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Correlation of systolic

and diastolic blood pressure
with echocardiographic
phenotypes of cardiac structure
and function from three German
population-based studies

Julius Nikorowitsch?*, Ramona Bei der Kellen3, Alena Haack?, Christina Magnussen?,
Jirgen Prochaska®>¢, Philipp S. Wild**¢, Marcus Dérr’:%, Raphael Twerenbold¥%31?,
Renate B. Schnabel¥23, Paulus Kirchhof%%9, Stefan Blankenberg®2310:11,

Marcello Ricardo Paulista Markus”%1%13 & Jan-Per Wenze|%%3:13

Arterial hypertension is considered a risk factor for the development of heart failure. Here we
investigate cross-sectional associations of systolic and diastolic blood pressure with subtle functional
and morphological changes of left ventricular echocardiographic parameters representing early
dysfunction in three representative German population-based studies. We assessed 26,719 individuals
without symptomatic heart failure from the Hamburg City Health Study (HCHS, n=7396, derivation
cohort), the Gutenberg Health Study (GHS, 14,715, validation cohort) and the Study of Health in
Pomerania (SHIP, 4608, validation cohort). Multivariable linear regression analyses with systolic and
diastolic blood pressure as continuous exposure variables were adjusted for common cardiovascular
risk factors and antihypertensive medication. Both systolic and diastolic blood pressure were
consistently associated with measures of left ventricular hypertrophy (B per standard deviation (SD)
for LV mass (g) and systolic blood pressure: 5.09 (p <0.001); diastolic blood pressure: 2.29 (p<0.001)
in HCHS). Systolic blood pressure correlated with declining diastolic function (B per SD for E/e’: 0.29,
p<0.001 in HCHS) and diastolic blood pressure with declining systolic function (B per SD for LVEF,

in %: - 0.15; p=0.041 in HCHS) in all cohorts. Pending further validation, our results from three
independent German population samples suggest differential effects of systolic versus diastolic blood
pressure on left ventricular structure and function.
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Abbreviations

AF Atrial fibrillation

ARB Angiotensin receptor blocker

BMI Body mass index

BP Blood pressure

COPD Chronic obstructive pulmonary disease

GFR Glomerular filtration rate

EACVI European Association of Cardiovascular Imaging
ECG Electrocardiogram

ESC European Society of Cardiology

GHS Gutenberg Health Study

HCHS Hamburg City Health Study

HF Heart failure

HFpEF Heart failure with preserved ejection fraction
LAVI Left atrial systolic volume indexed to body surface area
LV Left ventricle/ventricular

LAEDD Left atrial enddiastolic diameter

LVEDD Left ventricular enddiastolic diameter

LVEF Left ventricular ejection fraction

LVMI Left ventricular mass index

NT-proBNP  N-terminal pro-brain natriuretic peptide

PP Pulse pressure

RV Right ventricle/ventricular

SHIP Study of Health in Pomerania

TR Vmax Maximal tricuspid regurgitation velocity
TTE Transthoracic echocardiography

Worldwide, more than 1.2 billion people aged 30-79 years suffer from arterial hypertension'. Arterial hyper-
tension is the foremost risk factor for developing heart failure’. Newly diagnosed heart failure of any subtype
according to Framingham clinical criteria was preceded by arterial hypertension in 91% of subjects in the
Framingham Heart Study’.

Chronic elevation of blood pressure results in reverse myocardial remodelling including inflammatory and
fibrotic processes with consecutive dysfunction of the macro- and microvasculature* °. Pathophysiologically,
hypertensive heart disease begins with left ventricular hypertrophy and diastolic dysfunction®’. These conditions
are considered a result of increased afterload for the left ventricle induced by systolic and diastolic hypertension.
Untreated arterial hypertension leads to both cardiac diastolic and systolic dysfunction, finally evinced by mani-
fest heart failure®. In patients with heart failure with preserved ejection fraction, only systolic blood pressure was
associated with left ventricular hypertrophy while diastolic blood pressure correlated with diastolic dysfunction®.
Differential interplays of systolic and diastolic blood pressure with cardiac function and morphology even occur
during normal aging'’. Pathological cardiac remodelling including ventricular hypertrophy and diastolic dys-
function often precede symptomatic heart failure® . To better characterise the differential role of systolic blood
pressure and diastolic blood pressure for the development of heart failure, we investigated associations of systolic
blood pressure and diastolic blood pressure with functional and morphological left ventricular echocardiographic
parameters in subjects without apparent heart failure from the Hamburg City Health Study (HCHS) validated
in the Study of Health in Pomerania (SHIP) and Gutenberg Health Study (GHS).

Methods

Study setting—The Hamburg City Health Study (HCHS). Data from the initial 10,000 participants
of the Hamburg City Health Study (HCHS) were examined. The HCHS is a long-term, prospective, population-
based cohort study involving a random selection of participants from Hamburg, Germany'>. Measurements
were conducted during a single-day visit at the HCHS Epidemiological Study Centre of the University Medical
Center Hamburg-Eppendorf between 2016 and 2018. Out of the first 10,000 participants, 8264 underwent a
transthoracic echocardiogram. From this group, individuals with self-reported heart failure or dyspnoea (cor-
responding to NYHA class >1II) in conjunction with N-terminal pro-brain natriuretic peptide (NT-proBNP)
levels>125 ng/l (n=>523), left ventricular ejection fraction (LVEF)<40% (n=45), or missing blood pressure
data (n=347) were excluded. A total of 7396 participants were included for subsequent analysis. For validation
purposes, data from 4608 individuals from the Study of Health in Pomerania (SHIP) and 14,715 participants of
the Gutenberg Health Study (GHS) were assessed (Fig. 1). The detailed study protocols for all three cohorts have
been previously published!*-4.

Demographics and clinical parameters. Demographic and clinical characteristics were evaluated using
standardized interviews carried out by specially trained medical personnel and questionnaires adhering to
established standard operating procedures'?. Blood samples were collected under fasting conditions on the day
of examination. NT-proBNP levels were assessed in all patients using stored serum samples (immunoassay by
Alere NT-proBNP for ARCHITECT, Abbott Diagnostics, with a measurement range of 8.2-35,000 ng/1). Blood
pressure was measured twice using an Omron 705IT device (Omron Electronics GmbH, Mannheim, Germany)
on the right upper arm while the participant was seated, following a 5-min rest period; the results were then
averaged. Medications classified as antihypertensive drugs encompassed ACE inhibitors, angiotensin II receptor
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Figure 1. Study PRISMA. From a total of 10,000 subjects, 8264 had available echocardiographic data, 345 were
excluded due to missing data on blood pressure. Further 523 subjects were excluded due to self-reported heart
failure or dyspnoea (NYHA >1I), and NT-proBNP > 125 ng/l. Consequently, 7396 HCHS subjects were included
in the study analysis. 4608 subjects from the Study of Health in Pomerania )SHIP) and 14,715 subjects from the
Gutenberg Health Study (GHS) were included for validation. In total 26,719 subjects were analysed. Bp blood
pressure, HCHS Hamburg city health study, NT-proBNP N-terminal pro b-type natriuretic peptide.

blockers, beta blockers, calcium channel blockers, renin inhibitors, thiazide diuretics and loop diuretics'. Atrial
fibrillation was considered present if indicated in the questionnaire, diagnosed via a 12-lead electrocardiogram,
or both. Diabetes mellitus was determined based on a fasting glucose level of > 126 mg/dl or the use of antidia-
betic medications. Coronary artery disease was self-reported and defined as having a history of one or more of
the following conditions: myocardial infarction, percutaneous coronary intervention (PCI), or coronary artery
bypass surgery.

The local ethics committee of the Medical Association Hamburg (Landesarztekammer Hamburg; PV5131)
approved the HCHS. All participants provided written informed consent. The HCHS study’s review board
approved the study protocol, which conforms to the principles outlined in the Declaration of Helsinki.

Echocardiographic data. TTE was conducted and analysed by cardiologists and sonographers (techni-
cians) during the baseline visit, following a standardized protocol in accordance with the guidelines set forth
by the American Society of Echocardiography (ASE) and the European Society of Cardiovascular Imaging
(EACVI)'. For continuous quality assessment, every 100th TTE exam was additionally analysed by a second
investigator. Qualitative and quantitative image analyses were performed using an off-line workplace (Siemens
syngo SC2000 version 4.0 software).

Left-sided volumes and ejection fraction (LVEF) were calculated using the two-dimensional biplane method
of disks summation. Left-sided diameters were measured in the parasternal long-axis view. Left ventricular mass
was calculated using the Devereux cube formula, based on interventricular septum thickness, LV end-diastolic
diameter, and posterior wall thickness. Mitral inflow patterns were assessed in the apical four-chamber view by
positioning the pulsed-wave (PW) Doppler sample volume between the mitral leaflet tips. PW tissue Doppler
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imaging (TDI) e’ velocity was measured in the apical four-chamber view by placing the sample volume at the
lateral and septal basal regions. E/E’ was determined as the mean of E/E’ septal and E/E' lateral.

Validation cohorts: The Study of Health in Pomerania (SHIP) and Gutenberg Health Study
(GHS). SHIP is a population-based investigation conducted in Pomerania, Germany. The study’s design and
recruitment strategy have been detailed in previous publications'. In brief, a random cluster sample (age range
20 to 79 years) was drawn from the population of West Pomerania, the north-eastern region of Germany. The net
sample (without migrated or deceased persons) comprised 6265 eligible individuals with 4308 (2193 women) of
them participating in the baseline (SHIP-START-0) study (response rate 68.8%). All subjects who participated
in the baseline SHIP were re-invited to take part in the first examination follow-up (SHIP-START-1), which was
realized from 2002 to 2006. Of the 3949 persons eligible for SHIP-START-1, 3300 subjects were re-examined,
resulting in a follow-up response of 83.6%. For the second examination follow-up (SHIP-START-2) conducted
from 2008 to 2012, all 3708 eligible individuals that participated in the baseline study were re-invited. Of them,
2333 were re-examined (follow-up response of 62.9%).

While SHIP-START-2 was being conducted, between 2008 and 2012, a second independent cohort was
established, called SHIP-TREND-0, covering the same region as the initial SHIP. A stratified random sample of
8826 adults, aged 20 to 79 years, was selected. Participation in the initial SHIP-START cohort was an exclusion
criterion. In total, 4420 individuals participated in SHIP-TREND-0 (response rate 50.1%). For the present study,
we performed cross-sectional analyses using pooled data from SHIP-START-2 and SHIP-TREND-0 (n=6753
individuals; 3510 women [52.0%]). We excluded participants with previous self-reported heart failure or dysp-
noea (equivalent to NYHA class >II) combined with NT-proBNP > 125 ng/l (n=656), LVEFE, determined by
echocardiography, lower or equal than 40% (n =4). We also excluded individuals with missing values for echo-
cardiography (n=1427), blood pressure (n=22) or any of the covariables (n=36). The final analytical sample
comprised 4608 subjects (2454 women; 53.3%) aged 20 to 90 years (Supplementary Fig. 1). All study participants
gave written informed consent. The study was approved by the ethics committee of the University of Greifswald
and complies with the Declaration of Helsinki.

Conducted in Mid-Western Germany between April 2012 and April 2017, GHS is a large population-based,
prospective, single-centre cohort study. A description of the study design was published before'*. Participants
underwent a standardized investigational plan including assessment of cardiovascular risk factors and comor-
bidities, clinical examinations, and laboratory analysis of venous blood samples. From the 15,010 cohort, 14,963
subjects received an echocardiography. From this cohort, subjects with self-reported heart failure or dyspnoea
(NYHA class 2II) combined with NT-proBNP > 125 ng/l (n=198) or LVEF<40% (n=47) or missing values
in data on systolic or diastolic blood pressure (n=16) were excluded. Finally, 14,761 subjects remained for
subsequent analyses. The local ethics committee and data protection officer approved the study protocol before
initiation. Written informed consent was provided by all study participants. Study procedures were conducted
in line with the principles outlined in the Declaration of Helsinki.

Statistical analysis. Continuous variables are presented as median and interquartile range, categorical
variables are presented as absolute numbers and percentages. Comparisons between subgroups were performed
using the Mann-Whitney-U-Test for continuous variables and the Fisher test for categorical variables. In order
to examine the association of systolic blood pressure, diastolic blood pressure, and pulse pressure with vari-
ous parameters, a multiple linear regression model was calculated with blood pressure as a predictor and the
respective echocardiographic parameters as outcome. A separate model was created for each outcome and BP.
Adjustment was performed for age, sex, body mass index (BMI), smoking, coronary artery disease, diabetes,
antihypertensive medication, and LV mass. The numerical predictors were centered and scaled, i.e. each divided
by their standard deviation after subtracting the mean, so that the result of the estimation parameter beta can
be interpreted in terms of standard deviation. A p-value of <0.05 was considered as statistically significant. All
tests were two tailed. Data analysis was performed using R version 4.0.3. Each cohort data set was analysed
independently.

Results

Baseline characteristics. 7396 subjects of the first 10,000 HCHS participants qualified for the analysis after
applying the exclusion criteria (Fig. 1). Validation cohorts comprised 4608 subjects from the Study of Health in
Pomerania (SHIP) and 14,715 subjects from the Gutenberg Health Study (GHS). The HCHS cohort showed the
expected characteristics of a middle-aged European population, with 3830 (51.8%) women, a median age of 62
[IQR: 55; 69] years and a median BMI of 26.0 [IQR: 23.4; 29.0] kg/m? (Table 1).

Median systolic blood pressure was 137.0 [IQR: 125.5, 150.5] millimeters of mercury (mmHg) and median
diastolic blood pressure 82.0 [75.5, 88.0] mmHg. 3478 (47%) had a systolic blood pressure of > 140 mmHg, a dias-
tolic blood pressure of > 90 mmHg or both (high blood pressure). Those with high blood pressure were older, had
a higher BMI as well as a higher burden of diabetes and atrial fibrillation than those with normal blood pressure.

Baseline left atrial and ventricular echocardiographic parameters including LV mass, LVEE, E/E/, and volumes
are shown in Table 2, ranges of LVEF are displayed in Supplementary Table 1. At least one indicator of diastolic
dysfunction namely E/E’> 14, left atrial volume index >34 ml/m? or maximal velocity of tricuspid regurgitation
(TR Vmax) >2.8 m/s was present in 1013 (14.5%) participants. Six (0.1%) participants fulfilled all three criteria
of diastolic dysfunction all of which had a blood pressure of > 140 mmHg/90 mmHg.

Left ventricular mass and wall thickness. In multivariable linear regression analysis adjusted for com-
mon cardiovascular risk markers, continuous blood pressure measures were strongly associated with indicators
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Blood pressure

>140/90 mmHg <140/90 mmHg p-value
n (%) 3478 (47.0) 3918 (53.0)
Demographics and biological data
Age, years 65 [58, 71] 60 [53, 67] <0.001
Female 1563 (44.9) 2267 (57.9) <0.001
BMI, kg/m? 26.6 [24.1,29.6] 25.4[23.0,28.5] <0.001
Current smoking 591 (17.1) 852 (21.8) <0.001
Dyspnoea 170 (5.4) 210 (6.0) 0.315
Systolic blood pressure, mmHg 151.5 [144.0, 161.5] | 126.0 [118.5, 132.5] <0.001
Diastolic blood pressure, mmHg 88.0 [82.5, 94.0] 77.5[72.0, 82.0] <0.001
Comorbidities
Diabetes 301 (9.3) 224 (6.2) <0.001
Coronary artery disease 183 (5.7) 155 (4.3) 0.006
Atrial fibrillation 168 (5.4) 143 (4.1) 0.012
Asthma or COPD 175 (5.5) 216 (6.0) 0.415
Peripheral artery disease 83(2.6) 107 (3.0) 0.405
Medication
Aldosterone antagonists 14 (0.4) 17 (0.5) 0.972
Loop diuretics 53 (1.6) 47 (1.3) 0.275
Thiazide diuretics 94 (2.8) 66 (1.8) 0.004
Betablocker 653 (19.6) 442 (11.8) <0.001
ACEi/ARBs 1175 (35.3) 840 (22.5) <0.001
Calcium channel blockers 314 (9.4) 216 (5.8) <0.001
Laboratories
GFR, ml/min 84.1[73.6,92.4] 87.7 [77.2, 95.6] <0.001
NT-proBNP, ng/l 85.0 [47.0, 156.0] 71.0 [40.0, 120.0] <0.001
Hemoglobin, g/dl 14.5[13.8, 15.3] 14.1[13.4, 14.9] <0.001
HbAlc, % 5.6 [5.3,5.8] 5.5[5.3,5.7] <0.001

Table 1. Baseline characteristics of the HCHS derivation study population. Continuous variables are
presented as median and interquartile range, and categorical variables are presented as absolute numbers and
percentages. ACEi angiotensin-converting enzyme inhibitor, ARB angiotensin receptor blocker, BMI body
mass index, BP blood pressure, GFR glomerular filtration rate, NT-proBNP N-terminal pro-B-type natriuretic

peptide.

Blood pressure

>140/90 mmHg <140/90 mmHg p-value
Functional parameters
LVEE % 58.2 [55.3,61.6] 58.8 [56.0, 62.1] <0.001
E/e’ mean ratio 7.6 [6.4,9.0] 7.0 [6.0, 8.3] <0.001
LV lateral ', cm/s 9.6 [8.0, 11.5] 10.8 [8.9, 12.9] <0.001
LV septal ¢/, cm/s 7.9[6.7,9.5] 8.9 [7.4,10.6] <0.001
LAVI, ml/m? 25.7[20.7,31.9] 24.6 [19.9, 29.6] <0.001
Morphological parameters
LVMI, g/m?7 38.6 [32.8, 45.5] 34.6 [29.8, 40.5] <0.001
IVSD, mm 10.2[9.1, 11.4] 9.5 8.5, 10.6] <0.001
RWT, mm 0.409 [0.367, 0.459] | 0.388 [0.350, 0.433] <0.001
LVPWD, mm 9.4[8.5,10.4] 8.8 [8.0,9.7] <0.001
LVEDD, mm 47.9 [44.4,51.4] 47.3 [43.9, 50.5] <0.001
LVEDV, ml 111.3 [93.0, 134.3] 107.8 [90.8, 130.1] <0.001

Table 2. Echocardiographic characteristics of subjects with and without arterial hypertension from HCHS.
IVSD interventricular septum diameter, LA left atrial, LAVTleft atrial systolic volume indexed to body surface
area, LVEDD left ventricular end-diastolic diameter, LV left ventricle, LVEDV left ventricular end-diastolic
volume, LVEF left ventricular ejection fraction, LVMIleft ventricular mass indexed to height*’, RW T'relative

wall thickness.
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of left ventricular hypertrophy in all cohorts (Table 3). Systolic blood pressure and diastolic blood pressure
correlated with left ventricular mass with a  per SD (in g) of 5.09 (95% CI 4.01; 6.18, p <0.001) and 2.29 (95%
CI 1.24; 3.33, p<0.001), respectively in HCHS (Fig. 2, Table 2, Supplementary Tables 2 and 3). Concordantly,
systolic blood pressure and diastolic blood pressure demonstrated associations with relative wall thickness in
HCHS, SHIP, and GHS (B per SD from HCHS (in mm) for systolic blood pressure: 0.0075, 95% CI 0.0053;
0.0097, p<0.001;  per SD from HCHS for diastolic blood pressure: 0.0099, 95% CI 0.0079; 0.012, p<0.001).
In addition, not only systolic blood pressure and diastolic blood pressure but also pulse pressure demonstrated
associations with parameters of left ventricular hypertrophy.

Systolic and diastolic function. Diastolic blood pressure was associated with declining systolic function
in all cohorts with a  per SD (in %) of -0.32 (95% CI — 0.46; — 0.19 p<0.001) for LVEF in HCHS. Systolic blood
pressure was associated with declining systolic function as indicated by increasing E/E’ (B per SD for systolic
blood pressure in HCHS: 0.29, 95% CI 0.23; 0.34, p<0.001) in HCHS, GHS, and SHIP.

Left atrial and ventricular volumes. Higher systolic blood pressure was associated with increased left
atrial volume in HCHS (B per SD in ml for systolic blood pressure and left atrial systolic volume: 0.69, 95% CI
0.42; 0.95, p <0.001) and SHIP as indicated by associations with left atrial end-diastolic diameter (LAEDD). Data
on left atrial volume in GHS were not available.

Higher diastolic blood pressure was associated with reduced left ventricular end-diastolic volume in HCHS
and GHS as demonstrated by a f per SD (in ml) of — 1.99 (95% CI — 2.79; — 1.18, p<0.001) in HCHS. The same
trend, but lacking statistical significance, was detectable in SHIP (p per SD for: — 0.34, 95% CI — 1.09; 0.42,
p=0.383).

Pulse pressure and left ventricular measures. Pulse pressure showed associations with left ventricular
mass and wall thickness and declining diastolic function but not with declining systolic function throughout all
cohorts (Table 3 and Supplementary Table 2).

Sensitivity analyses in HCHS. The described associations of systolic blood pressure and diastolic blood
pressure with morphological and functional measures persisted after additional adjustment for left ventricular
mass (Supplementary Table 7) in HCHS. Furthermore, our key findings were consistent in sensitivity analyses
excluding those participants taking antihypertensive medication as well as in men and women separately in
HCHS (Supplementary Tables 4, 5, 6).

Discussion

This study in almost 27,000 individuals from three independent population-based cohorts free of heart failure
symptoms found that both systolic and diastolic blood pressure are related to increased left ventricular mass.
Elevated systolic blood pressure was associated with declining diastolic function, while elevated diastolic blood
pressure was associated with declining left ventricular systolic function robustly across all cohorts. These findings
provide a detailed picture of the interplay of elevated systolic and diastolic blood pressure with cardiac structure
and function. Our findings might suggest that future clinical studies may test differential therapeutic approaches
to elevated systolic and diastolic blood pressure in the prevention of heart failure.

Systolic blood pressure Diastolic blood pressure Pulse Pressure

B8 per SD (95% CI) p-value B8 per SD (95% CI) p-value B8 per SD (95% CI) p-value
Functional parameters
LVEE % —0.15 [- 0.29; — 0.01] 0.041 —0.32 [ 0.46; — 0.19] <0.001 0.05 [ 0.1;0.2] 0.516
E/e’ mean ratio 0.29 [0.23; 0.34] <0.001 0.09 [0.03; 0.14] 0.001 0.34 [0.28; 0.4] <0.001
LV lateral e’, cm/s —-0.27 [~ 0.35; - 0.19] <0.001 —0.47 [~ 0.54; - 0.4] <0.001 - 0.01 [~ 0.09; 0.07] 0.876
LV septal ¢’, cm/s ~0.26 [~ 0.32; - 0.19] <0.001 —0.35 [ 0.41; - 0.28) <0.001 ~0.09 [~ 0.16; — 0.02] 0.016
LASV, ml 0.69 [0.42; 0.95] <0.001 - 0.3 [-0.55; - 0.05] 0.018 1.22 [0.95; 1.49] <0.001
Morphological parameters
LVM, g 5.09 [4.01; 6.18] <0.001 2.29 [1.24; 3.33] <0.001 5.42 [4.28; 6.55] <0.001
IVSD, mm 0.21 [0.16; 0.25] <0.001 0.21[0.17; 0.25] <0.001 0.12 [0.08; 0.17] <0.001
RWT, mm 0.00748 [0.00532; 0.00964] <0.001 0.00988 [0.00783; 0.01193] <0.001 0.00264 [0.00037; 0.0049] 0.022
LVPWD, mm 0.18 [0.15; 0.22] <0.001 0.14 [0.1; 0.17] <0.001 0.15[0.11; 0.19] <0.001
LVEDD, mm 0.12 [ 0.01; 0.25] 0.075 —0.26 [~ 0.38; — 0.13] <0.001 0.38 [0.24; 0.52] <0.001
LVEDV, ml 1.88 [1.03; 2.73] <0.001 -1.99 [-2.79; - 1.18] <0.001 4.29 [3.41;5.16] <0.001

Table 3. Multivariable univariate linear regression analysis for the association of systolic and diastolic blood
pressure with echocardiographic variables from HCHS. Adjustment was performed for age, sex, BMI, smoking,
coronary artery disease, diabetes, atrial fibrillation, and antihypertensive medication. Abbreviations as in

Table 2.
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Figure 2. Forest plot of multivariable linear regression analysis of systolic and diastolic blood pressure as
predictor and LV measures as outcome in subjects without heart failure from the Hamburg City Health Study
(blue), Gutenberg Health Study (red) and the Study of Health in Pomerania (green). Adjustment was performed
for age, sex, BMI, smoking, coronary artery disease (prevalent myocardial infarction in GHS), diabetes, atrial
fibrillation, and antihypertensive medication. SD standard deviation, CI confidence interval, LV left ventricular,
LVM left ventricular mass, LVEDYV left ventricular end-diastolic volume, LVEF LV ejection fraction.

Blood pressure and its correlation with left ventricular hypertrophy and diastolic dysfunc-
tion. The fact that 45.8% of HCHS participants presented with a systolic blood pressure of > 140 mmHg or
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diastolic blood pressure>90 mmHg or both stresses the incremental burden of arterial hypertension in the
middle-aged Western population. Arterial hypertension induces left ventricular wall stress resulting in left ven-
tricular hypertrophy'’. Consequently and in line with most of the so far published studies, systolic blood pres-
sure, diastolic blood pressure, and pulse pressure were strongly associated with left ventricular hypertrophy in
our asymptomatic study population throughout all cohorts'®. Especially elevated systolic blood pressure is an
established and important risk factor not only for pathological reverse cardiac remodelling but also for newly
diagnosed heart failure'®-?!. Our data support this by showing that elevated systolic blood pressure and elevated
pulse pressure are associated with declining diastolic function indicated by elevated E/E’ and atrial enlargement.
Although left ventricular hypertrophy is considered a major driver of diastolic dysfunction, data from the Third
Generation cohort of the Framingham Heart Study suggests correlations of blood pressure with diastolic dys-
function independently of left ventricular hypertrophy'®. In line with those results, correlations of systolic blood
pressure and pulse pressure with declining diastolic function remained significant even after adjustment for left
ventricular mass in HCHS (Supplementary Table 4). Changes of the left ventricular relaxation process during
diastole might actually occur already before the echocardiographic manifestation of left ventricular hypertrophy
due to structural alterations of myocardial tissue composition at the cellular level*>. Diastolic blood pressure on
the other hand was not associated with declining diastolic function. Whereas systolic blood pressure is closely
related to increased afterload induced by stiffened arteries, diastolic blood pressure reflects the pressure during
relaxation and is less related to mechanical cardiac demands. Elevated systolic blood pressure therefore induces
a greater amount of cardiac remodelling compared to diastolic blood pressure. Accordingly, we found a higher
association of systolic blood pressure than diastolic blood pressure with left ventricular hypertrophy.

Blood pressure and left ventricular systolic dysfunction. Elevated diastolic blood pressure, but not
elevated systolic blood pressure, was robustly associated with declining left ventricular systolic function in this
analysis comprising three independent cohorts. Pathophysiologically, blood pressure induced systolic dysfunc-
tion might be best explained by disturbed ventricular-arterial coupling: high diastolic blood even more than
systolic blood pressure is associated with arterial stiffness?*. This may lead to a reduction in coronary perfu-
sion pressure inducing myocardial ischaemia and deteriorating left ventricular systolic function. Interestingly,
not only high but also low diastolic blood pressure has previously been found to be related to heart failure®.
However, the effect of elevated systolic blood pressure compared to diastolic blood pressure on the development
of heart failure was shown to be much stronger®. Detrimental effects of diastolic blood pressure on systolic
function might partially be counterbalanced by beneficial effects including left ventricular volume reduction, as
demonstrated by a trend in our study.

Accordingly, conflicting data on the effect of diastolic hypertension on cardiovascular outcome were reported
before: Flint et al. report increased risk of adverse cardiovascular outcome whereas data from the Atherosclerosis
Risk in Communities (ARIC) Study found no association®”?*. Unexpectedly, elevated systolic blood pressure
was not consistently linked to systolic dysfunction in our study. Although we excluded patients with heart failure
from our analysis, we cannot exclude residual confounding of lower systolic blood pressures due to heart failure
which may partially explain the lack of association between heart failure and elevated systolic blood pressure in
this cross-sectional analysis. Nevertheless, our findings clearly highlight associations of systolic blood pressure
with declining diastolic function and diastolic blood pressure with declining systolic function.

Limitations. Participants of HCHS as well as from the validation cohorts SHIP and GHS were mainly of
Caucasian descent. Accordingly, our findings cannot be transferred to other ethnic groups.

The definition of heart failure comprised self-reported heart failure, dyspnoea equivalent to NYHA II-III,
and an NT-proBNP concentration of more than 125 pg/ml and LVEF < 40%. Heart failure might thus be under-
reported. Blood pressure was measured by medical professionals at the day of the baseline visit, which might have
led to falsely high values. Additionally, the intake of antihypertensive medication might considerably influence
the reported results. In order to reduce the risk of relevant confounding we have adjusted for antihypertensive
medication and performed a sensitivity analysis excluding those taking antihypertensive medication (Supple-
mental Table 4). Finally, the cross-sectional nature of our study only allows the description of associations; no
causal claims can be drawn, which is particularly relevant as some of the described associations are possibly
bidirectional.

Conclusions

In this large community-based study of three German adult populations, both elevated systolic and diastolic
blood pressure were associated with left ventricular hypertrophy. Only systolic blood pressure was related to
declining diastolic function whereas diastolic blood pressure was associated with declining left ventricular systolic
function. These results suggest a differential role of systolic blood pressure and diastolic blood pressure for the
development of heart failure.

Data availability
The data underlying this article cannot be shared publicly due to the privacy of individuals that participated in
the study. The data will be shared on reasonable request to the corresponding author.

Received: 2 May 2023; Accepted: 29 August 2023
Published online: 04 September 2023

Scientific Reports |

(2023) 13:14525 | https://doi.org/10.1038/s41598-023-41571-x nature portfolio



www.nature.com/scientificreports/

References

1. Zhou, B. et al. Worldwide trends in hypertension prevalence and progress in treatment and control from 1990 to 2019: A pooled
analysis of 1201 population-representative studies with 104 million participants. Lancet 398, 957-980 (2021).

2. Tocci, G., Sciarretta, S. & Volpe, M. Development of heart failure in recent hypertension trials. J. Hypertens. 26, 1477-1486 (2008).

3. Levy, D,, Larson, M. G., Vasan, R. S., Kannel, W. B. & Ho, K. K. L. The progression from hypertension to congestive heart failure.
J. Am. Med. Assoc. https://doi.org/10.1001/jama.275.20.1557 (1996).

4. Lopez, B. et al. Biochemical assessment of myocardial fibrosis in hypertensive heart disease. Hypertension 38, 1222-1226 (2001).

5. Gonzalez, A. et al. Myocardial remodeling in hypertension toward a new view of hypertensive heart disease. Hypertension 72,
549-558 (2018).

6. Markus, M. R. P. et al. Implications of persistent prehypertension for ageing-related changes in left ventricular geometry and
function: The MONICA/KORA Augsburg study. J. Hypertens. 26, 2040-2049 (2008).

7. Izzo,]. L.]. & Gradman, A. H. Mechanisms and management of hypertensive heart disease: From left ventricular hypertrophy to
heart failure. Med. Clin. North Am. 88, 1257-1271 (2004).

8. Yip, G. W, Fung, ]. W. H,, Tan, Y. T. & Sanderson, J. E. Hypertension and heart failure: A dysfunction of systole, diastole or both?.
J. Hum. Hypertens. https://doi.org/10.1038/jhh.2008.141 (2009).

9. Wei, E-E et al. Associations of left ventricular structure and function with blood pressure in heart failure with preserved ejection
fraction: Analysis of the TOPCAT trial. J. Am. Heart Assoc. 9, €016009 (2020).

10. Maksuti, E., Westerhof, N., Westerhof, B. E., Broomé, M. & Stergiopulos, N. Contribution of the arterial system and the heart to
blood pressure during normal aging—A simulation study. PLoS ONE 11, 0157493 (2016).

11. Lam, C.S. P. et al. Cardiac and non-cardiac dysfunction as precursors of heart failure with reduced and preserved ejection fraction
in the community. Circulation 124, 24 (2011).

12. Jagodzinski, A. et al. Rationale and design of the Hamburg City Health Study. Eur. . Epidemiol. 35, 169-181 (2020).

13. Volzke, H. et al. Cohort profile: The study of health in Pomerania. Int. J. Epidemiol. 40, 294-307 (2011).

14. Wild, P. S. et al. The Gutenberg Health Study. Bundesgesundheitsblatt Gesundheitsforschung Gesundheitsschutz 55, 824-829 (2012).

15. Williams, B. et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension. Eur. Heart J. 39, 3021-3104 (2018).

16. Lang, R. M. et al. Recommendations for cardiac chamber quantification by echocardiography in adults: An update from the
American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur. Hear. J. Cardiovasc. Imaging
16, 233-271 (2015).

17. Lorell, B. H. & Carabello, B. A. Left ventricular hypertrophy: Pathogenesis, detection, and prognosis. Circulation 102, 470-479
(2000).

18. Kaess, B. M. et al. Relations of central hemodynamics and aortic stiffness with left ventricular structure and function: The Framing-
ham Heart Study. J. Am. Heart Assoc. https://doi.org/10.1161/JAHA.115.002693 (2016).

19. Haider, A. W, Larson, M. G., Franklin, S. S. & Levy, D. Systolic blood pressure, diastolic blood pressure, and pulse pressure as
predictors of risk for congestive heart failure in the Framingham Heart Study. Ann. Intern. Med. https://doi.org/10.7326/0003-
4819-138-1-200301070-00006 (2003).

20. Flint, A. C. et al. Effect of systolic and diastolic blood pressure on cardiovascular outcomes. N. Engl. J. Med. 381, 243-251 (2019).

21. Li, Y. et al. Ambulatory hypertension subtypes and 24-hour systolic and diastolic blood pressure as distinct outcome predictors
in 8341 untreated people recruited from 12 populations. Circulation https://doi.org/10.1161/CIRCULATIONAHA.113.004876
(2014).

22. de Simone, G. & Palmieri, V. Diastolic dysfunction in arterial hypertension. J. Clin. Hypertens. 3, 22-27 (2001).

23. Webb, A.]. S. Progression of arterial stiffness is associated with midlife diastolic blood pressure and transition to late-life hyper-
tensive phenotypes. J. Am. Heart Assoc. https://doi.org/10.1161/JAHA.119.014547 (2020).

24. McEvoy, J. W. et al. Diastolic blood pressure, subclinical myocardial damage, and cardiac events: Implications for blood pressure
control. J. Am. Coll. Cardiol. 68, 1713-1722 (2016).

25. McEvoy, J. W. et al. Association of isolated diastolic hypertension as defined by the 2017 ACC/AHA blood pressure guideline with
incident cardiovascular outcomes. JAMA J. Am. Med. Assoc. https://doi.org/10.1001/jama.2019.21402 (2020).

Author contributions

The authors confirm contribution to the paper as follows: study conception and design: J.N., S.B., J.-P.W.; data
collection: J.-P.W.,, R.B.S ; statistical analysis: R.B.K., A.H., M.R.P.M; analysis and interpretation of results: J.N.,
C.M, J.P, PSW, M.D, R.T,, RB.S,, PK,, S.B.,, M.R.P.M,, ].-P.W,; draft manuscript preparation: J.N., J.-P.W. All
authors reviewed the results and approved the final version of the manuscript.

Fundin

Open Acgss funding enabled and organized by Projekt DEAL. The HCHS is supported by the Innovative medi-
cine initiative [grant number 116074], by the Foundation Leducq [grant number 16 CVD 03], by the euCanSHare
grant agreement [grant number 825903-euCanSHare H2020], and the Deutsche Forschungsgemeinschaft [grant
number TH1106/5-1; AA93/2-1]. Furthermore, it is supported by the participating institutes and departments
from the University Medical Center Hamburg-Eppendorf, which contribute with individual and scaled budgets
to the overall funding. Technical equipment is provided by SIEMENS according to a contract for 12 years, the
Schiller AG on a loan basis for six years, and Topcon on a loan basis from 2017 until 2022. The Hamburg City
Health Study is additionally supported by an unrestricted grant (2017 to 2022) by Bayer. Project-related analyses
are supported by Amgen, AstraZeneca, BASFE, Deutsche Gesetzliche Unfallversicherung (DGUV), Deutsches
Krebsforschungszentrum (DKFZ), Deutsches Zentrum fiir Herz-Kreislauf-Forschung (DZHK), Deutsche Stif-
tung fiir Herzforschung, Novartis, Seefried Stiftung, and Unilever. The study is further supported by donations
from the “Forderverein zur Férderung der HCHS e.V”, TePe' (2014) and Boston Scientific (2016). A current
list of the supporters is online available on http://www.uke.de/hchs. Sponsor funding has in no way influenced
the content or management of this study. SHIP is part of the Community Medicine Research net of the Univer-
sity of Greifswald, Germany, which is funded by the Federal Ministry of Education and Research (grants no.
01779603, 01270103, and 01ZZ0403), the Ministry of Cultural Affairs, and the Social Ministry of the Federal
State of Mecklenburg-West Pomerania. PK was partially supported by European Union AFFECT-AF (grant
agreement 847770), and MAESTRIA (grant agreement 965286), British Heart Foundation (PG/17/30/32961;
PG/20/22/35093; AA/18/2/34218), German Centre for Cardiovascular Research supported by the German
Ministry of Education and Research (DZHK), Deutsche Forschungsgemeinschaft (Ki 731/4-1), and Leducq
Foundation. CM receives study-specific funding from the German Center for Cardiovascular Research (DZHK;

Scientific Reports|  (2023) 13:14525 | https://doi.org/10.1038/s41598-023-41571-x nature portfolio


https://doi.org/10.1001/jama.275.20.1557
https://doi.org/10.1038/jhh.2008.141
https://doi.org/10.1161/JAHA.115.002693
https://doi.org/10.7326/0003-4819-138-1-200301070-00006
https://doi.org/10.7326/0003-4819-138-1-200301070-00006
https://doi.org/10.1161/CIRCULATIONAHA.113.004876
https://doi.org/10.1161/JAHA.119.014547
https://doi.org/10.1001/jama.2019.21402
http://www.uke.de/hchs

www.nature.com/scientificreports/

Promotion of women scientists programme), the Deutsche Stiftung fiir Herzforschung, the Dr. Rolf M. Schwiete
Stiftung, NDD, and Loewenstein Medical unrelated to the current work.

Competing interests

JPW reports research funding from the Deutsche Stiftung fiir Herzforschung unrelated to the current work. PK is
listed as inventor on two patents held by University of Birmingham (Atrial Fibrillation Therapy WO 2015140571,
Markers for Atrial Fibrillation WO 2016012783). PK receives additional research support for basic, translational,
and clinical research projects from European Union, British Heart Foundation, Leducq Foundation, Medical
Research Council (UK), and German Centre for Cardiovascular Research, from several drug and device compa-
nies active in atrial fibrillation, and has received honoraria from several such companies in the past, but not in
the last three years. CM has received speaker fees from AstraZeneca, Novartis, Loewenstein Medical, Boehringer
Ingelheim/Lilly, Bayer, Pfizer, Sanofi, Aventis, Apontis, Abbott outside this work. RT holds a professorship in
clinical cardiology at the University Medical Center Hamburg-Eppendorf, supported by the Kithne Foundation,
and reports research support from the German Center for Cardiovascular Research (DZHK), the Swiss National
Science Foundation (Grant No P300PB_167803), the Swiss Heart Foundation and the Swiss Society of Cardiolog-
yand speaker honoraria/consulting honoraria from Abbott, Amgen, Astra Zeneca, Roche, Siemens, Singulex and
Thermo Scientific BRAHMS, outside the submitted work. No other authors declare potential conflicts of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-41571-x.

Correspondence and requests for materials should be addressed to J.N.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:14525 | https://doi.org/10.1038/s41598-023-41571-x nature portfolio


https://doi.org/10.1038/s41598-023-41571-x
https://doi.org/10.1038/s41598-023-41571-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Correlation of systolic and diastolic blood pressure with echocardiographic phenotypes of cardiac structure and function from three German population-based studies
	Methods
	Study setting—The Hamburg City Health Study (HCHS). 
	Demographics and clinical parameters. 
	Echocardiographic data. 
	Validation cohorts: The Study of Health in Pomerania (SHIP) and Gutenberg Health Study (GHS). 
	Statistical analysis. 

	Results
	Baseline characteristics. 
	Left ventricular mass and wall thickness. 
	Systolic and diastolic function. 
	Left atrial and ventricular volumes. 
	Pulse pressure and left ventricular measures. 
	Sensitivity analyses in HCHS. 

	Discussion
	Blood pressure and its correlation with left ventricular hypertrophy and diastolic dysfunction. 
	Blood pressure and left ventricular systolic dysfunction. 
	Limitations. 

	Conclusions
	References


