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Abstract

Background: Left ventricular (LV) systolic and diastolic functions are important cardio-

vascular risk predictors in patients with hypertension. However, data on segmental,

layer-specific strain, and diastolic strain rates in these patients are limited. The aim

of this study was to investigate segmental two-dimensional strain rate imaging (SRI)-

derived parameters to characterize LV systolic and diastolic function in hypertensive

individuals comparedwith that in normotensive individuals.

Methods: The study sample comprised 1194 participants from the population-based

Know Your Heart study in Arkhangelsk and Novosibirsk, Russia, and 1013 individu-

als from the Seventh Tromsø Study in Norway. The study population was divided into

four subgroups: (A) healthy individuals with normal blood pressure (BP), (B) individ-

uals on antihypertensive medication with normal BP, (C) individuals with systolic BP

140–159 mmHg and/or diastolic BP > 90 mm HG, and (D) individuals with systolic

BP≥160mmHg. In addition to conventional echocardiographic parameters, global and

segmental layer-specific strains and strain rates in early diastole and atrial contraction

(SR E, SR A) were extracted. The strain and SR (S/SR) analysis included only segments

without strain curve artifacts.

Results:With increasing BP, the systolic and diastolic global and segmental S/SR grad-

ually decreased. SR E, a marker of impaired relaxation, showed the most distinctive

differences between the groups. In normotensive controls and the three hyperten-

sion groups, all segmental parameters displayed apico-basal gradients, with the lowest

S/SR in the basal septal and highest in apical segments. Only SR A did not differ

between the segmental groupsbut increasedgraduallywith increasingBP. End-systolic

strain showed incremental epi-towardsendocardial gradients, irrespectiveof the study

group.

Conclusion: Arterial hypertension reduces global and segmental systolic and dias-

tolic left ventricular S/SR parameters. Impaired relaxation determined by SR E is the

Abbreviations: AVC, aortic valve closure; CCTA, coronary computed tomography angiography; CVD, cardiovascular disease; GLS, global longitudinal strain; S/SR, strain and strain rate; SR A, strain

rate in atrial contraction; SR E, strain rate in early diastole; SR S, strain rate at peak systole.

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2023 The Authors. Echocardiography published byWiley Periodicals LLC.

Echocardiography. 2023;40:623–633. wileyonlinelibrary.com/journal/echo 623

https://orcid.org/0000-0001-9084-5805
mailto:assami.rosner@unn.no
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://wileyonlinelibrary.com/journal/echo
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fecho.15625&domain=pdf&date_stamp=2023-05-22


624 KORNEV ET AL.

dominant factor of diastolic dysfunction, whereas end-diastolic compliance (by SR A)

does not seem to be influenced by different degrees of hypertension. Segmental strain,

SR E and SR A provide new insights into the LV cardio mechanics in hypertensive

hearts.

KEYWORDS

arterial hypertension, blood pressure, layer strain, segmental strain and strain rate, speckle
tracking imaging

1 INTRODUCTION

Among several risk factors, hypertension remains the leading cause

of cardiovascular mortality among several risk factors.1 Myocardial

structural and geometrical changes (i.e., left ventricular concentric

remodeling and eccentric and concentric left ventricular hypertro-

phy) are accompanied by altered systolic and diastolic function.2 Thus,

current guidelines have primarily implemented geometrical measure-

ments of the left ventricle (LV) for cardiovascular risk management in

the hypertensive population.However, previous studies on systolic and

diastolic functional markers of the LV have indicated an even higher

potential for risk stratification.3

Speckle-tracking echocardiography provides a comprehensive

assessment of the global and segmental myocardial mechanics. Global

longitudinal strain (GLS) is more sensitive than LV ejection fraction

in detecting subtle systolic dysfunction even in the absence of overt

heart failure.4 In addition, GLS is a more sensitive marker and robust

predictor of cardiovascular events.5,6 Segmental strain and strain

rate (S/SR) reflect altered global and regional functions owing to

geometrical changes in hypertensive hearts.7 However, only a limited

number of studies have focused on segmental strain in hypertensive

populations, and only a few studies have compared global longitudinal

or regional myocardial function between patients with hypertension

and those with normal cardiac function.8–11 The strain values of dif-

ferent myocardial layers have been reported to be of potential clinical

interest5,6,12 but have not been specifically described in subjects with

hypertension. Segmental diastolic strain rates in early diastole and

atrial contraction (SR E and SR A) have not been previously described

in hypertensive populations.

The aim of this studywas to investigate the S/SR-based characteris-

tics of the LV in hypertensive subjects and to compare segmental layer

S/SRwith normal subjects. Patients with hypertension vary from those

with accidentally measured high blood pressure to those with well or

insufficiently regulated blood pressure undermedication. To gainmore

knowledge about the effect of high blood pressure or well-regulated

hypertension on cardiac global and segmental function, this study also

aimed to investigate functional differences between groups graded by

antihypertensive treatment and the degree of BP elevation. Higher

basal-apical gradients due to high afterload in the healthy hypertensive

populationmay be confusedwith pathological changes. Therefore, this

study further aimed to determine the expected segmental S/SR values

in an otherwise healthy hypertensive population.

2 METHODS

2.1 Study population

The study population consisted of participants of the Seventh Tromsø

Study (Tromsø7) in Norway and the Know Your Heart (KYH) study

in Russia. Both studies were cross-sectional and population-based.

Tromsø7 was conducted in the Tromsø municipality between March

2015 and October 2016, and KYH from 2015 to 2018 in Arkhangelsk

and Novosibirsk. The two studies were conducted in parallel and

included questionnaires, health examinations, and biological sam-

ple collection. During the development phases, several aspects of

data collection between the studies were harmonized, including the

echocardiography protocols. Echocardiograms were performed in

2340 participants from Tromsø7 and 4521 fromRussia.

In Tromsø7, the inclusion age range was 40 years and older, without

an upper limit, whereas KYH included participants aged 35−69 years.

For the present study, a stratified random selection of participants

was made, giving three equal-sized age groups (40−49, 50−59, and

60−69 years old). As shown in Figure 1, the sample comprised partici-

pants from Tromsø7 (50%), Arkhangelsk (25%) and Novosibirsk (25%).

Through a random sex- and age-stratified (10-year bands) sampling

method, the total of 1194 participants fromKYH (594women and 600

men) and 1013 participants from Tromsø 7 (553 women and 460men)

in the age 40−69 years were chosen for strain analysis, performed by a

single reader (MK).

F IGURE 1 Flow chart showing inclusion and exclusion of study
participants. BP, blood pressure; EF, ejection fraction.
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2.2 Definition of study groups

Figure 1 displays a flow chart of in- and exclusion of study participants.

Individuals with cardiac disease that could impact myocardial func-

tion were excluded from the study population. Therefore, we excluded

subjects with valvular heart disease (aortic insufficiency grades 3 and

4); aortic valve mean pressure gradient >25 mmHg; mitral insuffi-

ciency degrees 3 and 4; moderate and high-grade mitral stenosis;

history, or objective indicators of previous coronary artery disease

(classes 1.1–1.2.7. of Minnesota Code) or myocardial diseases; ECG

with QRS > 130 ms, EF < 45%. Hypertension initiates ventricular and

atrial changes that are known risk factors for developing atrial fibril-

lation (AF),13 and over 70% of patients with AF have hypertension.

We investigated the influence of AF on ventricular S/SR in the nor-

motensive and hypertensive populations. As this analysis did not show

a significant difference between S/SR values of the AF and non-AF

groups (Table S1), we did not exclude participants with AF from the

study groups.

Hypertension was defined as either increased systolic or diastolic

BP during the visit or the current use of antihypertensive medication.

The study population was divided into groups using the following cri-

teria: systolic BP ≤ 140 mmHg and diastolic BP ≤ 90 mmHg without

antihypertensive medication (group A, normotensive); systolic BP ≤

140 mmHg and diastolic BP ≤ 90 mmHg with antihypertensive medi-

cation (group B, controlled hypertension); systolic BP 140−159mmHg

and/or diastolic BP> 90mmHg (groupC), and systolic BP≥ 160mmHg

(group D). Groups C and D were defined as hypertensive irrespective

of the antihypertensivemedication.

Participants were classified as taking antihypertensive medications

when self-reported to be currently taking renin-angiotensin system

drugs, beta-blockers, calcium antagonists, or diuretics.

2.3 Data collection and echocardiography in KYH
and Tromsø7

The transthoracic echocardiography was performed in the left lateral

decubitus position using commercially available GE Healthcare sys-

tems: Vivid q equipped with a 1.5−3.6 MHz sector matrix transducer

in KYH study and high-end machine E9 with single crystal matrix sec-

tor probe of 1.5−4.6 MHz in Tromsø7. From parasternal and apical

views, two-dimensional (2D) grayscale images and pulsed, continuous,

and color Doppler data were acquired. Both studies included apical

four-chamber (4CH) and two-chamber (2CH) views, while apical long-

axis views (APLAX) were only acquired in Tromsø7. 2D-images were

obtained at a frame rate of at least 50 fps. The commercial soft-

ware EchoPAC (v.203, GE-Vingmed AS, Horten, Norway) was used for

strain analyses. Intra- and inter-observer variability for conventional

echocardiographicmeasures were regularly assessedwithin both KYH

and Tromsø7 reading laboratories and compared between laborato-

ries. Conventional echocardiography included left ventricular systolic

and diastolic volume (LV ESV; LV EDV), stroke volume (SV), ejec-

tion fraction (EF), and left atrial volume (LAV) measurements using

the Simpson biplanemethod. Doppler-derivedmeasurements included

mitral valve (MV) E, A, E/A ratio, and deceleration time (MV DT). The

M-modewas used to estimate the septal wall thickness andmyocardial

mass. SV, myocardial mass, and left atrial (LA) volume were indexed by

body surface area (BSA).

2.4 Strain and strain-rate analysis

A single reader (M.K.) analyzed all strain data using the Q-analysis

function of EchoPAC. For all analyses, the peak R was set as the end-

point of end-diastole. Aortic valve closure was defined as a transaortic

CW Doppler signal. The region of interest (ROI) was defined by man-

ual definition of the subendocardial border and adjustment of the ROI

width. Automated tracking was visually controlled, and suboptimal

tracking results were repeated a maximum of three times. From the

12 (or 18) segments, the following segmental values were extracted

from the strain analysis: segmental end-systolic (ES) subendocardial

(endo), mid-myocardial (myo), and epicardial strain (epi). Furthermore,

the peak systolic SR (SR S), peak SR E and SR A, and respective peak

global S/SR values for two or three apical views were extracted using

the software. Post-systolic stretching (PSS) was calculated as the dif-

ference between the ES strain and peak diastolic strain. Segments

were classified as PSS present or absent by defining cutoff values

(−1 to−3% and≥3%).

S/SR from APLAX views was analyzed in 176 Tromsø7 participants.

Based on previous analyses of this study population, we assigned seg-

mental groups with similar values, that is basal septal, basal, mid, and

apical segments.

2.5 Artefact reading

Artifact detection was used to identify distorted echocardiographic

records that were to be excluded from analysis. The identification of

strain-curve artifacts was based on artifact detection by visual assess-

ment of the strain curves and was described in detail in a previous

publication14 on the same study population. Strain curve artifactswere

subjectively assessed using these previously described features and

classified as1 “blunted curves” (a reduced or even positive strain in the

start of the cycle, mirrored by a similar curve-formation at the end of

systole),2 “diastolic mismatch” (late diastolic strain curve significantly

deviating towards 0 or positive values compared to the late dias-

tolic strain-curves of other segments), and3 “floating” (segmental strain

curves with several negative and positive peaks without correspon-

dence with timing or configuration of other segments). Segments with

curve artifacts or apical foreshortening were discarded. As shown in

Figure 2, apical foreshortening and curve artifacts reduced the number

of echocardiograms included in the final analysis.
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F IGURE 2 Adjusted strain, strain rates and post-systolic shortening in the studied groups. Means with 95% confidence intervals are derived
frommultiple linear regression analysis adjusted for age, sex, height, weight, heart rate, atrial fibrillation and Russian/Norwegian population.
Pairwise comparisons with adjustment for multiple comparisons: * p< .05 for difference towards group A: Healthy Control. † p< .05 for difference
towards group B: Controlled Hypertension. ‡ p< .05 for difference towards group C: Systolic BP 150−159mmHg.

2.6 Blood pressure (BP) measurements

In KYH and Tromsø7, blood pressure was measured in the sitting posi-

tion in a quiet room, either before or after the echocardiogram, but

not on the same day. The measurements were performed three times

at 1-min intervals after an initial 2-min seated rest. The results of

the second and third measurements were averaged and used for the

analysis. All study participants were asked about the medications they

were currently taking, and the data were coded using the Anatomi-

cal Therapeutic Chemical (ATC) classification system. Anymedications

within ATC classes C02, C03, C07, C08, or C09 were regarded as

antihypertensives.

2.7 Statistical analyses

If not stated otherwise, continuous variables are presented as

mean ± standard deviation (SD). Variables with skewed distributions

are presented as medians with quartiles (Q1–Q3). Categorical char-

acteristics are presented as absolute numbers and proportions (%).
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Between-group differences in continuous variables were tested using

one-way analysis of variance (ANOVA) with Bonferroni post hoc tests,

and a χ2 test was used for group comparisons of categorical vari-

ables. Multiple linear regressions were used to assess associations

between hypertension status and echocardiographic parameters with

adjustments for potential confounders (age, sex, height, body mass

index (BMI), heart rate (HR), atrial fibrillation (AF), and KYH/Tromsø

study population). We also used linear regression to assess the asso-

ciation between BP and LV deformation parameters as continuous

variables. All multiple regression models were run on the sample with

complete data for all covariates (n = 1707). Statistical significance

was set at p < .05. SPSS v28.0 (IBM Corp.) was used for statistical

analyses.

2.8 Intra-and interobserver-variability

The intra- and inter-observer variabilities have been previously

reported.14 For intra-and inter-observer variability in strain and SR

measurements, the same observer repeatedly analyzed 135 randomly

selected echocardiographic records comprising 1620 segments within

6−12months from the initial analysis. The same data were reanalyzed

by a second experienced observer. Intra- and inter-observer values

were calculated asBland–Altman limits of agreement for segments and

discarding segments with curve-artifacts.

3 RESULTS

3.1 Characteristic of study-subjects and groups

After excluding subjects with previous coronary artery disease,

myocardial or valvular heart disease, the final study sample included

1707 out of 2207 participants, of which 852 were defined as sub-

jects with normal heart structure and function. As shown in Table 1,

the groups of hypertensive and normotensive individuals were of

approximately equal size. Among hypertensive patients, the majority

had moderately increased BP (140−159 mmHg) during the visit. BP

during the visit was significantly higher in men than in women, and

more women received antihypertensive medication. Participants with

moderately increased systolic BP and with systolic BP > 160 mmHg

were largely from the KYH study (56% and 65%, respectively). Nor-

mal subjects were the youngest, and their BP values increased with

age. All groups with hypertension had significantly higher BMI, higher

prevalence of diabetes, and higher creatinine and NT-proBNP levels,

indicating the presence of subclinical heart failure.

3.2 LV geometrical and functional parameters

Table2 shows theLVgeometrical and functional parameters comparing

groups A-D as unadjusted mean values with their respective standard

deviations (SD). In general, there may be a gradual change in most of

the parameters from normal subjects over the hypertensives with nor-

malized, moderate and high BPs. Thus, individuals with the highest BP

displayed the lowest ejection fractions and LV stroke volumes; and the

highest LV masses, LV ES diameters, and heart rates. Compared with

the normal control group, all hypertensive patients had higher LV ED

and ES volumes and septal thickness, without significant differences

between the hypertensive groups.

As shown in Table 3, all diastolic functional parameters were sig-

nificantly different from those of the normotensive controls, with a

gradual change towards the group with the highest BP. Reduced sep-

tal and lateral systolic (TD s’) and septal early diastolic tissue Doppler

(TD e’), lower E-velocity, lower E/A ratio, higher A velocity, longer MV

E DT, and increasing LA size indicate gradually decreasing relaxation

properties inparallelwithhigherBP. Indicators of increased fillingpres-

sures, such as an E/A ratio > 1.5 or low MV DT, were not higher in the

hypertensive groups.

Table4demonstrates the effect of hypertensiononmyocardial func-

tional strain and SR parameters. With increasing BP, the global strain

of all layers, SR S, and SR E gradually decreased. Interestingly, hyper-

tension had no significant effect on the percentage of segments with

post systolic strain. Figure 2 shows the means of the same parameters

adjusted for factors known to affect cardiac function, mainly via their

influences on pre- and afterload. These adjustments resulted only in

minor differences between the unadjusted and adjusted mean values.

Linear regression analysis showed weak correlations of strain and SR

with blood pressure with R2 = .056 and R2 = .142 for myocardial GLS

and for SR E, respectively.

Figure 3 shows the distribution of segmental strain values over

the different myocardial layers. There are significant basal-to-apical

strain gradients in all layers and hypertensive groups. In the presence

of hypertension, the strain was significantly reduced in all basal sep-

tal and medial segments and had little effect on the apical segments.

This renders a slightly higher basal-apical gradient for all segmental

layer strains. Figure 4 demonstrates the apico-basal gradients for sys-

tolic and diastolic SR comparing the different hypertensive groups.

Interestingly, systolic SR did not seem to be significantly affected by

hypertension, while SR E decreased in all segments as a sign of reduced

relaxation properties. While the reduction of systolic strain and SR

only affects basal and medial segments, SR E was the only parameter

that showed a significant difference between normal and hyperten-

sive apical segments. SR A, an indicator of LV compliance, increases in

parallel with increasing blood pressure, and SR A was the only S/SR

parameterwithout a basal-to-apical gradient. Inter- and intra-observer

variabilities for segmental S/SR and layer strain are displayed in the

Supplements as Table (S2).

4 DISCUSSION

4.1 Main findings

To our knowledge, this is the largest study to describe the influence

of treated or untreated hypertension on global and segmental S/SR,
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TABLE 1 Group characteristics.

Healthy

normotensives

Controlled

hypertension

Hypertensionwith

systolic BP

140−159mmHg

Hypertension

with systolic BP

≥ 160mmHg

All with

hypertension

Group A Group B Group C GroupD

Groups B–D

combined

Group n 852 206 501 148 855

Mean± SD or

n (%)
Mean± SD or

n (%)
Mean± SD or

n (%)
Mean± SD or

n (%)
Mean± SD or

n (%)
ANOVA/χ2 test
p-value

Women 520(61) 115 (56) 220 (44)*† 70 (47)* 405 (47) <.001

Men 332 (39) 91 (44) 280 (56)*† 78 (53)* 449 (53)

Russian 358 (42) 144 (70)* 280 (56)*† 96 (65)* 520 (61) <.001

Norwegian 494 (58) 62 (30)* 221 (44)* 52 (35)* 335 (39)

Age (years) 53± 8 59± 8* 57± 8* 60± 8*‡ 58± 8 <.001

BMI (kg/m2) 26.0± 4.4 29.3± 5.2* 28.9± 5.2*† 29.3± 5* 29.0± 5.2 <.001

Systolic BP (mmHg) 119± 12 123± 10* 146± 7*† 171± 11*†‡ 145± 18 <.001

Diastolic BP (mmHg) 73± 9 76± 8* 88± 9*† 97± 10*†‡ 87± 11 <.001

LDL Cholesterol

(mmol/L)

3,7± 0,9 3,7± 1,0 3,7± 1,0 3,7± 0,9 3.7± 9.3 .400

HbA1C (%) 5,6± 0,7 5,6± 0,5 5,7± 0,8 5,6± 0,7 5.6± 0.7 .466

Diabetes diagnosis (n) 9(1) 35 (17)* 25 (5)*† 96*† 69 (8) <.001

Smoking** (n) 170 (20) 23 (11)* 95 (19) 34 (23)† 152 (18) .018

Atrial fibrillation

history (n)
26 (3) 10 (5) 15 (3) 75 32 (4) .242

Creatinin (mmol/L) 78± 15 84± 18* 81± 30* 82± 16 82± 25 <.001

Anti-hypertensive

medication (n)
0 206 (100) 175 (34)† 75 (51)†‡ 470 (53) <.001

RAS drugs (n) 0 159 (77) 140 (28)† 65 (44)†‡ 15 (39) <.001

Diuretics (n) 0 35 (17) 40 (8)† 16 (11) 54 (8) <.001

Betablockers (n) 0 68 (33) 60 (12)† 30 (20)† 154 (18) <.001

Ca-Antagonists (n) 0 33 (16) 40 (8)† 179 (11) 86 (10) .005

NT-proBNP (pmol/L) 51 (30-89) 74 (42−126) 66 (32−123) 78 (34−132) 70 (36−127) .180

NT-proBNP high (0) 16 (8)* 55 (11)* 16 (11)* 87 (10)* <.001

Antihypertensive medication was per definition absent in healthy controls and comparisons to this group were not made. Bonferroni post-hoc analysis or χ2
test!

Abbreviations: BMI, body mass index; BP, blood pressure; Ca, Calcium; HbA1C, glycosylated hemoglobin; HDL, high density lipoproteins; LDL, low density

lipoproteins; LV EF, left ventricle ejection fraction; NT-proBNP, median with quartiles; RAS, renin-angiotensin system.

**Refers to the active current smoking.

*p< .05 for difference towards group A.
†p< .05 for difference towards group B.
‡p< .05 for difference towards group C.

and the first study describing segmental SR E and SR A in hypertensive

patients.

Themain findings of the study are:

1. Segmental basal-to-apical and endo- to epicardial gradients of S/SR

are similar in normal individuals and individuals with hypertension.

2. All segmental systolic S/SR and SR E were reduced in hyperten-

sion compared to individuals with normal blood pressure. The

reduction of systolic S/SR only affected the medial and basal seg-

ments, while SR E was also significantly reduced in the apical

segments.

3. We demonstrated the dependency of S/SR values on increasing

blood pressure, while individuals with normal BP on antihyper-

tensive medication displayed a significant but less pronounced

reduction.

4. SR A was the only segmental parameter without basal-to-apical

gradients. SR A increased with antihypertensive treatment and

increasing BP.
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TABLE 2 LV geometrical and systolic functional parameters (unadjusted).

Healthy

controls

Antihypertensive

drugs

Hypertensives

systolic BP

< 160mmHg

Hypertensive

systolic BP

≥ 160mmHg

Group A Group B Group C GroupD

Mean± SD Mean± SD Mean± SD Mean± SD

ANOVA

p-value

Group n 852 206 501 148

LV ED volume (mL) 124 ± 29 126 ± 27 134 ± 36*† 127 ± 30 <.001

LV ES volume (mL) 42 ± 14 39 ± 13 45 ± 18*† 44 ± 19† <.001

EF biplane (%) 58 ± 5 57 ± 5* 55 ± 7*† 54 ± 7*† <.001

LV stroke Volume (biplane) (mL) 48 ± 13 47 ± 13 47 ± 14 46 ± 13 .348

LV ED diameter (mm) 51 ± 5 51 ± 5 52 ± 6*† 51 ± 5 <.001

LV ES diameter (mm) 32 ± 4 31 ± 4* 33 ± 5*† 33 ± 5† <.001

LVmass (g) 201 ± 58 240 ± 66* 253 ± 76* 257 ± 74* <.001

LVmass Index (g/m2) 105 ± 27 126 ± 35* 130 ± 37* 134 ± 39* <.001

Septal thickness (mm) 13 ± 3 15 ± 3* 15 ± 3* 15 ± 3* <.001

Heart rate (bpm) 62 ± 10 61 ± 10 65 ± 11*† 68 ± 12*† <.001

Bonferoni post-hoc analysis.

Abbreviations: EF, ejection fraction; LV ED, left ventricular end-diastolic; LV ES, left ventricular end-systolic.

*p< .05 for difference towards group A.
†p< .05 for difference towards group B.
‡p< .05 for difference towards group C.

4.2 LV geometry, systolic and diastolic function

The combination of lowered longitudinal systolic contraction

and abnormal diastolic LV filling may play a key role in the

development of acute and chronic heart failure in hypertensive

patients.

LV systolic function is commonly considered normal in the pres-

ence of a normal EF and fractional shortening, despite the fact that

neither index reflects all aspects of LV contractile function.15 How-

ever, numerous population studies have demonstrated the detrimental

impact of a chronically increased afterload in hypertension on both

LV global and segmental function.3,16–19 In accordance with previ-

ous studies, the present results showed increasing septal hypertrophy

and ventricular mass in participants with hypertension, both in those

well-controlled with antihypertensive treatment and more so in the

uncontrolled group with increased blood pressure. Similar to previous

reports,3 the ventricular cavity was slightly enlarged, and the EF was

slightly but significantly reduced. Thus, the extreme form of hyperten-

sive remodeling with a smaller LV cavity does not seem to constitute

themajority of hypertension.

Changes in the diastolic properties of hypertensive individuals

are well known, and several mechanisms have been discussed. First,

impaired relaxation is caused by prolonged systolic contractions fol-

lowed by delayed relaxation.20 Micro-scarring may also cause weak-

ened or delayed relaxation.20 Second, diastolic LV filling pressures

might increase due to low ventricular compliance with stiffened

scarredmyocardium or a small ventricular cavity.

In the hypertensive population of our present study, the predom-

inant diastolic dysfunction was impaired relaxation, which gradually

increased with BP. Thus, hypertensives showed prolonged MV E DT

and reduced MV E velocity and septal and lateral et’. In 10% of all

hypertensives, NT-proBNP levels were pathologically elevated, indi-

cating increased filling pressures, while remaining normal in all healthy

controls. This observation is congruent with the close connection

between heart failure, preserved EF, and hypertensive hearts.21 How-

ever, echocardiographic parameters for elevated filling pressures such

asMVE-velocity, E/A ratio, and shortenedDTwere lower in the hyper-

tensive group. As Prinzen et al. showed, delayed relaxation is an acute

response to prolonged contractions at elevated blood pressure.21 We

assume that impaired relaxation was a response to elevated blood

pressure and hypertrophy was present in the majority of hyperten-

sive patients, while higher filling pressures (indicated by increased

NT-proBNP) were only present in 10% of the hypertensive population.

4.3 Strain and strain rate

Global systolic longitudinal S/SR showed lower values depending on

higher BP, while no significant S/SR difference was registered between

normal BPwithout antihypertensive treatment and controlled BPwith

treatment. These findings are in line with a recent population study

reporting a significant reduction in global GLS/SR among “ineffectively

treated” hypertensives but not in those with BP control.22 It is known,

that decreased GLS occurs before LV hypertrophy in hypertensive
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630 KORNEV ET AL.

TABLE 3 LV diastolic functional parameters (unadjusted).

Healthy controls

Antihypertensive

drugs

Hypertensives

systolic

BP< 160mmHg

Hypertensive

systolic BP≥
160mmHg

GroupA Group B Group C GroupD

Mean± SD or

n (%)
Mean± SD or

n (%)
Mean± SD or

n (%)
Mean± SD or

n (%)
ANOVA

p-value

Group n 852 206 501 148

TD septal e′ (cm/s) −7.1 ± 2.0 −5.9 ± 1.6* −5.7 ± 1.9* −5.0 ± 1.6*†‡ <.001

TD lateral e′ (cm/s) −9.1 ± 2.6 −7.7 ± 2.5* −7.4 ± 2.5* −6.6 ± 2.2*†‡ <.001

MV velocity E (cm/s) 68 ± 16 68 ± 16 64 ± 16*† 64 ± 18 <.001

MVEDT (ms) 180 ± 44 203 ± 49* 198 ± 49+ 210 ± 59* <.001

MVA velocity (cm/s) 60 ± 14 68 ± 16* 69 ± 15* 73 ± 17*†‡ <.001

E/A ratio () 1,19 ± 0,38 1.05 ± 0.33* 0.97 ± 0.30*† 0.92 ± 0.30*† <.001

LA diameter (cm) 17 ± 16 28 ± 16* 24 ± 18*† 27 ± 17* <.001

LA volume index (mL/m2) 21 ± 7 24 ± 9* 23 ± 9* 24 ± 9* <.001

TRmax peak gradient (mmHg) 13 ± 8 17 ± 9* 14 ± 9† 14 ± 9 <.001

Bonferoni post-hoc analysis.

Abbreviations: A, atrial contraction; DT, deceleration time; E, early diastole; LA, left atrium;MV, mitral valve; TD, tissue doppler; TR, tricuspid regurgitation.

*p< .05 for difference towards group A.
†p< .05 for difference towards group B.
‡p< .05 for difference towards group C.

TABLE 4 Systolic and diastolic strain and strain rate (unadjusted).

Healthy controls

Antihypertensive

drugs

Hypertensives

systolic

BP< 160mmHg

Hypertensive

systolic BP≥
160mmHg

GroupA Group B Group C GroupD

Mean± SD Mean± SD Mean± SD Mean± SD

ANOVA

p-value

Group n 852 206 501 148

ES LS epi (%) −18.4 ± 2.2 −18.0 ± 2.3 −17.6 ± 2.5* −17.0 ± 2.3*†‡ <.001

ES LSmyo (%) −20.7 ± 2.4 −20.4 ± 2.5 −19.9 ± 2.8* −19.3 ± 2.6*† <.001

ES LS endo (%) −23.8 ± 2.9 −23.6 ± 3.1 −23 ± 3.4* −22.6 ± 3.3*† <.001

Global SR S (1/s) −1.0 0 ± 0.15 −0.97 ± 0.16 0.97 ± 0.16* −0.94 ± 0.20* <.001

Global SR E (1/s) 1.35 ± 0.36 1.19 ± 0.33* 1.10 ± 0.32*† 1.00 ± 0.32*†‡ <.001

Global SR A (1/s) 0.86 ± 0.20 0.91 ± 0.21 0.94 ± 0.22* 0.96 ± 0.30* <.001

PSS (−1 to−3%) percentage

of segments (%)

16 ± 36 14 ± 34 19 ± 39 16 ± 37 .520

PSS (−3 to−5%) percentage

of segments (%)

1 ± 11 1 ± 10 2 ± 14 2 ± 12 .306

Bonferoni post-hoc analysis.

Abbreviations: endo, endocardial; epi, epicardial; ES, end-systolic; LS, longitudinal strain; myo, myocardial; PSS, post-systolic stretching; SR, strain rate; SR A,

strain rate in atrial contraction; SR E, strain rate in early diastole; SR S, strain rate at peak systole.

*p< .05 for difference towards group A.
†p< .05 for difference towards group B.
‡p< .05 for difference towards group C.
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KORNEV ET AL. 631

F IGURE 3 Strain of the different segmental groups in different
myocardial layers comparing normal and hypertensive groups: A:
systolic blood pressure (BP)< 140 and diastolic BP< 90mmHg, but on
antihypertensive medication; B: systolic blood pressure
140−159mmHg; C: systolic blood pressure> 160mmHg.

patients.23,24 Moreover, it was shown that GLS remained reduced in

hypertensives compared to normotensives, even after the reduction of

myocardial mass.22

However, SR E was the only parameter that showed significant

functional differences between all groups (A-D). Thus, early relax-

ation, measured as longitudinal SR E, appears to be the most sensitive

parameter for subtle functional changes in the hypertensive popula-

tion. Impaired relaxation as a key to the early detection of hypertensive

heart disease has been previously described by the use of TDI et’25 and

F IGURE 4 Systolic and diastolic segmental strain-rate (SR)
comparing normal individuals with the different hypertensive groups.

GLS has been suggested as a marker for early myocardial dysfunction

in hypertensive heart disease,26 while SR E has not been previously

described in a hypertensive population.

Strain-rate imaging provides new information regarding segmental

systolic and diastolic function. Smaller studies on hypertensive hearts

have suggested decreasing apico-basal gradients as pathognomonic

of hypertension.20,27 However, the present data suggest that nor-

motensive controls and hypertensives in the investigated age group

(40−70 years old) have similar apico-basal gradients, while apical, mid,

and basal segmental S/SR values in hypertensive hearts are equally

reduced. Kuznetsova et al. described two segmental groups with
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632 KORNEV ET AL.

basal-mid strain at −20.7 ± 1.98% versus −20.0 ± 2.35% and apical

strain at −24.3 ± 3.41 versus −23.2 ± 2.61% in hypertensive and nor-

motensive individuals, respectively. These results are similar to the

present findings, although the division into four segmental groups in

the present study delivers even more distinct basal septal to apical

gradients.

To the best of our knowledge, this study is the first to compare

segmental SR E and SR A in hypertensive and normotensive popula-

tions. Segmental SR E is not implemented in commercialized bulls-eye

plots, and only a few studies have focused on SR E as a possible clin-

ical marker.28 However, our results suggest that SR E might be the

most sensitive S/SRmarker for subclinical functional deterioration, and

that differences between the three BP groups, especially in the apical

segments, were best shown by this specific marker.

Higher BP was accompanied by a higher SR A, indicating reduced

relaxation but normal end-diastolic filling pressure.29 Thus, a ventri-

cle with poor filling after the relaxation phase is compensated for

by atrial contraction when ventricular compliance is preserved. SR A

showed no intersegmental gradient between segment groups. This can

be explained by atrial contraction towards a fully relaxed ventricle in a

state of uniform segmental compliance.

4.4 Study limitations

This study used conventional echocardiographic measurements by

different readers from the three study locations. Inter-investigator

variabilities of these measurements have been performed and showed

a significant bias for allM-mode-baseddimensionalmeasurements.We

applied linear regression analysis by integrating possible confounders,

whichwere corrected for reader-specific differences. This problem did

not affect the strainmeasurements, because theywere performed by a

single reader. Doppler and volume measurements are robust to inter-

observer variability and are not affected by inter-reader variability.30

Furthermore, BP measurements were not taken at the same time

as echocardiograms. Therefore, the influence of BP on myocardial

functionmay be underestimated.

4.5 Clinical applications

The assessment of segmental LV longitudinal S/SR provides new

insights into themyocardial function in hypertension. Kuznetsova et al.

demonstrated a higher risk of cardiovascular events in individuals with

low longitudinal strain and number of abnormal conventional echocar-

diographic measures.3 According to the present results, segmental SR

E seems to be the most promising S/SR parameter, which should be

investigated in future risk-stratification studies.

In hypertensive hearts, assessment of increased filling pressure is

challenging. The combination of impaired relaxation with high filling

pressures results in mitral flow patterns known as “pseudo normaliza-

tion,” which typically hampers accurate estimation of diastolic filling

pressures.

We also showed that basal-to-apical gradients are present in the

normal population and should not be interpreted as an indicator of

hypertensive heart disease. Typically, hypertension is characterized

by reduced segmental systolic S/SR values and SR E values with a

preserved basal to apical gradient. Elevated BP results in different

S/SR values, without overt myocardial disease. To accurately identify

myocardial pathology in the presence of high BP, we defined segmental

S/SR in hypertensive individuals without features of structural cardiac

disease.

5 CONCLUSION

This study describes in detail the influence of hypertension on global

and segmental systolic function. Although all longitudinal functional

parameters are reduced in hypertensive hearts, impaired relaxation

appears to be the predominant cause of cardiac dysfunction in these

patients. Accordingly, of all systolic and diastolic LV functional param-

eters, global and segmental SR E as a measure of LV relaxation is

potentially the best indicator of reduced LV function in chronic and

acutely elevated BP.
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