
Rotterdam, The Netherlands.20 In short, 9745 children were

born between April 2002 and January 2006 from mothers who
were enrolled during pregnancy or immediately after birth of the
child. Of those, 6690 children visited the research center at the
age of 5 to 8 years for follow-up data collection. For this study,
we selected 5853 (mean age is 6.2�0.5 years) children with
available data on the intelligence quotient (IQ) measure and at
least 1 of the vascular measures, including carotid–femoral
PWV, SBP, and DBP (Figure 1). The study was conducted in
accordance with the guidelines as proposed in the World
Medical Association Declaration of Helsinki and was approved
by theMedical Ethical Committee of the ErasmusMCUniversity
Medical Center in Rotterdam. Written informed consent was
obtained from all primary caregivers of the participants.

The Rotterdam Study is a prospective population-based
cohort that started in the Ommoord District of The
Netherlands.21 The first 3 cohorts—RS-I, RS-II, and RS-III—
started in 1990, 2000, and 2006 and included 7983, 3011,
and 3932 participants, respectively. SBP, DBP, and PWV were
measured during the third visit of RS-I (RS-I-3), the first visit of
RS-II (RS-II-1), and the first visit of RS-III (RS-III-1). Cognitive
testing was introduced in 2002, and therefore cognition in the
first 2 cohorts was assessed in a later research phase than
the vascular measures, namely, in the fourth visit of RS-I (RS-I-
4, mean time lag=4.5 years) and the second visit of RS-II (RS-
II-2, mean time lag=4.1 years). After exclusion of 527
participants with a history of dementia at the time of the
vascular measures, the final population consisted of 5187
individuals (Figure 2). The Rotterdam Study has been
approved by the Medical Ethics Committee of the Erasmus
MC University Medical Center in Rotterdam and by the Dutch
Ministry of Health, Welfare and Sport. All participants
provided written informed consent to participate in the study
and to have their information obtained from treating physi-
cians.

Measurement of Blood Pressure and Carotid–
Femoral PWV
In Generation R we measured blood pressure 4 times at the
right brachial artery, in supine position, with 1-minute
intervals using the validated automatic sphygmomanometer
Accutorr Plus (Datascope, Paramus, NJ).22 SBP and DBP were
determined by excluding the first measurement and averaging
the other measurements. In the Rotterdam Study, blood
pressure was measured twice before measurement of PWV.
Blood pressure was measured twice with a sphygmomanome-
ter after 5 minutes of rest, and the mean was taken as the
participant’s reading.

In both studies we assessed carotid–femoral PWV, the
reference method to assess aortic stiffness,23 using an
automatic device (Complior; Artech Medical, Pantin, France)
with participants in the supine position. Piezoelectric sensors

Clinical Perspective

What Is New?

• Blood pressure levels are related to cognition in both
children and adults from the general population, although
the effect sizes were relatively small.

• Diastolic blood pressure associated linearly with cognition
in children and nonlinearly in adults.

• Pulse-wave velocity, pulse pressure, and systolic blood
pressure are associated with cognition in adults, but not in
children.

What Are the Clinical Implications?

• Hemodynamics and adverse vascular risk factors play a role
in cognitive function, possibly already exerting their effect in
early life.
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were placed on the skin close to the carotid (proximal) and
femoral (distal) artery. PWV was defined as the ratio between
the distance traveled by the pulse wave and the time delay
between the carotid and femoral pressure waveforms, as
expressed in meters per second.24 To cover a complete
respiratory cycle, the mean of at least 10 consecutive pressure
waveforms was used in the analyses. PWV can be measured
reliably with good reproducibility in pediatric populations.25

Finally, we calculated the PP by subtracting DBP from SBP.

Cognitive Function
The ethnic profiles of the studies differ significantly. The
Rotterdam Study consists of �96% ethnically Dutch

participants, whereas the Generation R Study only consists
of �57% such participants. For Generation R we therefore
focused on 2 subtests of the Snijders-Oomen Non-verbal
Intelligence Test–Revised (SON-R 2½-7)26: “Mosaics,” which
tapped into spatial visualization abilities, and “Categories,”
which assessed abstract reasoning abilities. The raw scores
were converted to nonverbal IQ using age and sex-specific
norms. These scores correlated well with IQ scores derived
from the total test (r=0.86)27 and with the distribution of IQ in
the general population.26

In the Rotterdam Study, we focused on a much broader
range of cognitive domains in order to gain a comprehensive
understanding of cognitive function in nondemented elderly.28

We were interested in the general underlying structure of

Figure 1. Flow chart of inclusion for the Generation R study.

DOI: 10.1161/JAHA.118.009847 Journal of the American Heart Association 3

Vascular Measures and Cognition With Age Lamballais et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



cognition,29 generally known as the g-factor, a stable concept
related to intelligence. For the Rotterdam Study we calculated
the g-factor by applying principal component analysis to
scores from 5 cognitive tests: Color-word interference Stroop
task, letter digit substitution test, verbal fluency test, delayed
recall score of the 15-word learning test, and the Purdue
pegboard test.28 The g-factor was defined as the first principal
component as returned by the analysis and explained 54.3%
of the variance, which is similar to other studies in the
literature.30

As the 2 studies do not have overlapping scales and as the
Rotterdam Study only has 1 nonverbal nonmotor cognitive
test, we decided to focus the analyses on general cognition
(ie, nonverbal IQ in Generation R and the g-factor in the
Rotterdam Study), rather than the subscales.

Measurement of Covariates
For Generation R we included information obtained from
midwives and hospital registries on child sex, birth weight (in
grams), gestational age at birth, and complications during
delivery. Body mass index of the child was based on height
and weight as measured during the visit. Child ethnicity was
based on parental countries of birth. Maternal age, maternal
smoking during pregnancy, and maternal education were
assessed by questionnaires. Diet quality was determined by a

food frequency questionnaire sent to the children at the age
of 8 (median age=8.1 years). The algorithm to score adher-
ence to Dutch dietary guideline has been previously
described31 and is based on sufficient intake of vegetables,
fruit, whole grains, fish, legumes, nuts, dairy, oils and soft fats,
low intake of sugar-containing beverages, and high-fat and
processed meat. The average hours of physical activity per
week was based on a parent-reported questionnaire describ-
ing time spent on walking, cycling, physical education,
swimming, playing outside, and sports participation.32

In the Rotterdam Study the covariates were measured
during the same examination phases as the vascular mea-
sures. Smoking status and education were obtained during
home interviews. Body mass index was based on height and
weight during the research center visit. Diabetes mellitus was
defined as having a fasting glucose level of ≥7.0 mmol/L, or
≥11.1 mmol/L if only nonfasting serum samples were avail-
able, or using blood glucose–lowering medication. Fasting
glucose levels were available for >97% of the study population.
Data on indication for use of blood pressure–lowering
medication were based on information collected by a physician
at the research center. Adherence to Dutch dietary guidelines
was determined via food frequency questionnaires with a
similar algorithm as in Generation R.33 The food frequency
questionnaire was not administered for RS-I-3, so the data
from RS-I-1 were used, which were collected 4 to 10 years

Figure 2. Flow chart of inclusion for the Rotterdam study.
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earlier. Alcohol use was assessed during home interviews with
questions based on beer, wine, liquor, and moderately strong
alcohol types such as sherry and port. The algorithm to
calculate alcohol in grams per day is provided elsewhere.34 For
RS-I-3 and RS-II-1, physical activity was assessed using a
validated adapted version of Zutphen Physical Activity
Questionnaire35 and expressed in metabolic equivalent of
task hours per week.36 For RS-III-1, physical activity was
assessed using the LASA Physical Activity Questionnaire, and
expressed in metabolic equivalent of task hours per week.37

Because of the difference between the questionnaires, we
standardized the metabolic equivalent of task hours per
cohort. Finally, the time interval between the 2 visits was
included in the models because it represents the aging
between the visits, and cognition generally declines with age.

Statistical Analysis
Initially, both ordinary linear regression and iteratively
reweighted least squares were used to analyze the data, the
latter using Huber-White standard errors. Because the models
did not noticeably differ in their estimates and standard
errors, we decided to report the results from the iteratively
reweighted least-squares models. In order to increase the
comparability between studies, we standardized the determi-
nants and outcomes. All levels of associations are presented
with their 95% confidence intervals (CIs).

Generation R used 4 models:

1. Model 1: adjusted for sex of the child and age of the child
during the visit.

2. Model 2: model 1 further adjusted for birth weight, body
mass index of the child during visit, ethnicity of the child,
gestational age at birth, diet quality score, and physical
activity.

3. Model 3: model 2 further adjusted for prenatal or perinatal
maternal variables (ie, education level at birth of the child,
age at birth of the child, parity, and smoking during
pregnancy).

4. Model 4: model 3 further adjusted for maternal diabetes
mellitus and hypertension during the pregnancy.

Additionally, pre-eclampsia has been consistently associated
with elevated blood pressure in the offspring38; thus, we ran a
sensitivity analysis excluding children with mothers experienc-
ing pre-eclampsia during pregnancy in order to ensure that the
association was not accounted for by this population.

The Rotterdam Study used 2 models:

1. Model 1: adjusted for age, sex, cohort, and time interval
between the measures.

2. Model 2: model 1 further adjusted for education level,
body mass index, smoking status, diabetes mellitus status,

use of blood pressure–lowering medication, diet quality
score, alcohol intake, and physical activity standardized
per cohort.

For both studies, we additionally adjusted the models with
PWV as the determinant for heart rate and mean arterial
pressure (DBP+1/39(SBP�DBP)).

Several studies have found nonlinear associations between
blood pressure and measures of cognition.39 We therefore
performed sensitivity analyses with quadratic terms for DBP
and SBP in both the Generation R and the Rotterdam Study
cohorts. In addition, stratification for antihypertensive drug
use has shown that the association between blood pressure
and cognition is diminished in those who use antihypertensive
drugs,40 so we stratified for it in our final sensitivity analysis.

All adjustment variables had <5% missing values except for
maternal smoking, diabetes mellitus, and hypertension during
pregnancy, with 13.4%, 14.6%, and 14.7% missingness,
respectively. This pattern is because of the questions being
part of a prenatal questionnaire, which was not filled out by all
participants who were included postpartum. Missing values
were imputed 100 times using chained equations, and the
model fits for each imputed data set were subsequently
pooled.41 Statistical analyses were performed in R 3.3.3.42

The package mice 2.3043 was used for multiple imputation,
and MASS 7.3 to 45,44 sandwich 2.3 to 4,45 and lmtest 0.9 to
3546 to create the iteratively reweighted least-squares
models.

Results

Generation R
Characteristics of the Generation R study population stratified
by ethnicity are provided in Table 1. The mean carotid–
femoral PWV was 5.5 (0.9) m/s, and the mean SBP, DBP, and
PP were 103 (8), 61 (7), and 42 (7) mm Hg, respectively. The
average nonverbal IQ score was 101 (15) points. Excluded
participants (ie, those who took part in the research phase but
did not have data on cognition) had younger mothers at birth
(29.4 versus 30.6 years, P<0.05) who were less likely to have
obtained higher education (40.4% versus 46.9%, P<0.05) and
were less likely to be of Dutch ethnicity (53.8% versus 57.4%,
P<0.05).

Table 2 shows the associations between standardized
PWV, SBP, DBP, and PP with standardized nonverbal IQ in 6-
year-old children. When corrected for sex and age of the child,
all 3 vascular measures were negatively associated with the
nonverbal IQ score. However, only DBP remained statistically
significantly associated after adjusting for all child and
maternal covariates (b=�0.030, 95% CI=[�0.054; �0.005]).
This relationship was not modified by sex and ethnicity. After
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exclusion of 114 children (2.2%) whose mothers experienced
preeclampsia during pregnancy, the association remained
statistically significant and the effect size was not affected
(b=�0.032, 95% CI=[�0.059; �0.005]). To ensure that the
association held up in a normotensive population, we
excluded the top decile for DBP, and the effect size seemed
to be unaffected (b=�0.42, 95% CI=[�0.075; �0.009]).

Rotterdam Study
Characteristics of the Rotterdam Study participants stratified
by cohort are provided in Table 3. The carotid–femoral PWV

had a mean of 11.6 (3.0) m/s, and SBP, DBP, and PP
averaged at 144 (22), 84 (10), and 60 (16) mm Hg,
respectively. For participants from RS-I and RS-II, the median
interval between the measurements of exposures and the
outcome was 4.4 years (interquartile range=4.1–4.7 years).
Excluded participants (ie, those with incomplete data on
cognition and the vascular measures) were more likely to use
blood pressure–lowering medication (35.4% versus 29.3%,
P<0.05), meet the criteria for diabetes mellitus (14.1% versus
9.8%, P<0.05), and were more likely to have obtained lower
levels of education (42.5% versus 33.0%, P<0.05).

Table 4 shows the associations between standardized
carotid–femoral PWV, PP, and blood pressure with the
standardized g-factor. For DBP, no significant associations
were shown in model 1 and 2 (b=�0.006, 95% CI=[�0.028;
0.017]). In contrast, carotid–femoral PWV (b=�0.064, 95%
CI=[�0.095; �0.033]), SBP (b=�0.036, 95% CI=[�0.060;

Table 1. Characteristics of the Generation R Study
Participants

Characteristics (N=5853)
Dutch
(n=3350)

Other Western
(n=510)

Non-Western
(n=1993)

IQ score 104�15 101�15 96�15

Systolic blood
pressure, mm Hg

102�8 103�9 104�9

Diastolic blood
pressure, mm Hg

60�7 61�7 62�7

PP, mm Hg 42�6 42�7 42�7

PWV, m/s 5.5�0.9 5.5�0.9 5.6�0.9

Male, % 49.4 45.0 51.8

Age, y 6.1�0.4 6.1�0.5 6.3�0.6

Birth weight, g 3451�584 3406�562 3316�556

Body mass index, kg/
m2

15.9�1.5 16.2�1.8 16.7�2.2

Gestational age at
birth, w

39.8�1.9 39.8�2.0 39.6�1.8

Diet quality score 4.5�1.2 4.5�1.2 4.4�1.3

Physical activity, h/wk 2.2�1.2 2.2�1.3 1.9�1.2

Characteristics of mothers at partum

Education, %

Low 2.8 7.4 22.1

Intermediate 39.6 34.7 55.2

High 57.6 57.9 22.7

Age, y 31.4�4.7 31.0�4.9 29.1�5.6

Nulliparous, % 61.1 56.0 47.6

Pregnancy smoking, %

Never 74.8 75.1 74.9

Until aware 10.0 10.9 6.2

Continued 15.2 14.0 18.9

Diabetes mellitus, % 0.2 0.0 0.9

Hypertension, % 1.0 1.1 1.9

PP indicates pulse pressure; PWV, pulse wave velocity.

Table 2. Associations Between Standardized Blood Pressure,
Standardized PP, Standardized PWV, and Standardized Child
Nonverbal IQ Scores Within the Generation R Study

Nonverbal IQ Model b

95% CI

Lower Upper

SBP 1* �0.059 �0.084 �0.033

2† �0.027 �0.053 �0.002

3‡ �0.018 �0.043 0.008

4§ �0.018 �0.043 0.007

DBP 1* �0.068 �0.094 �0.043

2† �0.040 �0.065 �0.015

3‡ �0.030 �0.055 �0.006

4§ �0.030 �0.054 �0.005

PP 1* �0.001 �0.028 0.026

2† 0.009 �0.016 0.035

3‡ 0.011 �0.015 0.036

4§ 0.010 �0.015 0.036

PWV 1* �0.036 �0.061 �0.010

2† �0.017 �0.043 0.008

3‡ �0.015 �0.039 0.009

4§ �0.015 �0.039 0.009

Table shows the results from the iteratively reweighted least-squares models. All b
values represent the change in the outcome when increasing the value of a determinant
by 1 SD. CI indicates confidence interval; DBP, diastolic blood pressure; PP, pulse
pressure; PWV, pulse wave velocity; SBP, systolic blood pressure.
*Model 1 consisted of age (y) and sex. The models for PWV were additionally corrected
for pulse rate before measurement (beats/min) and mean arterial pressure (mm Hg).
†Model 2 consisted of all variables from model 1, birth weight (g), body mass index (kg/
m2), ethnicity of the child, gestational age at birth, diet quality score, and physical
activity (h/wk).
‡Model 3 consisted of all variables from model 2, education of the mother at birth of the
child, age of the mother at birth of the child, and parity.
§Model 4 consisted of all variables from model 3, smoking status, diabetes mellitus
during pregnancy, and hypertension during pregnancy.
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�0.012]), and PP (b=�0.044, 95% CI=[�0.069; �0.020])
showed statistically significant negative associations with the
g-factor. These relationships were not modified by sex. For
comparison, a year increase in age led to a 0.062 SD
decrease of the g-factor (95% CI=[�0.065; �0.058]).

Nonlinear Associations
Within Generation R, the quadratic terms for DBP and SBP did
not reach statistical significance (P>0.05). Within the Rotter-
dam Study, the quadratic term for DBP (b=�0.032, CI 95%=
[�0.048; �0.015]) but not SBP (b=�0.013, CI 95%=[�0.029;
0.002]) reached statistical significance. This suggests the
presence of a nonlinear relationship between DBP and the g-
factor where more extreme values of DBP (ie, both at the
lower and higher ends) were associated with a quadratic
decrease in the g-factor.

Antihypertensive Drug Use
Within those who did not use antihypertensive drugs, we
found similar associations as described above (ie, linear
associations for PWV (b=�0.082, 95% CI=[�0.119; �0.046])
and SBP (b=�0.031, 95% CI=[�0.060; �0.002]) with cogni-
tion, and a statistically significant quadratic term for DBP
(b=�0.022, 95% CI=[�0.038; �0.005])). In those using
antihypertensive drugs, none of the linear terms reached
statistical significance. However, the coefficient for the
quadratic DBP term remained statistically significant
(b=�0.055, 95% CI=[�0.078; �0.031]).

Discussion
In both the pediatric and elderly cohorts, vascular measures
were associated with cognition. In particular, DBP but not
SBP, PP, or PWV was negatively associated with nonverbal IQ
among 6-year-old children. In middle-aged and elderly, both
arterial stiffness and SBP were negatively associated with the
g-factor, while DBP showed an inverted nonlinear relation.
Thus, the exact nature of the vascular–cognitive relation might
depend on the life phase.

Cognition in elderly has been previously linked to blood
pressure.7,39 However, most studies dichotomized blood
pressure measures into presence or absence of hypertension,
and the cut-offs used varied among the studies. In addition,

Table 3. Characteristics of the Rotterdam Study Participants

Characteristics (N=5187)
RS-I Cohort
(n=2066)

RS-II Cohort
(n=1578)

RS-III Cohort
(n=1543)

Cognitive function g-
factor

�0.52�0.93 �0.08�0.88 0.47�0.86

SBP, mm Hg 149�20 150�20 130�18

DBP, mm Hg 84�10 86�10 80�10

PP, mm Hg 64�16 64�16 50�11

PWV, m/s 13.0�2.8 12.2�2.8 9.1�1.6

Age, y 63.6�5.7 63.1�6.6 58.0�7.3

Sex (male), % 42.0 44.0 42.7

Time interval between
measurements, y

4.5�0.4 4.1�0.5 0.0�0.0

Education, %

Low 43.3 30.1 26.0

Medium 44.7 51.6 46.2

High 12.0 18.3 27.8

Body mass index, kg/
m2

26.8�3.8 27.1�3.9 27.4�4.3

Smoking, %

Never 33.0 30.1 33.3

Past 51.7 51.4 46.3

Current 15.3 18.5 20.4

Diabetes mellitus, % 10.0 10.8 8.5

Blood pressure–
lowering medication,
%

36.5 24.4 27.7

Diet quality score 6.9�1.8 6.2�1.9 6.9�1.9

Alcohol, g/d 11.2�15.4 11.0�14.3 8.8�9.5

DBP, diastolic blood pressure; PP indicates pulse pressure; PWV, pulse wave velocity; RS,
Rotterdam Study; SBP, systolic blood pressure.

Table 4. Associations Between Standardized Blood Pressure,
Standardized PP, Standardized PWV, and the Standardized g-
Factor Within the Rotterdam Study

g-Factor Model b

95% CI

Lower Upper

SBP 1* �0.059 �0.084 �0.033

2† �0.036 �0.060 �0.012

DBP 1* �0.021 �0.045 0.001

2† �0.006 �0.028 0.017

PP 1* �0.065 �0.091 �0.039

2† �0.044 �0.069 �0.020

PWV 1* �0.080 �0.112 �0.047

2† �0.064 �0.095 �0.033

Table shows the results from the iteratively reweighted least-squares models. All b
values represent the change in the outcome when increasing the value of a determinant
by 1 SD. CI indicates confidence interval; DBP, diastolic blood pressure; PP, pulse
pressure; PWV, carotid–femoral pulse wave velocity; SBP, systolic blood pressure.
*Model 1 consisted of age (y), sex, cohort, and time difference between exposure and
outcome measurements (y). The models for PWV were additionally corrected for pulse
rate before measurement (beats/min) and mean arterial pressure (mm Hg).
†Model 2 consisted of all variables from model 1, education, body mass index (kg/m2),
smoking status, diabetes mellitus, blood pressure–lowering medication use, diet quality
score, alcohol intake (g/d), and physical activity standardized per cohort (metabolic
equivalent of task h/wk).
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most of those studies also did not adjust for antihypertensive
drug use, which has been suggested to modify the cognitive–
vascular relationship.40 In the current study, we showed that
the associations were statistically significant for continuous
blood pressure measures and when adjusting for use of
antihypertensive drugs.

The findings within the Generation R cohort suggest that the
vascular–cognitive relation may extend to earlier life phases as
well. The association between DBP and nonverbal IQ in the
pediatric cohort showed a similar effect size as the SBP and
arterial stiffness associations with the g-factor within the
Rotterdam Study. While blood pressure and cognition have
been studied in pediatric populations, those studies have
generally focused on hypertensive cases.16–18,47 Lande and
colleagues16 showed among 5077 children aged 6 to 16 years
that elevated blood pressure levels seem to relate to a digit-
span test, although this effect disappeared after multiple
testing correction. In addition, Adams and colleagues17 showed
in 201 children that those with sustained primary hypertension
were more likely to have learning disabilities. While the effect
sizes cannot be directly compared because of differing
determinants and outcomes, the current study does show that
the association holds for normotensive populations. It also
bolsters the idea that the association between the vascular and
cognitive performance may have its roots in childhood.

Different mechanisms have been proposed to link hyper-
tension and arterial stiffness to cognition. Cerebrovascular
disease burden is a likely mechanism during adulthood. For
example, brain plaque and tangle burden seemingly mediate
the effect of diastolic blood pressure on cognition.48

Additionally, the relation between arterial stiffness and
memory may be mediated by cerebrovascular resistance
and white matter hyperintensities.49 However, such pathways
may depend on aging50 and could thus not be relevant for
explaining the findings in our pediatric sample.

A more likely mechanism is cerebrovascular reactivity,
which encompasses the vasodilatory and vasoconstrictive
ability of cerebral vessels. Indeed, Settakis and colleagues
showed that hypertensive adolescents (aged 14–18 years)
had reduced cerebrovascular reactivity compared with nor-
motensives after a 30-s breath hold.51 The most profound
difference was found for the diastolic blood flow velocity.
Another study by Wong and colleagues in hypertensive and
normotensive children (aged 7–20 years) showed that dias-
tolic blood pressure related more strongly to cerebrovascular
reactivity than systolic blood pressure after a CO2 challenge
test.52 Hypertensive status has also been linked to reduced
cerebrovascular reactivity in regions related to the default
mode network,53 which in turn plays a role in cognitive
functioning.54 The association between DBP and nonverbal IQ
in our pediatric sample may thus be mediated by cerebrovas-
cular reactivity.

Lower DBP seemed to be associated with lower levels of
cognitive function in the adults but not the children. Several
mechanisms can underlie this difference. First, blood pressure
in children may be more tightly controlled, especially at lower
values, than in adults.55,56 As such, the lower end of the blood
pressure distribution in children does not reach levels at
which they become detrimental to the brain. Second, brains of
children may better withstand low blood pressure, for
instance, because of better compensatory mechanisms of
the small peripheral vessels. Third, perhaps prolonged expo-
sure to hypotension is necessary for it to impair cognitive
function. Further studies are needed to confirm and explain
this finding.

The association between arterial stiffness and the g-factor
in elderly could be related to the SBP findings. Interestingly,
the relation between SBP and arterial stiffness may in fact be
bidirectional.57,58 The former increases pulsatile aortic wall
stress, leading to stretching and thus stiffening of elastic
lamellae of the large arteries. Conversely, arterial stiffness has
been shown to predict hypertension in mid- to late
adulthood.59–61

The findings show statistical significance, but the question
remains whether they warrant clinical implications since 1 SD
change in DBP within the Generation R pediatric sample
roughly translated to half of a nonverbal IQ point change. It
remains to be seen whether treatment of high blood pressure
in childhood would have beneficial effects on cognition later in
life. Our study does underscore that the detrimental effects of
blood pressure, however small those may be, might have an
origin already in early life. The findings therefore give
causation insights into the interplay between the vascular
system and cognition during the life course. Effect sizes found
in the Rotterdam Study adult sample can be interpreted more
clearly, with 1 SD increase in SBP and PWV having about the
same effect on the g-factor as aging half a year and 1 year,
respectively. Such findings do warrant further investigation of
any causal benefit of blood pressure–lowering medication and
lifestyle changes on cognition.

Several limitations should be taken into account. First, the
comparability of results between the cohorts is hampered
because of the difference inmeasures of cognition. The children
were tested for nonverbal IQ because of the diverse ethnic
background of the children, while the g-factor did include a
verbal component. In addition, the g-factor may capture other
aspects of cognition that were not assessed in the children.
Second, both cohorts were studied cross-sectionally, which
increased the comparability between the cohorts but did not
allow a clearer, developmental narrative, and also prevented
any causal interpretations. In particular, the hypothesized
relationship could actually be reversed, with higher levels of
cognition being associated with healthier diets and lower levels
of sedentary behavior.62,63 Fourth, the determinants and
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outcomewere notmeasured in the same visit for themajority of
the Rotterdam Study population. This may have led to survivor
bias because of selective attrition between the visits, and
potentially residual confounding because of time-dependent
covariates. Finally, our cohorts do not cover the age ranges of 6
to 45 years, and the exact life course relation between the
vascular and cognitive systems remains to be elucidated.
However, both cohorts were recruited in the same study area
and rely on similar methodologies, strengthening the compa-
rability of the findings.

We found that blood pressure and arterial stiffness showed
significant associations with cognition during mid- and late
adulthood. In addition, we showed that DBP during childhood
also associates with nonverbal cognition, even after excluding
the top DBP decile. Thus, we have provided evidence that the
associations between cognition and vascular factors hold for
the general population and across the age spectrum,
warranting further investigation into the exact mechanisms
that govern the associations over the whole life course.

Acknowledgments
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 & Artsen-
laboratorium Rijnmond (STAR-MDC), Rotterdam. The authors grate-
fully acknowledge the study participants, the staff, and collaborators
from both the Rotterdam Study and the Generation R Study.

Sources of Funding
This project has received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation programme (project: ORACLE, grant
agreement No: 678543). The general design of Generation R
Study is made possible by financial support from the Erasmus
Medical Center, Rotterdam, the Erasmus University Rotter-
dam, the Netherlands Organisation for Health Research and
Development (ZonMw), the Netherlands Organisation for
Scientific Research (NWO), the Ministry of Health, Welfare
and Sport, and the Ministry of Youth and Families. The
Rotterdam Study is funded by Erasmus Medical Center and
Erasmus University, Rotterdam; Netherlands Organization for
the Health Research and Development (ZonMw); the Research
Institute for Diseases in the Elderly (RIDE); the Ministry of
Education, Culture and Science; the Ministry for Health,
Welfare and Sports; the European Commission (DG XII); and
the Municipality of Rotterdam. Jaddoe received funding from
the Netherlands Organization for Health Research and
Development (ZonMw-VIDI), the European Research Council

Consolidator Grant (ERC-2014-CoG-648916), and from the
European Union’s Horizon 2020 Research and Innovation
Programme no. 733206 (LifeCycle Project).

Disclosures
None.

References
1. Ferri CP, Prince M, Brayne C, Brodaty H, Fratiglioni L, Ganguli M, Hall K,

Hasegawa K, Hendrie H, Huang Y, Jorm A, Mathers C, Menezes PR, Rimmer E,
Scazufca M; Alzheimer’s Disease I. Global prevalence of dementia: a Delphi
consensus study. Lancet. 2005;366:2112–2117.

2. Skoog I, Lernfelt B, Landahl S, Palmertz B, Andreasson LA, Nilsson L, Persson
G, Oden A, Svanborg A. 15-year longitudinal study of blood pressure and
dementia. Lancet. 1996;347:1141–1145.

3. Whitmer RA, Sidney S, Selby J, Johnston SC, Yaffe K. Midlife cardiovascular risk
factors and risk of dementia in late life. Neurology. 2005;64:277–281.

4. Joas E, Backman K, Gustafson D, Ostling S, Waern M, Guo X, Skoog I. Blood
pressure trajectories from midlife to late life in relation to dementia in women
followed for 37 years. Hypertension. 2012;59:796–801.

5. McGrath ER, Beiser AS, DeCarli C, Plourde KL, Vasan RS, Greenberg SM,
Seshadri S. Blood pressure from mid- to late life and risk of incident dementia.
Neurology. 2017;89:2447–2454.

6. Abell JG, Kivimaki M, Dugravot A, Tabak AG, Fayosse A, Shipley M, Sabia S,
Singh-Manoux A. Association between systolic blood pressure and dementia in
the Whitehall II cohort study: role of age, duration, and threshold used to
define hypertension. Eur Heart J. 2018;39:3119–3125.

7. Novak V, Hajjar I. The relationship between blood pressure and cognitive
function. Nat Rev Cardiol. 2010;7:686–698.

8. Pase MP, Herbert A, Grima NA, Pipingas A, O’Rourke MF. Arterial stiffness as a
cause of cognitive decline and dementia: a systematic review and meta-
analysis. Intern Med J. 2012;42:808–815.

9. Allen NB, Siddique J, Wilkins JT, Shay C, Lewis CE, Goff DC, Jacobs DR Jr, Liu K,
Lloyd-Jones D. Blood pressure trajectories in early adulthood and subclinical
atherosclerosis in middle age. JAMA. 2014;311:490–497.

10. Shear CL, Burke GL, Freedman DS, Berenson GS. Value of childhood blood
pressure measurements and family history in predicting future blood pressure
status: results from 8 years of follow-up in the Bogalusa Heart Study.
Pediatrics. 1986;77:862–869.

11. Klumbiene J, Sileikiene L, Milasauskiene Z, Zaborskis A, Shatchkute A. The
relationship of childhood to adult blood pressure: longitudinal study of juvenile
hypertension in Lithuania. J Hypertens. 2000;18:531–538.

12. Ferreira I, van de Laar RJ, Prins MH, Twisk JW, Stehouwer CD. Carotid stiffness
in young adults: a life-course analysis of its early determinants: the
Amsterdam Growth and Health Longitudinal Study. Hypertension.
2012;59:54–61.

13. Parmar PG, Taal HR, Timpson NJ, Thiering E, Lehtimaki T, Marinelli M, Lind PA,
Howe LD, Verwoert G, Aalto V, Uitterlinden AG, Briollais L, Evans DM, Wright
MJ, Newnham JP, Whitfield JB, Lyytikainen LP, Rivadeneira F, Boomsma DI,
Viikari J, Gillman MW, St Pourcain B, Hottenga JJ, Montgomery GW, Hofman A,
Kahonen M, Martin NG, Tobin MD, Raitakari O, Vioque J, Jaddoe VW, Jarvelin
MR, Beilin LJ, Heinrich J, van Duijn CM, Pennell CE, Lawlor DA, Palmer LJ; Early
Genetics and Lifecourse Epidemiology Consortium. International genome-wide
association study consortium identifies novel loci associated with blood
pressure in children and adolescents. Circ Cardiovasc Genet. 2016;9:266–
278.

14. Justice AE, Howard AG, Chittoor G, Fernandez-Rhodes L, Graff M, Voruganti
VS, Diao G, Love SM, Franceschini N, O’Connell JR, Avery CL, Young KL, North
KE. Genome-wide association of trajectories of systolic blood pressure
change. BMC Proc. 2016;10:321–327.

15. Ditto B, Seguin JR, Tremblay RE. Neuropsychological characteristics of
adolescent boys differing in risk for high blood pressure. Ann Behav Med.
2006;31:231–237.

16. Lande MB, Kaczorowski JM, Auinger P, Schwartz GJ, Weitzman M. Elevated
blood pressure and decreased cognitive function among school-age children
and adolescents in the United States. J Pediatr. 2003;143:720–724.

17. Adams HR, Szilagyi PG, Gebhardt L, Lande MB. Learning and attention
problems among children with pediatric primary hypertension. Pediatrics.
2010;126:e1425–e1429.

DOI: 10.1161/JAHA.118.009847 Journal of the American Heart Association 9

Vascular Measures and Cognition With Age Lamballais et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



18. Lande MB, Batisky DL, Kupferman JC, Samuels J, Hooper SR, Falkner B,
Waldstein SR, Szilagyi PG, Wang H, Staskiewicz J, Adams HR. Neurocognitive
function in children with primary hypertension. J Pediatr. 2017;180:148–
155.e141.

19. Laurent S, Cockcroft J, Van Bortel L, Boutouyrie P, Giannattasio C, Hayoz D,
Pannier B, Vlachopoulos C, Wilkinson I, Struijker-Boudier H; European Network
for Non-invasive Investigation of Large Arteries. Expert consensus document
on arterial stiffness: methodological issues and clinical applications. Eur Heart
J. 2006;27:2588–2605.

20. Kooijman MN, Kruithof CJ, van Duijn CM, Duijts L, Franco OH, van IJzendoorn
MH, de Jongste JC, Klaver CC, van der Lugt A, Mackenbach JP, Moll HA,
Peeters RP, Raat H, Rings EH, Rivadeneira F, van der Schroeff MP, Steegers
EA, Tiemeier H, Uitterlinden AG, Verhulst FC, Wolvius E, Felix JF, Jaddoe VW.
The Generation R Study: design and cohort update 2017. Eur J Epidemiol.
2016;31:1243–1264.

21. Hofman A, Brusselle GG, Darwish Murad S, van Duijn CM, Franco OH,
Goedegebure A, Ikram MA, Klaver CC, Nijsten TE, Peeters RP, Stricker BH,
Tiemeier HW, Uitterlinden AG, Vernooij MW. The Rotterdam Study: 2016
objectives and design update. Eur J Epidemiol. 2015;30:661–708.

22. Wong SN, Tz Sung RY, Leung LC. Validation of three oscillometric blood
pressure devices against auscultatory mercury sphygmomanometer in
children. Blood Press Monit. 2006;11:281–291.

23. Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of cardiovascular
events and all-cause mortality with arterial stiffness: a systematic review and
meta-analysis. J Am Coll Cardiol. 2010;55:1318–1327.

24. Asmar R, Benetos A, Topouchian J, Laurent P, Pannier B, Brisac AM, Target R,
Levy BI. Assessment of arterial distensibility by automatic pulse wave velocity
measurement. Validation and clinical application studies. Hypertension.
1995;26:485–490.

25. Donald AE, Charakida M, Falaschetti E, Lawlor DA, Halcox JP, Golding J,
Hingorani AD, Smith GD, Deanfield JE. Determinants of vascular phenotype in
a large childhood population: the Avon Longitudinal Study of Parents and
Children (ALSPAC). Eur Heart J. 2010;31:1502–1510.

26. Tellegen PJ, Winkel M, Wijnberg-Williams B, Laros JA. SON-R 2,5–7: Snijder-
Oomen Niet-Verbale Intelligentietest. Amsterdam: Hogrefe Uitgevers; 2005.

27. Langeslag SJ, Schmidt M, Ghassabian A, Jaddoe VW, Hofman A, van der Lugt A,
Verhulst FC, Tiemeier H, White TJ. Functional connectivity between parietal
and frontal brain regions and intelligence in young children: the Generation R
Study. Hum Brain Mapp. 2013;34:3299–3307.

28. Hoogendam YY, Hofman A, van der Geest JN, van der Lugt A, Ikram MA.
Patterns of cognitive function in aging: the Rotterdam Study. Eur J Epidemiol.
2014;29:133–140.

29. Johnson W, te Nijenhuis J, Bouchard TJ. Still just 1 g: consistent results from
five test batteries. Intelligence. 2008;36:81–95.

30. Plomin R. The genetics of g in human and mouse. Nat Rev Neurosci.
2001;2:136–141.

31. van der Velde LA, Nguyen AN, Schoufour JD, Geelen A, Jaddoe VWV, Franco
OH, Voortman T. Diet quality in childhood: the Generation R Study. Eur J Nutr.
2018. Available at: https://link.springer.com/article/10.1007/s00394-018-
1651-z. Accessed September 25, 2018.

32. Wijtzes AI, Bouthoorn SH, Jansen W, Franco OH, Hofman A, Jaddoe VW,
Raat H. Sedentary behaviors, physical activity behaviors, and body fat in 6-
year-old children: the Generation R Study. Int J Behav Nutr Phys Act.
2014;11:96.

33. Voortman T, Kiefte-de Jong JC, Ikram MA, Stricker BH, van Rooij FJA,
Lahousse L, Tiemeier H, Brusselle GG, Franco OH, Schoufour JD. Adherence
to the 2015 Dutch dietary guidelines and risk of non-communicable
diseases and mortality in the Rotterdam Study. Eur J Epidemiol.
2017;32:993–1005.

34. Vliegenthart R, Geleijnse JM, Hofman A, Meijer WT, van Rooij FJ, Grobbee DE,
Witteman JC. Alcohol consumption and risk of peripheral arterial disease: the
Rotterdam Study. Am J Epidemiol. 2002;155:332–338.

35. Caspersen CJ, Bloemberg BP, Saris WH, Merritt RK, Kromhout D. The
prevalence of selected physical activities and their relation with coronary heart
disease risk factors in elderly men: the Zutphen Study, 1985. Am J Epidemiol.
1991;133:1078–1092.

36. Koolhaas CM, Dhana K, Golubic R, Schoufour JD, Hofman A, van Rooij FJ,
Franco OH. Physical activity types and coronary heart disease risk in middle-
aged and elderly persons: the Rotterdam Study. Am J Epidemiol.
2016;183:729–738.

37. Stel VS, Smit JH, Pluijm SM, Visser M, Deeg DJ, Lips P. Comparison of the
LASA Physical Activity Questionnaire with a 7-day diary and pedometer. J Clin
Epidemiol. 2004;57:252–258.

38. Davis EF, Lazdam M, Lewandowski AJ, Worton SA, Kelly B, Kenworthy Y,
Adwani S, Wilkinson AR, McCormick K, Sargent I, Redman C, Leeson P.

Cardiovascular risk factors in children and young adults born to preeclamptic
pregnancies: a systematic review. Pediatrics. 2012;129:e1552–e1561.

39. Reitz C, Luchsinger JA. Relation of blood pressure to cognitive impairment and
dementia. Curr Hypertens Rev. 2007;3:166–176.

40. Farmer ME, Kittner SJ, Abbott RD, Wolz MM, Wolf PA, White LR. Longitudinally
measured blood pressure, antihypertensive medication use, and cognitive
performance: the Framingham Study. J Clin Epidemiol. 1990;43:475–
480.

41. Rubin DB. Multiple Imputation for Nonresponse in Surveys. New York: John
Wiley & Sons; 1987.

42. Team RDC. R: A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing; 2016.

43. van Buuren S, Groothuis-Oudshoorn K. MICE: multivariate imputation by
chained equations in R. J Stat Softw. 2011;45:1–67.

44. Venables WN, Ripley BD. Modern Applied Statistics With S. New York: Springer;
2002.

45. Zeileis A. Econometric computing with HC and HAC covariance matrix
estimators. J Stat Softw. 2004;11:1–17.

46. Zeileis A, Hothorn T. Diagnostic checking in regression relationships. R News.
2002;2:7–10.

47. Lande MB, Kupferman JC, Adams HR. Neurocognitive alterations in hyperten-
sive children and adolescents. J Clin Hypertens (Greenwich). 2012;14:353–
359.

48. Roussotte FF, Siddarth P, Merrill DA, Narr KL, Ercoli LM, Martinez J, Emerson
ND, Barrio JR, Small GW. In vivo brain plaque and tangle burden mediates the
association between diastolic blood pressure and cognitive functioning in
nondemented adults. Am J Geriatr Psychiatry. 2018;26:13–22.

49. Cooper LL, Woodard T, Sigurdsson S, van Buchem MA, Torjesen AA, Inker LA,
Aspelund T, Eiriksdottir G, Harris TB, Gudnason V, Launer LJ, Mitchell GF.
Cerebrovascular damage mediates relations between aortic stiffness and
memory. Hypertension. 2016;67:176–182.

50. Elias MF, Robbins MA, Budge MM, Abhayaratna WP, Dore GA, Elias PK. Arterial
pulse wave velocity and cognition with advancing age. Hypertension.
2009;53:668–673.

51. Settakis G, Pall D, Molnar C, Bereczki D, Csiba L, Fulesdi B. Cerebrovascular
reactivity in hypertensive and healthy adolescents: TCD with vasodilatory
challenge. J Neuroimaging. 2003;13:106–112.

52. Wong LJ, Kupferman JC, Prohovnik I, Kirkham FJ, Goodman S, Paterno K,
Sharma M, Brosgol Y, Pavlakis SG. Hypertension impairs vascular reactivity in
the pediatric brain. Stroke. 2011;42:1834–1838.

53. Haight TJ, Bryan RN, Erus G, Davatzikos C, Jacobs DR, D’Esposito M, Lewis CE,
Launer LJ. Vascular risk factors, cerebrovascular reactivity, and the default-
mode brain network. Neuroimage. 2015;115:7–16.

54. Mak LE, Minuzzi L, MacQueen G, Hall G, Kennedy SH, Milev R. The default
mode network in healthy individuals: a systematic review and meta-analysis.
Brain Connect. 2017;7:25–33.

55. Parati G, Di Rienzo M, Coruzzi P, Castiglioni P. Chronic hypotension and
modulation of autonomic cardiovascular regulation. Hypertens Res.
2009;32:931–933.

56. van den Berg ME, Rijnbeek PR, Niemeijer MN, Hofman A, van Herpen G, Bots
ML, Hillege H, Swenne CA, Eijgelsheim M, Stricker BH, Kors JA. Normal values
of corrected heart-rate variability in 10-second electrocardiograms for all ages.
Front Physiol. 2018;9:424.

57. Franklin SS. Arterial stiffness and hypertension: a two-way street? Hyperten-
sion. 2005;45:349–351.

58. Mitchell GF. Arterial stiffness and hypertension: chicken or egg? Hypertension.
2014;64:210–214.

59. Liao D, Arnett DK, Tyroler HA, Riley WA, Chambless LE, Szklo M, Heiss G.
Arterial stiffness and the development of hypertension. The ARIC study.
Hypertension. 1999;34:201–206.

60. Dernellis J, Panaretou M. Aortic stiffness is an independent predictor of
progression to hypertension in nonhypertensive subjects. Hypertension.
2005;45:426–431.

61. Kaess BM, Rong J, Larson MG, Hamburg NM, Vita JA, Levy D, Benjamin EJ,
Vasan RS, Mitchell GF. Aortic stiffness, blood pressure progression, and
incident hypertension. JAMA. 2012;308:875–881.

62. Buckley J, Cohen JD, Kramer AF, McAuley E, Mullen SP. Cognitive control in the
self-regulation of physical activity and sedentary behavior. Front Hum
Neurosci. 2014;8:747.

63. Allan JL, McMinn D, Daly M. A bidirectional relationship between executive
function and health behavior: evidence, implications, and future directions.
Front Neurosci. 2016;10:386.

DOI: 10.1161/JAHA.118.009847 Journal of the American Heart Association 10

Vascular Measures and Cognition With Age Lamballais et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H

https://link.springer.com/article/10.1007/s00394-018-1651-z
https://link.springer.com/article/10.1007/s00394-018-1651-z

