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Abstract

Previous studies provided evidence for the importance of cardiac structure abnormal-

ities, in particular greater left ventricular (LV) mass, for brain aging, but longitudinal

studies are lacking to date. We included 926 individuals (median age 48 years; 53%

women) from the TREND cohort of the Study of Health in Pomerania (SHIP) without

reduced ejection fraction or a history of myocardial infarction. LV mass index (LVMI)

was determined by echocardiography at baseline. Brain morphometric measurements

were derived from magnetic resonance images at baseline and 7-year follow-up.

Direct effects of baseline LVMI on brain morphometry at follow-up were estimated

using linear regression models with adjustment for baseline brain morphometry. At

baseline, median LVMI was 40 g/m2.7 and 241 individuals (26%) met the criterion of

LV hypertrophy. After correction for multiple testing, baseline LVMI was directly

associated with reduced global cortical thickness and increased cortical brain age at

follow-up independent from hypertension and blood pressure. Exposure-outcome

relations were nonlinear and significantly stronger in the upper half of the exposure

distribution. Specifically, an increase in baseline LVMI from the 50% quantile to the

95% quantile was associated additional 2.7 years (95% confidence interval =

[1.5 years, 3.8 years]) of cortical brain age at follow-up. Additional regional analyses

yielded bilateral effects on multiple frontal cortical regions. Our findings highlight the

role of cardiac structure in brain aging. LVMI constitutes an easily measurable marker

that might help to identify persons at risk for cognitive impairment and dementia.
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1 | BACKGROUND

During aging, the heart changes in cellular structure which include

death of cardiomyocytes, compensatory hypertrophy of remaining

cardiomyocytes, and interstitial fibrosis, which may lead to thickening

of the walls of the left ventricle (LV) and, eventually, LV hypertrophy

(LVH) (Dai et al., 2012; Lakatta & Levy, 2003). These structural

changes decrease the elasticity of the ventricular walls, thereby

impairing myocardial relaxation and filling during diastole (Lorell &

Carabello, 2000). While these changes primarily happen as an adapta-

tion to mechanical stress like chronic pressure overload due to arterial

hypertension (Devereux et al., 1993; Ruwhof & van der Laarse, 2000),

they have also been observed in the absence of cardiovascular risk

factors. Hence, LV thickening is believed to be part of an “intrinsic”
cardiac aging process that involves a plethora of molecular mecha-

nisms and is tightly linked to pathological changes in the vascular sys-

tem, in particular arterial stiffening (Strait & Lakatta, 2012). Not only

do these structural and functional changes increase the risk of atrial

fibrillation and heart failure, but they also adversely affect the brain

via alterations in cerebral hemodynamics and have been associated

with an increased risk of cerebral stroke and dementia (Bluemke

et al., 2008; de Bruijn et al., 2015; Moazzami et al., 2018; Wolters

et al., 2017).

LV mass is a subclinical marker of LVH that can be determined

non-invasively via echocardiography or cardiac magnetic resonance

imaging (MRI). While LVH is characterized by changes in several struc-

tural measurements of the heart, for example, increases in posterior

wall thickness, LV mass (LVM) is a well-established surrogate. Several

studies found a higher LVM was associated with worse cognitive

function (Georgakis et al., 2017; Restrepo et al., 2018), reduced grey

matter volume (Frenzel et al., 2021; Haring et al., 2017), and markers

of cerebral small vessel disease (Johansen et al., 2018; Nakanishi

et al., 2017; Papadopoulos et al., 2020). The few longitudinal studies

provided evidence that LVM is directly related to cognitive decline in

old age independent of other cardiovascular risk factors and comor-

bidities (Kähönen-Väre et al., 2004; Mahinrad et al., 2017; Scuteri

et al., 2009; van der Veen et al., 2015). However, studies of the

underlying brain structural changes are still scarce. One exception is

the study by van der Veen et al. (2015), who investigated changes in

brain structure as a function of hypertensive target organ damage

(defined by LVH, impaired renal function, and albuminuria) after a

follow-up time of about 3.9 years. Having at least two hypertensive

target organ damages was associated with global brain atrophy, but

not with increased white matter hyperintensities (WMH) burden, in

663 patients with manifest coronary artery disease, cerebrovascular

disease, peripheral arterial disease, or an abdominal aortic aneurysm.

However, direct associations with LVM were not investigated.

In a previous study from this group, cross-sectional associations

between LVM and brain morphometry were analysed based on base-

line data from the TREND cohort of the population-based Study of

Health in Pomerania (SHIP) (Frenzel et al., 2021). After completion of

follow-up examinations, the aim of this study was to investigate longi-

tudinal associations of LVM with brain morphometric changes in indi-

viduals without reduced LV ejection fraction or a history of

myocardial infarction during the 7-year follow-up period. Total brain

volume, subcortical grey matter volume, white matter volume, WMH

volume, and global cortical thickness were the primary outcomes of

this study. We also considered age scores (effective ages) of the cor-

tex, subcortical structures, and the whole brain to represent structural

brain changes during the follow-up period to ease with the interpreta-

tion of our results (Hertel et al., 2018; Spiegelhalter, 2016). As previ-

ous studies provided evidence for the importance of diastolic function

with regard to brain aging (Cermakova et al., 2017; Lee et al., 2020;

Shimizu et al., 2014), we additionally investigated whether associa-

tions with LVM can be explained by alterations in diastolic filling or

left atrial size.

2 | METHODS

2.1 | Study sample

The SHIP is a prospective population-based cohort study of adults

from West Pomerania, a north-eastern region in Germany with

approximately 220,000 inhabitants (Völzke et al., 2022). The data

used in our analyses were derived from SHIP-TREND, a cohort initi-

ated 10 years after the initial cohort SHIP-START in the same geo-

graphical region. In brief, from the total population of West

Pomerania a two-stage stratified cluster sample of 8016 adults

between the ages of 20–79 years was drawn. A total of 4420 individ-

uals agreed to participate in the study and took part in the baseline

examinations between 2008 and 2012 (SHIP-TREND-0), and 2431

participants (55%) took part in the first follow-up examinations con-

ducted about 7 years later between 2016 and 2019 (SHIP-TREND-1)

(Hosten et al., 2022; Völzke et al., 2022). All participants gave written

informed consent. The study was approved by the ethics committee

of the University Medicine Greifswald and complied with the declara-

tion of Helsinki.

A total of 987 participants without history of myocardial infarc-

tion, stroke, or kidney disease received an echocardiography at base-

line and brain MRI at baseline and follow-up (see Figure 1).

Participants with LV ejection fraction <40% (n = 8), time interval

between echocardiography and brain MRI being larger than 1 year

(n = 7), and major structural abnormalities of the brain (e.g., tumors

and large cysts), hemorrhages, ischemias, or aneurysms according to

radiological findings (n = 46) were excluded. The final study sample

comprised 926 individuals. Details on data collection are provided by

the sections below as well as Supplementary Text 1.

2.2 | Echocardiography

Two-dimensional, M-Mode, and Doppler echocardiography were per-

formed using the Vivid-I system (GE Medical Systems, Waukesha,

USA) as described in detail elsewhere (Völzke et al., 2010). Measure-

ments of the LV end-diastolic diameter (LVD, in cm), interventricular

septal thickness (IVSD, in cm), as well as posterior wall thickness

(PWD, in cm) were performed according to the guidelines of the
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American Society of Echocardiography (Lang et al., 2015; Schiller

et al., 1989). Left ventricular mass (LVM, in g) was determined accord-

ing to the formula LVM = 0.8*1.04*((LVD + IVSD + PWD)3-LVD3))

+ 0.6 as described by Devereux et al. (1986). LVM was indexed to

body height to the allometric power of 2.7 (LVMI = LVM/HEIGHT2.7)

(Cuspidi et al., 2009). Left atrial size index (LAI, in cm/m2) was defined

as the size of the left atrium indexed to body surface area (calculated

using the Du Bois formula). Ratio of early and late wave ventricular

filling velocities (E/A), as well as ratio of early ventricular inflow veloc-

ity and early mitral annular velocity in diastole (E/e0) were determined

using Doppler echocardiography.

2.3 | Brain morphometry

T1-weighted and T2-weighted fluid-attenuated inversion recovery

(FLAIR) scans of the brain were obtained using a 1.5 T Siemens Mag-

netom Avanto scanner (Siemens Healthineers, Erlangen, Germany)

(Hosten et al., 2022). Morphometric measurements of total brain vol-

ume, global cortical thickness, subcortical grey matter volume, and

white matter volume were derived from T1-weighted images using

the longitudinal stream in the image-processing pipeline FreeSurfer

version 7.2 which is documented and freely available for download

online (Fischl, 2012; Reuter et al., 2012). Cortical thickness but not

cortical volume or surface area was considered due to the weaker

association with body height and sex, thereby minimizing the

nuisance variation shared with structural cardiac measurements.

Partly because of that, cortical thickness is generally preferred when

deriving markers of neurodegenerative diseases such as Alzheimer's

disease (Frenzel et al., 2020; Schwarz et al., 2016). In addition, age-

related changes in cortical volume have been found to be primarily

related to changes in cortical thickness, not surface area (Storsve

et al., 2014).

The processing also includes a parcellation of the cerebral cortex

into 34 regions per hemisphere based on the Desikan–Killiany atlas,

which has been successfully applied in a wide range of imaging studies

F IGURE 1 Flowchart showing the selection of the study sample. The study sample is based on the TREND cohort of the population-based
Study of Health in Pomerania (SHIP). Echocardiography and brain magnetic resonance imaging were performed during the baseline examinations
between 2008 and 2012 (SHIP-TREND-0). Follow-up examinations of similar extend were conducted about 7 years later between 2016 and
2019 (SHIP-TREND-1).
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in the past. The underlying method has been shown to give anatomi-

cally valid and reliable results (Desikan et al., 2006). FreeSurfer also

gives an estimate of the intracranial volume of the head, which can be

used to account for some of the variability of the morphometric mea-

surements between the study participants.

WMH volume was determined from FLAIR images based on the

Brain Intensity AbNormality Classification Algorithm (BIANCA)

(Griffanti et al., 2016) and values were log2 transformed to account

for their right-skewed distribution.

2.4 | Brain age scores

In addition to the morphometric measurements described above, age

scores were used to represent age-related structural brain changes in

better interpretable manner (Hertel et al., 2018; Spiegelhalter, 2016).

Brain age (BA) can be considered a hidden biological trait representing

the result of the gradual accumulation of brain changes caused by

complex psychosocial and biological processes that happen during

aging (Cole et al., 2018; Hertel et al., 2018). These processes eventu-

ally lead to structural brain changes (e.g., decline in cortical thickness)

that can be detected by neuroimaging. Under the assumption of BA

being the mediator of the effects of chronological age (A) on some

brain parameter X (i.e., the brain does not carry any clock in it and the

causal structure can be represented by the directed graph A- > BA-

> X), information on the unobservable BA can be derived by a two-

step procedure. First, A is regressed on X and the predicted ages

(brain age scores) are calculated. Second, the brain age scores are

regressed on age and the residuals are calculated. It can be shown that

the so-derived residuals contain information on the hidden trait BA

(Hertel et al., 2018). Here, we follow the common epidemiological

practice to construct these residuals implicitly by adjusting for age in

all association analyses rather than explicitly calculating them.

Cortical BA was derived from the thicknesses of 64 cortical

regions defined by the Desikan-Killiany atlas. Subcortical BA was

defined based on volumes of deep grey matter nuclei (thalamus, cau-

date, putamen, pallidum, hippocampus, amygdala, ventral diencepha-

lon, and nucleus accumbens) and ventricle volumes (lateral ventricle,

inferior lateral ventricle, third ventricle, and fourth ventricle) of both

hemispheres (22 brain parameters). (Global) BA was defined based on

the union of parameters used for calculating cortical and subcortical

BA (86 brain parameters). Estimation of brain age models was per-

formed using baseline data by linear regressions of chronological age

on the corresponding set of brain parameters for each sex separately.

As the sample size is at least 10 times the number of brain parameters,

we can expect the so-derived BA models to be reliable and to perform

reasonably well on independent data (Harrell, 2015). BA scores at

baseline and follow-up were then predicted based on the so-derived

regression models. The well-known age-specific estimation bias, that

is, BA overestimating chronological age in young individuals and

underestimation in the old, was corrected by forcing the slope to one

and intercept to zero (see Figure S1) (Beheshti et al., 2019; de

Lange & Cole, 2020).

2.5 | Statistical analyses

The primary outcomes of our study are given in Table 1. Direct effects

of LVMI on changes in the outcomes were analysed by weighted

TABLE 1 Primary outcomes of the study. Morphometric
measurements were derived from T1-weighted and T2-FLAIR brain
scans. In addition, age scores were considered in order to measure the
age-related atrophy of the cerebral cortex (cortical brain age),
subcortical structures (subcortical brain age), and both together (brain
age) in a better interpretable manner.

Outcome Unit Comments

Morphometric measures

Total brain volume mL Without cerebellum, brain stem,

ventricles, or CSF; volume- and

surface-based processing of

T1-weighted images with

FreeSurfer 7.2 (Fischl, 2012;

Reuter et al., 2012)

Subcortical grey

matter volume

mL Total volume of deep grey matter

nuclei (thalamus, caudate,

putamen, pallidum,

hippocampus, amygdala,

accumbens area, ventral

diencephalon); volume-based

processing of T1-weighted

images with FreeSurfer 7.2

(Fischl, 2012; Reuter

et al., 2012)

White matter

volume

mL Without cerebellar white matter or

brainstem, surface- and volume-

based processing of

T1-weighted images with

FreeSurfer 7.2 (Fischl, 2012;

Reuter et al., 2012)

White matter

hyperintensities

volume

mm3 Derived from T1-weighted and

T2-FLAIR images with BIANCA

(Griffanti et al., 2016)

Global cortical

thickness

mm Average thickness of the cerebral

cortex; surface-based

processing of T1-weighted

images with FreeSurfer 7.2

(Fischl, 2012; Reuter

et al., 2012)

Age scores

Cortical brain age years Based on thicknesses of cortical

regions according to the

Desikan-Killiany atlas (Desikan

et al., 2006) (64 regions) from

surface-based processing with

FreeSurfer 7.2

Subcortical brain

age

years Based on individual volumes of

deep gay matter nuclei and

ventricles (22 regions) from

volume-based processing with

FreeSurfer 7.2

Brain age years Based on union of features used

for the calculation of cortical

and subcortical brain age
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linear regressions of follow-up values of the outcomes (not changes

from baseline) on baseline LVMI with adjustment for baseline values

of the outcomes (see Figure 2) (Tennant et al., 2022; Twisk, 2013;

Vanderweele, 2015). Analyses were adjusted for baseline values of

sociodemographic variables (age, sex, number of years of education,

employment status, equalized disposable income, and marital status),

anthropometric variables (body height, body weight, intracranial vol-

ume), lifestyle factors (smoking status, alcohol consumption), and

follow-up time (model 1). In addition, we adjusted for cardiovascular

risk factors (diabetes, hypertension, waist-to-height ratio, cholesterol

ratio, intake of lipid-lowering drugs, diastolic blood pressure, pulse

pressure, intake of antihypertensive drugs; model 2). Mediation by

diastolic function was investigated by additionally including the ratio

of early and late mitral inflow velocities in diastole (E/A), the ratio of

early mitral inflow velocity and early mitral annular velocity in diastole

(E/e0), and the left atrial size index, with the latter being a surrogate

marker for advanced diastolic dysfunction (Thomas et al., 2019)

(model 3). Under the assumptions of no exposure–mediator interac-

tions, the presence of mediation was assessed by comparing the so-

derived effect estimates with those frommodel 2 (Vanderweele, 2015).

To avoid lowering the sample size because of missing values in the

control variables, multivariate imputation was performed. Predictive

mean matching was used for continuous variables and multinomial

logistic regressions for categorical ones (van Buuren & Groothuis-

Oudshoorn, 2011).

Continuous control variables were z-transformed and the rela-

tionships with outcomes were modeled in a flexible way by restricted

cubic splines with three knots located at the 10%, 50%, and 90%

quartiles (Harrell, 2015). This allows for a wide range of possible rela-

tionships (e.g., linear and U-shaped) while spending only two degrees

of freedom for each variable. Interactions were pre-specified based

on background knowledge. We followed the general rule to particu-

larly include interactions between control variables that have large

coefficients when interactions are not considered. In all three models

we therefore included the interaction between age and sex, which are

strongly and independently associated with brain and cardiac struc-

ture. Since cholesterol ratio and blood pressure are affected by com-

monly prescribed drugs, we additionally included their interaction

with intake of lipid-lowering and antihypertensive medication, respec-

tively, in models 2 and 3. The ratios of sample size (n) to numbers of

degrees of freedom (df ) are sufficiently large to avoid overfitting any

of the three models (Harrel considers n/df > 15 as good average

requirement which is fulfilled in our study [Harrell, 2015]).

Our study sample differed from the participants of the baseline

examination. Echocardiographic assessment of cardiac structure was

not possible in a substantial portion of them due to poor image quality

(e.g., due to obesity). Sociodemographic and health-related factors

may have influenced the ability and willingness to participate in the

two additional MRI examinations. Inverse probability weights were

used to account for these biases and to increase the generalizability

of the results (Weuve et al., 2012). First, for participants without his-

tory of myocardial infarction or stroke at baseline, availability of echo-

cardiography and brain MRI at baseline was modeled by logistic

regressions on baseline values of sociodemographic variables, smoking

status, alcohol consumption, diabetes, hypertension, and waist-

to-height ratio (steps 2–4 in Figure 1). Second, for participants who

F IGURE 2 Direct effects of baseline
LVMI on changes in brain morphometry.

Weighted linear regressions of follow-up
values of the outcomes (brain volume,
subcortical grey matter volume, white
matter volume, white matter
hyperintensities volume, global cortical
thickness, cortical brain age, subcortical
brain age, and brain age) on baseline LVMI
with adjustment for baseline values of the
outcomes were performed. Analyses were
additionally adjusted for baseline values
of sociodemographic variables,
anthropometric variables, lifestyle factors,
and follow-up time (model 1). In addition,
we adjusted for cardiovascular risk factors
and intake of antihypertensive and lipid-
lowering drugs (model 2). Mediation by
diastolic function was investigated by
including E/e0 ratio, E/A ratio, and left
atrial size index (model 3). E/A—ratio of
early and late mitral inflow velocities in
diastole. E/e0—ratio of early mitral inflow
velocity and early mitral annular velocity
in diastole. LVMI, left ventricular mass
index.
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underwent echocardiography and brain MRI at baseline, the availabil-

ity of brain MRI at the follow-up was modeled in the same way (steps

4–5 in Figure 1). Using the chain rule, the final weights were calcu-

lated as the product of the reciprocal values of these probabilities.

Weights above the 99% quantile were trimmed down.

To avoid spurious associations due to a small number of highly

influential cases, values of Cook's distance and absolute values of

DFBETA were calculated. As two degrees of freedom were used for

modeling of the exposure, the maximum absolute value of both was

considered. Cases exceeding recommended thresholds were excluded

from the analyses (Rawlings et al., 1998). Effect sizes were assessed

with partial Cohen's f2 which equals the proportion of variance

uniquely accounted for by a particular variable beyond all other vari-

ables. In addition, point estimates of effects were derived from

changes in outcomes when baseline LVMI is increased from the 50%

to the 95% quantile while holding continuous control variables at their

median values and categorical ones at their reference category

(Harrell, 2015). We used the Benjamini–Hochberg method with false

discovery rate ≤ 5% to account for multiple testing of eight outcomes.

All statistical analyses were performed with R version 4.05 and the

rms package (Harrell, 2015). Imputations were performed with

the package mice (van Buuren & Groothuis-Oudshoorn, 2011) and fig-

ures were created with ggplot (Valero-Mora, 2010).

3 | RESULTS

3.1 | Sample characteristics

A total of 926 individuals from 21 to 80 years of age, with a median

age of 48 years, were included in the study sample with 53%

(n = 486) being women. Sample characteristics are shown in Table 2.

Missing values in covariates were replaced with estimates based on

multivariate imputation (missing rates <9%). The median time interval

between brain MRIs at baseline and follow-up was 7.3 years (first

quartile 7.1 years, third quartile 7.5 years, min. 5 years, max.

10.2 years). Hypertension and diabetes mellitus were present in 35%

(n = 323) and 5% (n = 44), respectively, of the study population. A

total of 43% and 38% were never smokers and former smokers,

respectively. For participants for whom echocardiographic measure-

ments were available at baseline, median value of LVMI was 40.6 g/

m2.7 (men: 43.8 g/m2.7; women: 37.8 g/m2.7) and the 95% quantile

was 63.1 g/m2.7 (men: 65.9 g/m2.7; women: 58.8 g/m2.7). Summary

statistics of brain morphometry measures and age scores (primary

outcomes) are shown in Table 3. Intra-individual variability was low

with intra-class correlations between baseline and follow-up values

ranging from 0.90 for WMH volume (log-transformed) to 0.99 for

total brain volume.

There was evidence for selection bias with respect to age, waist-

to-height ratio, smoking, and number of years of education. Age was

by far the strongest predictor of availability of echocardiographic

measurements and brain MRI at baseline (steps 2–4 in Figure 1,

χ4
2 = 69.7, p < .0001), followed by numbers of years of education and

TABLE 2 Baseline characteristics.

Participants without

history of stroke or
myocardial infarction
(N = 3932)

Study
sample (N = 926)

Sociodemographic

Age, years 51.1 (41.0, 61.2) 48.1 (40, 57.7)

Women, % 52.7 52.5

Body height, cm 170 (163, 177) 171 (164, 178)

Body weight, kg 79.1 (68.3, 91.45) 77.3 (68.03, 87.7)

Number of years of

education, years

11 (11, 13) 13 (11, 15)

Marital status

Single, living alone 11.7 9.9

Living together with

partner

77.9 82.5

Divorced, living alone 6.3 5.5

Widowed, living alone 4.1 2.1

Employment

Unemployed 9.7 6.4

Student 2.6 3.8

Employed 59.6 72

Pensioner 28.1 17.8

Equalized disposable

income, €
1184 (895, 1775) 1450 (1096, 1803)

Cardiovascular risk factors

Smoking status

Never 36.4 42.8

Former 35.4 37.7

Current 28.2 19.5

Alcohol consumption,

g/d

3.6 (0.7, 10.8) 4.6 (1.3, 11.1)

Waist-to-height ratio,

%

0.52 (0.47, 0.58) 0.5 (0.46, 0.55)

Diabetes mellitus, % 9.8 4.8

Hypertension, % 44.5 34.9

Systolic blood

pressure, mmHg

126.5 (114, 139) 123 (112, 135)

Diastolic blood

pressure, mmHg

76.5 (70.5, 83.5) 76 (70, 82.5)

Pulse pressure, mmHg 48 (40.5, 57) 46.5 (39.5, 54)

HDL-cholesterol ratio,

%

3.79 (3.11, 4.68) 3.71 (3.05, 4.5)

Glomerular filtration

rate,

mL/(min*1.73 m2)

104.1 (91.8, 115.2) 106.8 (96.6, 116.0)

Medication

Intake of

antihypertensive

drugs, %

34.6 25.3

Intake of lipid-

lowering drugs, %

9.3 5.3

(Continues)
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waist-to-height ratio, with smaller likelihoods for both very young

and very old participants (R2 = .14, AUC = 0.68). The corresponding

prediction plots are shown in Figure S2. For those participants for

whom echocardiographic measurements and brain MRI at baseline

were available, availability of brain MRI at follow-up was most

strongly predicted by smoking status (steps 4–5 in Figure 1,

χ2
2 = 31.4, p < .0001), with smaller likelihoods for current smokers

(R2 = .12, AUC = 0.68; see Figure S3). Figure S4 shows the final sam-

ple weights, which were used in all subsequent regression analyses.

Distribution of weights was reasonable and 10 cases were to be

trimmed down to the 99% quantile of 5.3.

3.2 | Associations of baseline LVMI with changes
in brain morphometry

The recommended thresholds for Cook's distance and absolute values

of DFBETA (e.g., 4/n = 0.004 and 2/√n = 0.066) (Rawlings

et al., 1998), were too strict, probably due to the use of sample

weights, and were relaxed to 0.01 and 0.2, respectively. This resulted

in the exclusion of about 3% of cases. Cook's distances and DFBETA

values for global cortical thickness (model 1) are shown in Figure S5.

LVMI at baseline was associated with the decreased global corti-

cal thickness (F2,864 = 9.3, pFDR = .0008, f2 = 2.2%), and increased

cortical brain age (F2,853 = 7.2, pFDR = .003, f2 = 1.7%) at follow-up,

but not with total brain volume (F2,859 = 0.9, pFDR = .5, f2 = 0.2%),

subcortical grey matter volume (F2,859 = 0.4, pFDR = .7, f2 = 0.1%),

white matter volume (F2,862 = 0.4, pFDR = .7, f2 = 0.1%), WMH vol-

ume (F2,858 = 3.1, pFDR = .1, f2 = 0.7%), subcortical brain age

(F2,853 = 1.5, pFDR = .2, f2 = 0.3%), or brain age (F2,855 = 2.6,

pFDR = .1, f2 = 0.6%) (model 1). Associations with global cortical thick-

ness and cortical brain age remained stable against additional adjust-

ments for cardiovascular risk factors (including hypertension and

blood pressure) and medication (model 2; see Figure 3). Among car-

diovascular risk factors, only diabetes mellitus exhibited effects of

similar order of magnitude on global cortical thickness (f2 = 1.3%), fol-

lowed by alcohol consumption (f2 = 0.9%). Pulse pressure and its

interaction with antihypertensive medication explained a substantial

amount of variance of cortical brain age (f2 = 3.3%), followed by

smoking status (f2 = 2.0%). Detailed results of the analyses of vari-

ance can be found in Tables S1–S8. Results of complete case analyses

are provided in Tables S10–S17.

Associations of LVMI were significantly stronger in the upper half

of the exposure distribution, above the threshold of about 46 g/m2.7.

This cutoff is approximately the definition of LVH which corresponds

to 44 g/m2.7 for women and 48 g/m2.7 for men (n = 241 [26%] of the

total study population) (Lang et al., 2015). Point estimates of effects

derived from changes in outcomes when baseline LVMI increased

from the 50% quantile to the 95% quantile, a reduction of 0.017 mm

(95% CI = [0.025 mm, 0.001 mm]) in global cortical thickness and

additional 2.7 years (95% CI = [1.5 years, 3.8 years]) of cortical brain

age was found. Importantly, there was little change of the estimates

and their standard errors between the models. Point estimates of the

direct effects of baseline LVMI on all primary outcomes at follow-up

are shown in Table 4.

TABLE 2 (Continued)

Participants without

history of stroke or
myocardial infarction
(N = 3932)

Study
sample (N = 926)

Echocardiography

Left ventricular mass, g171.5 (137.5, 211.2) 169.8 (137.6, 205.2)

Missing 854 0

Left ventricular mass

index, g/m2.7

40.6 (33.8, 48.4) 39.6 (33.9, 46.2)

Missing 855 0

Ejection fraction, % 71.6 (65.5, 77.3) 72.4 (66.8, 78.5)

Missing 852 1

E/e0 , % 594 (498, 713) 588 (496, 694)

Missing 0 0

E/A, % 110 (89, 140) 116 (96, 144)

Missing 0 0

Left atrial size index,

cm/m2

2.02 (1.87, 2.19) 2 (1.86, 2.18)

Missing 0 0

TABLE 3 Brain morphometry measures and age scores in the final
study sample (N = 926).

SHIP-TREND-0

(baseline)

SHIP-TREND-1

(follow-up)

Age, years 48.1 (40, 57.7) 55.6 (47.3, 65)

Follow-up time, years - 7.3 (7.1, 7.5)

Intracranial volume, mL 1582 (1471,

1708)

1582 (1471, 1708)

Morphometric measures

Brain volume, mL 1013 (942,

1096)

994 (920, 1076)

Subcortical grey matter

volume, mL

57.2 (53.9, 61) 55.9 (52.5, 59.7)

White matter volume, mL 485 (444, 528) 477 (434, 523)

White matter

hyperintensities volume,

mm3

121 (44, 324) 209.5 (58.25, 797)

Global cortical thickness,

mm

2.37 (2.3, 2.44) 2.34 (2.27, 2.4)

Age scores

Cortical brain age, years 48.4 (36.7, 59.7) 54 (41.5, 66)

Subcortical brain age,

years

47.3 (35.4, 61.2) 53.2 (41.4, 69.5)

Brain age, years 47.6 (37.4, 58.9) 53.8 (42.8, 66.5)

Note: Values are given as medians with confidence intervals (25% and

75% quantiles).
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In sensitivity analyses, the observed associations were robust

against changes in the type of indexation of LVM (e.g., by body sur-

face area instead of heigth2.7). Additional exclusion of participants

with mildly reduced LV ejection fraction of 40%–49% (n = 12) did not

lead to significant changes in results.

3.3 | The potential mediating role of diastolic
dysfunction

In regression models adjusted for markers of diastolic dysfunction

(model 3), E/e0 exhibited independent direct effects on WMH volume

(F2,834 = 5.6, pFDR = .02, f2 = 1.4), and subcortical brain age

(F2,829 = 7.3, pFDR = .006, f2 = 1.8) at follow-up, while left atrial size

index was associated with WMH volume at follow-up (F2,834 = 5.3,

pFDR = .04, f2 = 1.3). However, LVMI was still significantly and inde-

pendently associated with global cortical thickness (F2,832 = 8.9,

pFDR = .0006, f2 = 2.1) and cortical brain age (F2,830 = 11.1,

pFDR = .0001, f2 = 2.7) at follow-up, and point estimates were not sig-

nificantly different from those based on model 2 (see Table 4).

3.4 | Associations of baseline LVMI with regional
cortical thinning

In analyses adjusted for cardiovascular risk factors according to model

2, LVMI exhibited significant negative bilateral effects on the

thickness of multiple regions of the frontal cortex (caudal middle fron-

tal cortex, superior frontal gyrus, pars triangularis, and precentral

gyrus), postcentral gyrus, fusiform gyrus, supramarginal gyrus, and lat-

eral occipital gyrus at follow-up. In addition, unilateral effects were

observed in several other cortical regions. Results for all cortical

regions are listed in Table S9 and visualized in Figure S6.

4 | DISCUSSION

The role of cardiovascular risk factors for brain aging is well estab-

lished. Several longitudinal studies also point to the importance of car-

diac structure abnormalities, in particular increased LVM, for cognitive

decline and dementia (Kähönen-Väre et al., 2004; Mahinrad

et al., 2017; Moazzami et al., 2018; Scuteri et al., 2009; van der Veen

et al., 2015). Longitudinal studies of the underlying changes in brain

structure are lacking to date. In this study, based on data of 926 indi-

viduals without reduced ejection fraction and no history of myocardial

infarction or stroke, associations of LVMI with changes in brain mor-

phometry over a follow-up period of about 7 years were investigated.

LVMI at baseline was significantly associated with reduced global cor-

tical thickness and increased cortical brain age at follow-up indepen-

dent from hypertension and blood pressure. Albeit systolic function

was preserved in our study population, we may have included subjects

with heart failure with preserved ejection fraction. However, our

results could not be explained by markers of diastolic function. E/e0

and LAI were independently associated with changes in WMH burden

F IGURE 3 Baseline LVMI is associated with global cortical thinning and accelerated cortical aging during the 7-year follow-up period. Direct
effects of baseline LVMI on global cortical thickness (a; F2,839 = 9.2, pFDR = .0004, f2 = 2.2%), and cortical brain age (b; F2,836 = 10.8,
pFDR = .0002, f2 = 2.6%) at follow-up are shown (continuous covariates held constant at their median values and categorical ones at their

reference categories). Effects adjusted for baseline values of sociodemographic factors, anthropometric variables, lifestyle factors, cardiovascular
risk factors (incl. hypertension and blood pressure) and medication, follow-up time, and baseline value of the outcome (model 2). Grey areas
represent the 95% confidence intervals. Point estimates of effects were derived from changes in outcomes when baseline LVMI is increased from
the 50% to the 95% quartile (red dashed lines). Red solid lines correspond to the threshold of LV hypertrophy of about 46 g/m2.7 (women: 44 g/
m2.7, men: 48 g/m2.7). LV, left ventricular; LVMI, left ventricular mass index.
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and subcortical brain age, which is in line with previous studies

(Cermakova et al., 2017; Lee et al., 2020; Shimizu et al., 2014). LVMI

was the strongest predictor of changes in global cortical thickness

among all cardiovascular risk factors. Regarding cortical brain age, only

pulse pressure exhibited stronger effects than LVMI. No evidence for

associations with total brain volume, subcortical grey matter volume,

white matter volume, WMH volume, subcortical brain age, or (global)

brain age, was found.

Our results are also in agreement with previous studies reporting

associations of LVMI with reduced thickness of the cerebral cortex

(Frenzel et al., 2021) and brain atrophy in individuals with chronic

exposure to high blood pressure (van der Veen et al., 2015). However,

we did not find an association with WMH volume reported by several

cross-sectional studies (Frenzel et al., 2021; Johansen et al., 2018;

Nakanishi et al., 2017; Papadopoulos et al., 2020). This could be due

to higher intra-individual variability compared to other outcomes in

our study. The latter were derived from the longitudinal stream in the

image-processing pipeline FreeSurfer which creates a within-subject

template space and image to significantly increase reliability and

power (Reuter et al., 2012). In contrast, WMH volumes were esti-

mated independently for baseline and follow-up. van der Veen et al.

(2015), who investigated changes of brain structure in relation to

hypertensive organ damage in patients with manifest coronary artery

disease, cerebrovascular disease, peripheral arterial disease, or an

abdominal aortic aneurysm, also did not find an association with

changes in WMH volumes. The authors attributed this to selective

survival but also point towards the fact, that WMH have a large “non-
vascular” component with cardiovascular risk factors explaining only a

small portion of its variance (Wardlaw et al., 2014). Additional

analyses of single cortical regions yielded bilateral effects on multiple

regions of the frontal cortex which may explain the deficits in execu-

tive function observed in individuals with LVH (Restrepo et al., 2018).

Both functional and structural MRI studies provided evidence that the

middle frontal, superior frontal, and precentral gyrus, which were all

associated with LVMI in our study, are related to cardiorespiratory fit-

ness, an important marker for cardiovascular health (Reiter

et al., 2015). Cross-sectional association of LVM with the thickness of

the inferior frontal gyrus has been reported (Frenzel et al., 2021). In

addition, the middle frontal and precentral gyrus, both stretching over

the watershed area of the anterior and middle cerebral artery, have

been found to be particularly vulnerable to ischemia, for which LVH is

an important risk factor (Payabvash et al., 2011).

While our results are mostly consistent with those reported in

past studies, some studies did not find evidence for an association of

LVH with cerebral atrophy. In a study based on data of 627 partici-

pants of the Coronary Artery Risk Development in Young Adults

(CARDIA) study, LVM in young adulthood was not associated with

volumetric markers of brain aging in midlife (Cermakova et al., 2017).

There are several potential explanations for this. First, LVM primarily

reflects long-term exposure to pressure overload. Hence, LVM may

become informative regarding brain aging not until mid-life. Second,

cortical thickness and cortical brain age were determined using

surface-based image processing in our study, which is different from

the outcomes considered in the study performed by Cermakova et al.

In addition, larger heterogeneity in the study population (e.g., with

respect to ethnicity [Drazner et al., 2005]) may also play a role.

Nonlinear modeling of exposures and control variables is

neglected in many epidemiological studies. One strength of our study

TABLE 4 Point estimates of direct effects of baseline LVMI on primary outcomes at follow-up.

Model 1 Model 2 Model 3

Effect size (95% CI) t Effect size (95% CI) t Effect size (95% CI) t

Total brain volume, mL �1.072 (�2.86, 0.715) �1.18 �0.436 (�2.724, 1.852) �0.37 �1.124 (�3.233, 0.985) �1.05

Global cortical

thickness, mm

�0.014 (�0.02, �0.007) �3.94*** �0.017 (�0.025, �0.009) �4.04*** �0.017 (�0.026, �0.009) �3.98***

Subcortical grey matter

volume, mL

�0.01 (�0.142, 0.121) �0.16 0.01 (�0.131, 0.152) 0.14 0.001 (�0.149, 0.152) 0.02

White matter volume,

mL

0.614 (�0.88, 2.108) 0.81 0.752 (�0.892, 2.397) 0.9 0.868 (�0.87, 2.605) 0.98

White matter

hyperintensities

volume, mm3

0.231 (0.046, 0.417) 2.44* 0.17 (0.002, 0.337) 1.99 0.167 (0.001, 0.334) 1.98

Cortical brain age, years 1.953 (0.84, 3.066) 3.44** 2.661 (1.536, 3.786) 4.64*** 2.878 (1.678, 4.078) 4.71***

Subcortical brain age,

years

�0.588 (�1.514, 0.338) �1.25 �0.434 (�1.444, 0.575) �0.84 �0.755 (�1.812, 0.303) �1.4

Brain age, years 0.7 (0.067, 1.333) 2.17 0.517 (�0.1, 1.133) 1.64 0.613 (�0.024, 1.249) 1.89

Note: Model 1: sociodemographic factors, anthropometric variables, lifestyle factors (including education, smoking, and alcohol consumption), follow-up

time, and baseline value of the outcome. Model 2: model 1 + cardiovascular risk factors (including hypertension and pulse pressure) and medication. Model

3: model 2 + markers of diastolic function.

Abbreviations: CI, confidence interval; LVMI, left ventricular mass index.

*pFDR < .05.**pFDR < .01.***pFDR < .001.
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is that the relations between the outcome variables and continuous

exposure and control variables were modeled in a flexible way by

restricted cubic splines. We found the relationships of LVMI with cor-

tical thickness and cortical brain age to be monotonous but signifi-

cantly stronger in the upper half of the LVMI distribution. This is in

line with the notion that increases in LVM may be physiological within

a certain range, for example, in response to regular exercise (Markus

et al., 2021), and highlights the importance of considering nonlinear

relationships.

There are several limitations with regard to our analyses. Our

study aimed to investigate the direct effects of LVMI on brain aging.

For the estimated effects to have a causal interpretation, several sta-

tistical assumptions must be fulfilled, most importantly the absence of

unmeasured confounding (Tennant et al., 2022; Vanderweele, 2015).

Chronic untreated hypertension could constitute such a confounder,

as it has both been implicated in LVH (Bülow et al., 2018; Devereux

et al., 1993) and brain aging (Debette et al., 2011), and may not always

be detected by a single blood pressure measurement (Kario, 2018). In

addition, the associations observed in our study could also be

explained by changes in the vascular system, in particular increased

aortic stiffness (Strait & Lakatta, 2012). The latter causes transmission

of excessive flow pulsatility into the microcirculation of the brain due

to reduced impedance mismatch with the carotid arteries. This leads

to impaired autoregulation of cerebral perfusion and increases the

likelihood of microinfarcts and degeneration of brain tissue (Haidar

et al., 2021; Mitchell et al., 2011). On the other hand, increased LV

afterload contributes to the pathogenesis of LVH. LVMI can thus be

considered an integrative marker reflecting both exposure to risk fac-

tors in the past and pathological changes throughout the cardiovascu-

lar system, and unmeasured confounding is impossible to rule out

based on observational studies such as ours. We would like to point

out, however, that we did adjust for a wide range of cardiovascular

risk factors (including hypertension and blood pressure at baseline).

The effect sizes for global cortical thickness and cortical brain age

were moderate to strong, which highlights the importance of LVMI as

a risk factor for brain aging. Abnormal pulse formation and conduction

in the hypertrophied heart predisposing to arrhythmias and increasing

the likelihood of cerebral hypoperfusion constitute potential indepen-

dent mechanisms behind the associations observed in this study.

In our study, LVM was estimated using the Devereux formula

which relies on an approximation of the LV by a prolate ellipsoid with

long- to short-axis length of 2:1 (Devereux et al., 1986). Determina-

tion by cardiac MRI, on the other hand, is more accurate and has

emerged as the gold standard for characterizing cardiac function and

structure, and should therefore generally be preferred over echocardi-

ography. Its application is limited, however, by the larger cost and the

exclusion of subjects with kidney disease when relying on gadolinium

contrast agents. As LVH is highly common in subjects with advanced

kidney disease, studies relying on cardiac MRI may underestimate the

adverse effects of LVH.

Another limitation of our study is that participants were drawn

from the population of Western Pomerania and results may not be

generalizable to other populations. In addition, inverse probability

weighting based on various sociodemographic and health-related fac-

tors (e.g., smoking and income) was used to account for selection bias,

but other unmeasured factors influencing the participation of individ-

uals may have biased our analyses.

In summary, our findings highlight the role of cardiac structure in

brain aging. LVMI constitutes an easily measurable marker that might

help to identify the person at risk for cognitive impairments and

dementia. Whether normalization of LVM in addition to blood pres-

sure control reduces these risks remains to be established.
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