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Abstract

Background

The physiological factors which affect left ventricular (LV) long-axis function are not fully

defined. We investigated the relationships of resting heart rate and body size with the peak

velocities and amplitudes of LV systolic and early diastolic long axis motion, and also with

long-axis contraction duration.

Methods

Two groups of adults free of cardiac disease underwent pulsed-wave tissue Doppler imag-

ing at the septal and lateral mitral annular borders. Group 1 (n = 77) were healthy subjects

<50 years of age and Group 2 (n = 65) were subjects between 40–80 years of age referred

for stress echocardiography. Systolic excursion (SExc), duration (SDur) and peak velocity

(s’) and early diastolic excursion (EDExc) and peak velocity (e’) were measured.

Results

SExc was not correlated with heart rate, height or body surface area (BSA) for either LV wall

in either group, but SDur was inversely correlated with heart rate for both walls and both

groups, and after adjustment for heart rate, males in both groups had a shorter septal SDur.

Septal and lateral s‘ were independently and positively correlated with SExc, heart rate and

height in both groups, independent of sex and age. There were no correlations of heart rate,

height or BSA with either e‘ or EDExc for either wall in either group.

Conclusion

Heart rate and height independently modify the relationship between s‘ and SExc, but nei-

ther are related to EDExc or e‘. These findings suggest that s‘ and SExc cannot be used

interchangeably for the assessment of LV long-axis contraction.
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Introduction

The longitudinally oriented myocardial fibres of the left ventricle provide substantial contribu-

tions to both left ventricular (LV) ejection and filling [1–3], and echocardiographic measure-

ments which reflect the action of these fibres on mitral annular motion have proven to be

clinically useful [4]. Both mitral annular plane systolic excursion and the peak velocity of systolic

mitral annular motion (s‘) can be used as predictors of a low ejection fraction [5–11], both have

also been utilised to demonstrate impairment of long axis systolic function in patients with heart

failure and a preserved ejection fraction [12–16], and s‘ provides prognostic information in heart

failure with reduced ejection fraction [17]. The peak velocity of early diastolic mitral annular

motion (e‘) is now in routine use to assess LV relaxation [18], as a correction factor for E (E/e‘)

in the estimation of mean left atrial pressure [18], and e‘ also provides information about prog-

nosis in heart disease [17–23]. Given that an inverse correlation of e‘ with age has been consis-

tently demonstrated in multiple studies [24–28], it is now well accepted that interpretation of e‘

requires consideration of subject age. There is also evidence of an inverse correlation between

age and LV s‘, although this relationship is relatively weak in contrast to the correlation of age

with e‘ [24,27–31], and there are studies which do not support such a relationship [32–35].

Whether the interpretation of measures of LV long axis function should also involve consider-

ation of factors other than age has received little attention.

Resting heart rate varies over a moderate range in normal individuals, is often elevated in asso-

ciation with cardiac pathology, and is an important independent determinant of prognosis in

both the general population and those with cardiac disease [36]. In healthy subjects at rest there is

an inverse linear correlation of heart rate with the electromechanical duration, as reflected in the

QT interval, the interval between the Q wave and aortic valve closure (QS2) [37], and the LV ejec-

tion time [38]. A positive correlation between the frequency and velocity of myocardial contrac-

tion has also been reported [39,40] and therefore a higher resting heart rate might be expected to

be associated with both a shorter duration of long axis contraction and a faster contraction veloc-

ity. However, findings have not been consistent in the studies which have examined the relation-

ship of heart rate with s‘ or its M-mode equivalent [7,30,33,41–47]. There are also reasons to

consider a relationship of heart rate with e‘ give that frequency-dependent acceleration of LV

relaxation has been demonstrated during pacing mediated increases in heart rate in humans [48],

and there have been reports that increases in heart rate have an effect on diastolic LV long axis

motion [42,49,50].

Body size could be related to long axis LV function given that there have been reports of a

positive correlation of s‘ with height and body surface area (BSA) in healthy adults [42,46]. On

the other hand, e‘ does not appear to be related to height, but an inverse correlation of e‘ with

weight and body mass index (BMI) has been reported [46,51,52]. As sex is an important deter-

minant of both body size and the duration of electromechanical systole, with QS2 being shorter

in males [37], an important limitation of previous studies of long axis function is that sex was

not always taken into account. Moreover, while it has been suggested that measurement of tis-

sue Doppler velocities alone can only provide only a limited perspective on long axis function

[2,53], previous investigations of the effects of heart rate and body size on long axis LV func-

tion have generally not included simultaneous examination of the amplitudes of annular

excursion, the peak annular velocities and contraction duration. Accordingly, in this study we

have investigated the relationships of resting heart rate and body size with long axis LV con-

traction duration and with both the amplitudes and peak velocities of systolic and early dia-

stolic motion, at the same time also considering possible contributions of age and sex. There

were two study groups comprised of individuals free of cardiovascular disease and these have

been analysed separately and evaluated for consistency of the findings: healthy adult subjects
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<50 years of age without hypertension or obesity (Group 1) and adult subjects between 40 and

80 years old who were referred for stress echocardiography, but had a normal LV ejection frac-

tion (EF) and were free of valvular and ischemic heart disease (Group 2).

Methods

Subjects

The study design was approved by the Monash Health Human Research and Ethics committee

and all clinical investigation was conducted according to the principles expressed in the Decla-

ration of Helsinki. Written informed consent was obtained prospectively from Group 1 sub-

jects, but as Group 2 subjects were identified retrospectively the requirement for consent was

waived. Height and weight were measured immediately prior to the echocardiographic study,

BSA was calculated using the formula: 0.0001 x 71.84 x (weight [kg])0.425 x (height [cm])0.725

and BMI was calculated as weight in kilogram per square metre in height (kg/m2). Blood pres-

sure was measured during the echocardiographic study with the patient in a supine position.

Study group 1 comprised 77 healthy adult subjects <50 years of age. Subjects were eligible if

they had no history of cardiac disease, diabetes or hypertension, were on no medication, had a

BMI< 30 kg/m2 and had a systolic blood pressure (BP)�140 and a diastolic BP�90 mm Hg

at the time of the study. All subjects also had normal LVEF (�55%) and no more than mild

valvular disease as assessed by echocardiography. Study group 2 comprised 65 adult subjects

selected from a consecutive population referred for stress echocardiography to investigate for

possible ischaemic heart disease. Exclusion criteria included diabetes, renal failure, morbid

obesity (BMI> 40 kg/m2), preceding beta blocker medication (even if ceased for the study),

known myocardial infarction or symptomatic ischaemic heart disease, a LVEF <55%, a

regional wall motion abnormality, more than mild valvular disease or a positive test for induc-

ible ischemia.

Echocardiography

Echocardiography was performed on a Sonos 5500 machine (Philips, Amsterdam, The Nether-

lands) in Group 1 and a Vivid 7 machine (GE Healthcare, Chicago, IL, USA) in Group 2. Stud-

ies were stored digitally and measured offline using Xcelera V1.2 L4 SP2 (Philips, Amsterdam,

The Netherlands) by one of 2 investigators (LD or BC). Four- and two-chamber 2-dimensional

loops of left ventricular contraction were recorded in both groups and used for measurement of

LV end-diastolic volume (LVEDV), end-systolic volume and the calculation of the ejection frac-

tion (LVEF) using the biplane method of discs. The length of the LV at end-diastole (LVEDL)

from the plane of the mitral annulus to the apical endocardium in the 4- and 2-chamber views

was recorded during the measurement of the LVEDV, and the longest dimension from these 2

views has been used [54]. Pulsed-wave TDI was performed in the apical 4-chamber view in both

groups and TDI signals of longitudinal mitral annular motion were recorded during non-forced

end-expiration apnoea at both septal and lateral borders of the mitral annulus after optimising

parallel alignment of the ultrasound beam [46]. Measurements were made of the duration of the

systolic (SDur) signal and the time interval between the end of the systolic signal and the com-

mencement of the early diastolic signal as a TDI long axis equivalent of the isovolumic relaxa-

tion time (IVRT‘). Measurements were made from the systolic signals of the peak velocity (s’)

and the velocity time integral (systolic excursion; SExc) and from the early diastolic signals of

the peak velocity (e’) and the velocity time integral (early diastolic excursion, EDExc) (Fig 1).

The heart rate was calculated from the R-R intervals of the relevant TDI signals. In Group 1

results from 3 consecutive cardiac cycles were averaged, and in Group 2 measurements were

performed on a single cardiac cycle, with evidence of a preceding sinus beat.

Determinants of long axis tissue Doppler systolic velocity
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Statistical analysis

Statistical analysis was performed using Systat V13 (Systat Software, Chicago, IL, USA). Contin-

uous variables are presented as mean ± SD. Univariate linear regression analysis was performed

to assess the relationships of age, heart rate and measures of body size with TDI variables. Multi-

variate regression analysis was performed with selected variables to assess the independence

and extent of contributions to the observed relationships. Sex was included in multivariate

models as a dummy variable (Male = 1, Female = 0). The partial correlation coefficient (β) value

is provided in multivariate analyses. The coefficient of determination has been adjusted for the

number of terms in the model (adjusted r2) and used to estimate the degree of variability in a

dependent variable explained by a multivariate model. Apart from decisions regarding inclusion

of variables in multivariate models, a p value of<0.05 was considered significant.

Results

The clinical characteristics and main echocardiographic variables of the two study groups are

shown in Table 1. As expected, age, BP and BMI were all higher in Group 2 than Group 1, whereas

all the TDI velocities and excursions were lower in Group 2 (p<0.05 for all). Possible confounding

influences on the relationships of heart rate, sex and body size with TDI variables were considered

in both groups. In neither group were there any differences in heart rate between males and females

and nor were there any correlations of heart rate with age, systolic or diastolic BP, height, weight,

BSA or BMI (p>0.05 for all). For each group, univariate correlations of TDI variables with age are

shown in Table 2, with heart rate are shown in Table 3 and with anthropometric measures are

shown in Table 4.

Left ventricular long axis systolic function

Group 1. On univariate analysis age was not related to any of the systolic TDI variables

(Table 2). Heart rate was inversely correlated with septal and lateral SDur (Fig 2A & 2B),

Fig 1. Example of the method for tracing the velocity time integrals of the systolic and early diastolic

tissue Doppler signals from the mitral annulus.

doi:10.1371/journal.pone.0173383.g001
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positively correlated with septal and lateral s‘ (Fig 3A & 3B), but was not correlated with either

septal or lateral SExc (Fig 4A & 4B, Table 3). Height, weight and BSA were all inversely corre-

lated with septal SDur, but none of the anthropometric measures were significant correlates of

lateral SDur (Table 4). Height, weight and BSA were all positively correlated with both septal

and lateral s‘, but none of the anthropometric measures were correlated with either septal or

lateral SExc (Table 4).

Various multivariate models of SDur are shown in Table 5. Inverse correlations of heart

rate with septal and lateral SDur were independent of sex, and male sex was a predictor of

shorter septal SDur and a borderline significant predictor of a shorter lateral SDur (p = 0.06).

Height became an independent contributor in models of septal and lateral SDur in association

with heart rate, but there was no contribution of either height (or BSA) to models of septal and

lateral SDur which also included sex and heart rate (p>0.05 for all). SExc was not a correlate of

SDur for either the septal or lateral walls in univariate or multivariate analyses (p>0.05 for

both). Together heart rate and sex explained 48% and 24% of the variability of septal and lat-

eral SDur, respectively.

Multivariate models of septal and lateral s‘were constructed with combinations of the vari-

ables SExc, heart rate and either height or BSA. SExc, heart rate and either height or BSA were

all independent contributors to the models of septal and lateral s‘ (Table 6). SExc, heart rate

and height together explained 51% and 52% of the variability in septal and lateral s‘, respec-

tively. When men and women were analysed separately, SExc, heart rate and either height or

BSA were also significant contributors to the model of septal s‘ (p<0.05 for all) in both sexes,

but only SExc and heart rate were significant contributors in the model of lateral s‘. LVEDL

was also a significant contributor to models of septal and lateral s‘ which included SExc and

heart rate, but addition of LVEDL did not improve the prediction of either septal or lateral s‘

when either height or BSA were included in the model.

Table 1. Clinical and echocardiographic characteristics of the study groups.

Group 1 (n = 77) Group 2 (n = 65)

Sex (male: female) 35:42 31:34

Age (years) 31±8 (18–49) 58±10 (42–80)

Height (cm) 170±8 (155–190) 167±10 (148–188)

Weight (kg) 67.4±10.9 (48–98) 76.8±16.1 (46–115)

BSA (m2) 1.78±0.18 (1.47–2.22) 1.85±0.22 (1.40–2.36)

BMI (kg/m2) 23.2±2.5 (18.4–29.4) 27.6±4.9 (18.3–39.9)

Obesity 0 23 (35%)

Hypertension 0 24 (36%)

Heart rate (bpm) 63±11 (42–92) 70±11 (48–99)

Systolic BP (mmHg) 112±12 (85–138) 124±14 (90–150)

Diastolic BP (mmHg) 67±8 (45–86) 75±11 (40–100)

LVEF (%) 65±5 60±4

LVEDL (cm) 9.1±0.7 8.7±0.6

Septal s‘ (cm/s) 8.2±1.4 6.6±1.3

Lateral s‘ (cm/s) 11.9±2.6 7.9±1.9

Septal SExc (cm) 1.4 ± 0.2 1.1 ± 0.2

Lateral SExc (cm) 1.7 ± 0.3 1.2 ± 0.2

Septal e‘ (cm/s) 10.6±2.3 6.4±1.9

Lateral e‘ (cm/s) 17.4±3.8 8.4±2.4

Septal EDExc (cm) 0.9 ± 0.2 0.6 ± 0.2

Lateral EDExc (cm) 1.2 ± 0.2 0.7 ± 0.2

doi:10.1371/journal.pone.0173383.t001
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Group 2. On univariate analysis, and in contrast to Group 1, age was inversely correlated

with s‘ and SExc for both the septal and lateral walls, but similar to Group 1, there was no cor-

relation between age and SDur (Table 2). Heart rate was inversely correlated with septal and

lateral SDur, was a positive correlate of septal s‘but not of lateral s‘, and was not related to

either septal or lateral SExc (Table 3). Height was a positive correlate of septal and lateral s‘and

also of septal SExc, but was not correlated with lateral SExc or with septal or lateral SDur

(Table 4). BSA was correlated with septal s‘ but not with septal SExc or with lateral s‘ or SExc.

Weight and BSA were both inversely correlated with septal and lateral SDur (p<0.05 for all).

Various multivariate models of SDur are shown in Table 5. On multivariate analysis including

sex and heart rate, heart rate was inversely correlated with septal and lateral SDur, but while male

sex was a predictor of a shorter septal SDur, it was not a predictor of lateral SDur (p = 0.28). In

combination with heart rate, height was an independent contributor to the model of septal SDur

and a borderline significant contributor to lateral SDur (p = 0.052), whereas BSA was a contribu-

tor to the models of both septal and lateral SDur (p<0.05 for both). When sex was also included

in the model with heart rate, BSA (but not height), remained an independent contributor to the

Table 2. Univariate correlations of age in Group 1 and Group 2.

Group 1 Group 2

r P r P

Septal SDur 0.04 NS 0.02 NS

Septal SExc -0.07 NS -0.33 0.007

Septal s‘ -0.20 NS -0.35 0.004

Septal IVRT‘ 0.28 0.015 0.24 0.057

Septal EDExc -0.31 0.006 -0.39 0.001

Septal e‘ -0.53 <0.001 -0.53 <0.001

Lateral SDur 0.05 NS 0.00 NS

Lateral SExc -0.11 NS -0.33 0.008

Lateral s‘ -0.08 NS -0.24 0.05

Lateral IVRT‘ 0.02 NS 0.21 NS

Lateral EDExc -0.45 <0.001 -0.52 <0.001

Lateral e‘ -0.53 <0.001 -0.60 <0.001

doi:10.1371/journal.pone.0173383.t002

Table 3. Univariate correlations of heart rate in Group 1 and Group 2.

Group 1 Group 2

r P r P

Septal SDur -0.59 <0.001 -0.58 <0.001

Septal SExc -0.04 NS -0.09 NS

Septal s‘ 0.47 <0.001 0.31 0.012

Septal IVRT‘ -0.27 0.016 -0.28 0.023

Septal EDExc -0.13 NS -0.14 NS

Septal e‘ 0.07 NS 0.07 NS

Lateral SDur -0.56 <0.001 -0.55 <0.001

Lateral SExc -0.09 NS -0.06 NS

Lateral s‘ 0.31 0.007 0.12 NS

Lateral IVRT‘ -0.33 0.003 -0.35 0.004

Lateral EDExc -0.16 NS -0.07 NS

Lateral e‘ -0.09 NS -0.00 NS

doi:10.1371/journal.pone.0173383.t003
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model of lateral SDur (p = 0.003), whereas neither height nor BSA were contributors to the

model of septal SDur (p>0.10 for both). Together, combinations of heart rate and sex, heart rate

and height or heart rate and BSA could explain 37–38% of the variability of septal SDur, whereas

heart rate and BSA could explain 39% of the variability of lateral SDur (Table 5).

Multivariate models of s‘ were constructed with combinations of the variables SExc, heart

rate and height or BSA (Table 6) and similar to Group 1, SExc and heart rate, together with

Table 4. Univariate correlations of tissue Doppler variables with height, weight, body surface area and body mass index.

Group 1 Group 2

Height Weight BSA BMI Height Weight BSA BMI

Septal SDur -0.34* -0.33* -0.35* -0.19 -0.23 -0.24 -0.27* -0.13

Septal SExc 0.14 0.13 0.14 0.05 0.26* -0.04 0.08 -0.21

Septal s‘ 0.36* 0.44* 0.44* 0.37* 0.48* 0.14 0.29* -0.15

Septal IVRT‘ -0.00 0.15 0.11 0.23* -0.29* -0.22 -0.28* -0.08

Septal EDExc 0.04 -0.11 -0.07 -0.21 0.33* -0.04 0.10 -0.26*

Septal e‘ -0.09 -0.26* -0.21 -0.31* 0.23 -0.04 0.05 -0.20

Lateral SDur -0.19 -0.15 -0.17 -0.07 -0.19 -0.41* -0.38* -0.37*

Lateral SExc 0.09 0.15 0.15 0.19 0.20 -0.00 0.07 -0.13

Lateral s‘ 0.32* 0.33* 0.36* 0.25* 0.39* 0.11 0.23 -0.14

Lateral IVRT‘ -0.16 -0.26* -0.23* -0.23* -0.03 0.17 0.11 0.18

Lateral EDExc 0.08 0.02 0.05 -0.00 0.23 0.06 0.13 -0.07

Lateral e‘ 0.06 -0.03 0.00 -0.08 0.19 -0.02 0.05 -0.13

* p<0.05

doi:10.1371/journal.pone.0173383.t004

Fig 2. Scatter plots of heart rate v septal systolic signal duration (A) and heart rate v lateral systolic signal duration (B) in Group 1.

doi:10.1371/journal.pone.0173383.g002
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either height or BSA, were all independent contributors to the models of septal and lateral

s‘. SExc, heart rate and height explained 53% of the variability of septal s‘ and 58% of the var-

iability of lateral s‘. LVEDL was also a significant contributor to models of septal and lateral

s‘ which included SExc and heart rate, but LVEDL did not improve the prediction of septal

or lateral s‘ when either height or BSA were included. There were no contributions of age to

models of s‘ which included SExc, heart rate and height, and sex was not a significant con-

tributor in models of septal or lateral s‘ when included with either height or BSA (p>0.05

for all).

The group specific equations for the linear regression models of septal and lateral s‘ which

included the variables heart rate and height are shown in Table 7, and calculated values for s‘

with heart rates of either 55 or 90/min and heights of either 155 or 185 cm are shown in

Table 8. The absolute velocities were lower in Group 2 than Group 1, but the percentage differ-

ences from the lowest to the highest predicted values were substantial in both groups, e.g. 85%

for lateral s‘ in Group 1 and 89% for lateral s‘ in Group 2.

Left ventricular long axis IVRT‘ and early diastolic motion

Group 1. On univariate analysis age was inversely correlated with e‘, EDExc and IVRT‘-

for both septal and lateral walls (Table 2), but there were no correlations of heart rate with

septal or lateral EDExc or e‘ (Table 3), with or without adjustment for age and sex (p>0.05

for all). There were inverse correlations of heart rate with septal and lateral IVRT‘, which

also remained significant after addition of age to the models (p<0.05 for all). There were no

correlations of height, weight or BSA with e‘ or EDExc at either the septal or lateral walls,

but there were inverse correlations of weight and BMI with septal e‘.

Fig 3. Scatter plots of heart rate v septal s‘ (A) and heart rate v lateral s‘ (B) in Group 1.

doi:10.1371/journal.pone.0173383.g003
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Group 2. On univariate analysis age was inversely correlated with e‘ and EDExc for both

septal and lateral walls (Table 2) but not correlated with IVRT‘for either wall. There were no

correlations of heart rate with septal or lateral e‘ or EDExc on univariate analysis, or after

adjusting for age or sex (p>0.05 for all). Heart rate was inversely correlated with both septal

and lateral IVRT ‘and the correlations with heart rate remained significant after including age

in the models (p<0.05 for all). There was a positive correlation of septal EDExc with height

and an inverse correlation of septal EDExc with BMI, but no relation of septal or lateral e‘ or of

lateral EDExc with either height, BSA or BMI (Table 4).

Discussion

In this cross sectional study of two groups of adult subjects, both with normal LVEF and free

of cardiac disease, we have investigated the relationships of resting heart rate, sex, age and

body size with the amplitudes of excursion and the peak velocities of both systolic and early

diastolic long axis LV motion, and also with the duration of long axis contraction. There were

a number of findings which were consistent in both groups and for both the septal and lateral

walls: (1) SDur was inversely and independently correlated with heart rate, (2) there was no

relationship of SExc with heart rate, height or BSA, (3) s‘ was only moderately correlated with

SExc, and was positively correlated with heart rate and height, independent of SExc, age and

sex, (4) IVRT‘ was inversely and independently correlated with heart rate, and (5) there were

no correlations of EDExc or e‘ with heart rate, height or BSA. The above findings suggest that

both resting heart rate and height need to be taken into account when interpreting s‘ as a mea-

sure of LV long axis contraction, whereas, and despite the inverse correlation between heart

rate and IVRT‘, neither heart rate nor height require consideration for the interpretation of e‘.

Fig 4. Scatter plots of heart rate v septal SExc (A) and heart rate v lateral SExc (B) in Group 1.

doi:10.1371/journal.pone.0173383.g004

Determinants of long axis tissue Doppler systolic velocity

PLOS ONE | DOI:10.1371/journal.pone.0173383 March 13, 2017 9 / 19



Our finding of inverse linear correlations between heart rate and LV long axis SDur was

not unexpected as inverse correlations of resting heart rate with the duration of the ejection

time and LV electromechanical systole have been reported previously in normal subjects with

heart rates varying between 40 and 100/min [37,38,55]. Furthermore, an inverse correlation of

heart rate with ventricular long axis systolic time intervals has been previously reported in chil-

dren [56]. However, we believe this to be the first description of an inverse relationship of

heart rate with LV long axis contraction duration in adults. More importantly, we believe this

to be the first study in which there has been simultaneous assessment of the relationship of

heart rate with long axis SDur, SExc and s‘, such that the implications of a higher heart rate

leading to a shorter duration of contraction on the relationship between SExc and s‘ has been

explored.

Interpretation of the finding of a positive correlation of s‘ with resting heart rate requires

consideration of the Bowditch staircase phenomenon, also known as the treppe effect or the

force-frequency relationship [57,58]. While the classic description by Bowditch was of an

increase in force of contraction following an increase in heart rate [57], such a relationship has

not always been evident in experiments in human myocardium [59,60], whereas a positive

association between frequency and velocity of contraction has been a more consistent finding

[59–62]. Although peak force may not increase with heart rate, an increase in the peak change

in force per unit time (dF/dt) and a decrease in the time to reach peak force could account for

Table 5. Linear regression analysis of SDur with heart rate, sex and body size in Groups 1 and 2.

Univariate β Multivariate β P value in multivariate model Cumulative adjusted r2

Group 1

Septal SDur Heart rate -0.59 -0.63 <0.001 0.34

Male sex -0.31 -0.38 <0.001 0.48

Heart rate -0.59 -0.58 <0.001 0.34

Height -0.35 -0.34 <0.001 0.45

Heart rate -0.59 -0.57 <0.001 0.34

BSA -0.35 -0.33 <0.001 0.44

Lateral SDur Heart rate -0.48 -0.52 <0.001 0.22

Male sex -0.08 -0.19 0.06 0.24

Heart rate -0.48 -0.49 <0.001 0.22

Height -0.19 -0.22 0.03 0.26

Heart rate -0.48 -0.48 <0.001 0.22

BSA -0.17 -0.18 0.09 0.24

Group 2

Septal SDur Heart rate -0.51 -0.52 <0.001 0.25

Male sex -0.19 -0.22 0.038 0.37

Heart rate -0.51 -0.59 <0.001 0.25

Height -0.23 -0.26 0.01 0.38

Heart rate -0.51 -0.56 <0.001 0.25

BSA -0.27 -0.23 0.026 0.37

Lateral SDur Heart rate -0.55 -0.56 <0.001 0.29

Male sex -0.10 -0.12 0.28 0.30

Heart rate -0.55 -0.56 <0.001 0.29

Height -0.19 -0.20 0.052 0.33

Heart rate -0.55 -0.52 <0.001 0.29

BSA -0.38 -0.32 0.002 0.39

doi:10.1371/journal.pone.0173383.t005
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an increase in the peak velocity of shortening [60]. Furthermore, while an increase in fre-

quency of contraction can result in an increased peak velocity of shortening, due to the

reduced duration of contraction the extent of shortening could remain relatively unchanged

[59]. Nevertheless, that the reduction in SDur with increasing heart rate in our study would

also be accompanied by an increase in s‘ could not be assumed as the TDI systolic signal is of a

heterogeneous shape, which can vary substantially between individuals [63]. Indeed, a possible

reason for the small differences in the relationships of septal and lateral s‘ could have been dif-

ferences in the TDI signal shapes between these two walls. Furthermore, while mean contrac-

tion velocity must increase if SDur decreases and SExc remains the same, the relationship

between heart rate and SExc in our observational study was not predictable as the control of

contraction amplitude (and thus SExc) in the intact cardiovascular system is complex, with the

amplitude of contraction modified by preload and afterload, as well as by sympathetic drive

[58]. For example, a simultaneous increase or decrease in heart rate, SExc and s‘ is possible

during the combined inotropic and chronotropic effects of an increase or decrease in sympa-

thetic drive [64]. It is therefore an important finding that not only was there no relationship

between heart rate and SExc in our study groups, but that s‘ was independently and positively

correlated with SExc and heart rate in both groups.

Table 6. Linear regression analysis of s‘ with systolic excursion, heart rate, body size and left ventricular diastolic length.

Alternative body size options Univariate β Multivariate β P value in multivariate model Cumulative adjusted r2

Group 1

Septal s‘ SExc 0.47 0.45 <0.001 0.21

Heart rate 0.47 0.48 <0.001 0.44

Height 0.36 0.29 0.001 0.51

BSA 0.44 <0.001 0.56

LVEDL 0.39 <0.001 0.54

Lateral s‘ SExc 0.57 0.57 <0.001 0.31

Heart rate 0.31 0.38 <0.001 0.44

Height 0.32 0.30 <0.001 0.52

BSA 0.36 <0.001 0.51

LVEDL 0.35 <0.001 0.49

Group 2

Septal s‘ SExc 0.54 0.47 <0.001 0.27

Heart rate 0.32 0.38 <0.001 0.40

Height 0.48 0.38 <0.001 0.53

BSA 0.29 <0.02 0.45

LVEDL 0.45 <0.001 0.51

Lateral s‘ SExc 0.71 0.67 <0.001 0.49

Heart rate 0.16 0.20 <0.02 0.52

Height 0.39 0.26 0.003 0.58

BSA 0.24 0.06 0.54

LVEDL 0.40 0.034 0.55

doi:10.1371/journal.pone.0173383.t006

Table 7. Equations for s‘ based on heart rate and height in Groups 1 and 2.

Group 1 Septal s‘ 0.063 x heart rate + 0.06 x height (cm) - 6.0

Lateral s‘ 0.081 x heart rate + 0.112 x height (cm) - 12.3

Group 2 Septal s‘ 0.044 x heart rate + 0.063 x height (cm) - 7.0

Lateral s‘ 0.032 x heart rate + 0.073 x height (cm) - 6.6

doi:10.1371/journal.pone.0173383.t007
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The absence of a relationship between heart rate and SExc does not necessarily exclude an

inotropic effect of an increase in heart rate because the amplitude of contraction will also be

affected by concomitant changes in loading conditions [64]. Thus, in the absence of aug-

mented metabolic requirements, homeostatic mechanisms maintain cardiac output at a rela-

tively constant level despite large induced changes in the heart rate during atrial pacing in

humans [61,65]. A decrease in LV end-diastolic size [65,66], and a reduction in LVEDP [65]

have also been shown to occur during increases in heart rate by atrial pacing in humans, pre-

sumably due to a concomitant decrease in the volume of venous return per cardiac cycle.

Thus, if an increase in heart rate also resulted in a decrease of preload then the amplitude of

contraction may not increase even if there is a concomitant inotropic effect.

Despite the lack of a relationship of SExc with either height or BSA in either group, a posi-

tive and independent correlation of s‘with height (and less convincingly with BSA) was evident

in both groups. The lack of any relationship of SExc with body size in our study groups was

not expected and there is currently no satisfactory explanation for this observation. The lack of

relationship did not appear to be related to a divergence between body size and heart size as

LVEDL was positively correlated with height and BSA, and LVEDL was also not related to

SExc. Loading conditions also require consideration, but there was no relationship evident

between body size and BP or between SExc and BP, and thus no evidence for a positive rela-

tionship between body size and afterload as an explanation for the lack of a positive relation-

ship between body size and SExc. With regard to preload, we are not aware of any evidence to

suggest a relationship between body size in non-obese subjects and either left atrial pressure or

LV end diastolic pressure. On the other hand, it is possible that LV long axis preload may not

be directly related to either left atrial pressure or LV end diastolic pressure, particularly if it is

considered to be the extent of stretch of the LV wall just prior to contraction. While atrial long

axis contraction is an important component of LV long axis stretch [67], the amplitude of

mitral excursion due to atrial contraction was also not related to body size in the present study

(results not shown).

Height has recognized cardiovascular associations, including variations in heart rate and of

the ascending aortic pressure waveform, and these effects also need to be considered when

attempting to explain the lack of relationship of body size with SExc and the positive correlation

of height with s‘. Thus, an inverse relationship between height and heart rate has been described

[68,69], but large differences in height are only associated with small absolute differences in aver-

age heart rate (< 4/min) [68]. Furthermore, such a relationship cannot provide an explanation

for our finding of a positive correlation between height and s‘ given that no correlation between

height and heart rate was evident in the present study. An association of height with the pattern

of the ascending aorta pressure waveform is believed to be due to shorter height leading to earlier

arrival of reflected waves [69], an explanation supported by the finding of a positive correlation

of height with time to the inflexion point of the carotid pressure waveform and an inverse corre-

lation of height with the augmentation index. However, s‘ peaks well before the inflection point

in healthy young subjects [70], and thus the relationship of s‘ with height in both groups in our

study is unlikely to be related to wave reflection. Another consideration is that s‘ could increase

Table 8. Predicted s‘ in Group 1 and Group 2 based on combinations of two different heart rates and heights.

Heart Rate (/min) Height Group 1 septal s‘ (cm/s) Group 2 septal s‘ (cm/s) Group 1 lateral s‘ (cm/s) Groups 2 lateral s‘ (cm/s)

50 150 6.2 4.6 8.5 6.0

90 150 8.4 6.4 11.8 7.3

50 185 8.3 6.9 12.4 8.5

90 185 10.5 8.7 15.7 9.8

doi:10.1371/journal.pone.0173383.t008
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with larger body size if there was an inverse relationship between body size and contraction

duration, and there was such a relationship evident on univariate analysis for all but lateral SDur

in Group 1.

Sex was considered in our analysis of TDI variables as not only is male sex recognized to be

a determinant of a shorter duration of electromechanical systole [37], but sex is also an impor-

tant determinant of body size. Indeed, male sex was associated with a shorter septal SDur in

both groups in the present study and a borderline shorter lateral SDur in Group 1. There was

no relationship of male sex with lateral SDur in Group 2, but instead there was an independent

inverse correlation of lateral SDur with BSA. In contrast to the relationship with SDur, sex

made no independent contribution to the prediction of s‘ in either group once body size was

included in the models. However, given the inherent relationship between sex and body size, it

is not possible to exclude contributions of both sex and body size to SDur and s‘. It therefore

remains possible that male related shortening of contraction duration could be a contributor

to the positive correlations of height with s‘.

Both s‘ and mitral annular plane systolic excursion (which is likely to be closely related to

SExc) have been used in previous studies to evaluate LV long axis contraction [6,9,12,71,72].

The relationship between s‘, and SExc should therefore be of considerable interest, yet it has

received little attention in the literature. A notable finding of the present study in healthy sub-

jects was that within the two groups as little as 21% to as much as 49% of the variability in s‘

was explained by SExc. This observation may be at least partly explained by the heterogeneity

in shape of the systolic Doppler TDI signal, however, our findings suggest that it is also due in

part to natural variability of resting heart rate in conjunction with the velocity staircase effect.

Adjusting for heart rate in the multivariate analyses led to significant improvements in the pre-

diction of s‘ from SExc, although in the two groups no more than 52% of the variability in s‘

was explained by the combination of heart rate and SExc. That variability in both heart rate

and height could have substantial influences on the absolute magnitude of s‘ was demonstrated

using calculations based on the regression equations and using real life heart rates and heights.

There were no correlations of age with s‘ or indeed, with any of the measures of LV long

axis systolic motion in Group 1 in our study. By contrast, there were inverse correlations of

age with both s‘ and SExc in Group 2. That there was no independent effect of age on s‘ in

Group 2 after including SExc in the models indicates that the mechanism underlying the

reduction in s‘ with age in that group was a decrease in the amplitude of mitral annular excur-

sion. The relationship of aging with mitral annular or basal LV s‘ has been investigated in a

number of previous studies and there is evidence for [24,27–31] and against [32,34,35,73] a

decrease in s‘ with older age. A possible contribution to the divergence of findings in previous

studies of age and LV s‘ is the variation in age ranges of the subjects in the different studies.

Indeed, close inspection of the scatter plots of age and s‘ from the studies of Nikitin et al, Cha-

hal et al and Dalen et al shows data which could also be consistent with relative preservation of

s‘ up to an age of ~50 years, but with a decrease in s‘ beginning after this age [28,29,31]. Such a

threshold age for an effect of age on s‘ is also consistent with our finding of the lack of correla-

tion of age with s‘ in subjects < 50 years (Group 1) but an inverse correlation of age with s‘

observed in Group 2 with an age range of 40–80 years. Further investigation regarding the

relationship of LV s‘ with age could be performed by reanalysis of data from larger published

studies to see if it was consistent with the presence of an age threshold.

Studies in isolated myocardium show an acceleration of relaxation with increased fre-

quency of contraction [74], and a shortening of the time constant of relaxation with pacing

mediated increases in heart rate has been observed in both conscious dogs [75] and humans

[48]. In the absence of any change in left atrial pressure also affecting the crossover point of the

LV and left atrial pressures, by accelerating the drop in LV pressure a higher heart rate might
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therefore be expected to lead to a shorter isovolumic relaxation time. In the present study we

measured the time interval between the end of long axis systolic motion and the commence-

ment of early diastolic motion as the long axis motion equivalent of the isovolumic relaxation

time (IVRT‘). An inverse correlation between the IVRT‘ and heart rate was evident for both

the septal and lateral LV walls and in both groups, and these findings are therefore consistent

with an acceleration of LV relaxation in association with a higher heart rate. In contrast with

the positive relationship we observed between heart rate and s‘ and despite the inverse relation-

ship we observed between heart rate and IVRT‘, heart rate was not related to septal or lateral e‘

or EDExc in either study group. There has only been limited previous study of the effects of

heart rate on e‘ or its experimental equivalent of maximum lengthening velocity. In a papillary

muscle study where frequency of contraction was varied, there was no change in the maximum

lengthening velocity if the extent of shortening was unchanged [76]. Two pacing studies have

been performed in intact animals but the findings were not conclusive. Nagueh et al performed

right atrial pacing on anaesthetised dogs at rates of 109 and 133/min and found a decrease in

both septal and lateral e‘ at the higher pacing rate [49]. However, other changes which may

have influenced the e‘ were noted concomitantly with the increase in heart rate, including a

reduction in LV end-diastolic pressure and volume. Caillet et al assessed the effect of heart rate

in conscious dogs by measuring maximum lengthening velocity using ultrasonic crystals and

found no effect of short-term atrial pacing at a rate of 140/min on MLV after matching for the

extent of systolic shortening [77]. In the single human study of which we are aware, Burns et al

investigated the effects of increasing heart rate on LV e‘ in a group of subjects with a dual

chamber pacemaker [50]. A decrease in e‘ was observed during an increase in atrial rate from

67 to 80/min, however, the significance of this finding for the normal heart is uncertain as a

number of the subjects were elderly, half of the subjects had a reduced LVEF and the effect of

the increased heart rate on the extent of SExc or EDExc was not determined.

An important limitation of our study is that it was observational, therefore preventing

any definite conclusions regarding causality. Nevertheless, the finding of inverse relation-

ships of heart rate with the duration of long axis contraction was expected based on previous

experimental and observational studies, and the main findings were similar in two comple-

mentary groups. There were some small differences between the septal and lateral LV walls,

and whether these represent genuine differences or the play of chance cannot be determined

by a single study. However, there is some evidence for the former given that differences

between the behaviour of these walls have also been observed in other studies [30,31,43,78]

and there can be differences in the shape of the septal and lateral systolic signals. In addi-

tion, our findings are based on normal variability in resting heart rates <100/min and thus

they may not reflect the effects of either spontaneous or externally stimulated tachycardia

on long axis systolic excursion or peak velocities. Yet, while superficially attractive, a study

of long axis ventricular function in which heart rate is increased by atrial pacing in healthy

human subjects would be difficult to interpret due to the reductions in stroke volume and

LV end-diastolic size which inevitably accompany a pacing mediated increase in heart rate

in the normal heart [49,61,65,66]. Lastly, an assumption was made for the analysis of this

study that heart rate and anthropometric measures were linearly related to TDI variables,

but there are reasons to also consider the possibility of allometric relationships [79]. How-

ever, the appearance of the graphs and plots of the residuals for the correlations of heart rate

with SDur and s‘ were consistent with linear relationships, height is dimensionally appro-

priate for SExc and s‘ and thus did not require adjustment on theoretical grounds, and use

of the more dimensionally appropriate BSA0.5 rather than BSA did not improve the correla-

tion with any of the TDI variables shown in Table 4 (results not shown).
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In conclusion, in adult subjects with a normal LVEF, resting heart rate is an inverse and inde-

pendent correlate of LV long axis SDur and a positive and independent correlate of LV long axis s‘.

These observations regarding heart rate are consistent with previous descriptions in humans of the

“velocity staircase” effect, which is directly related to the force-frequency relationship [59,60,62]. In

contrast, and despite the finding of an inverse correlation of resting heart rate with IVRT‘, implying

acceleration of the LV pressure drop with increasing heart rate, there were no correlations of heart

rate with either e‘ or EDExc. That there was only a moderate correlation between s‘ and SExc, in

conjunction with the finding that both heart rate and height contribute to the prediction of s‘ from

SExc, suggests that s‘ and SExc cannot be used interchangeably for the assessment of long axis sys-

tolic function. This has important implications for the interpretation of s‘ in both experimental or

clinical studies as it suggests that adjustment for heart rate and height may be indicated, whereas it

has not been uncommon to use s‘ in isolation to reflect LV long axis systolic function [80,81]. How-

ever, adjustment for heart rate in pathological states is even more complex as experimental studies

have demonstrated that there can be an inverse effect of heart rate on contraction when myocardial

function is abnormal [82–85]. While height provides a simple additional method of adjustment for

s‘ with respect to SExc, we have not identified a specific mechanism to explain why there is a posi-

tive relationship of height with s‘ (but not with SExc) in this study. Lastly, our findings provide a

possible insight into previous divergent data with regard to age effects on s‘, suggesting that there

may be preservation of s‘ and SExc till middle age, but then a subsequent deterioration in both.

Supporting information

S1 File. Excel file containing raw data.

(XLSX)

Author Contributions

Conceptualization: REP.

Formal analysis: REP.

Investigation: REP BC LD.

Methodology: REP BC LD.

Writing – original draft: REP.

Writing – review & editing: BC LD.

References
1. Henein MY, Gibson DG (1999) Normal long axis function. Heart 81: 111–113. PMID: 9922343

2. Henein MY, Gibson DG (1999) Long axis function in disease. Heart 81: 229–231. PMID: 10026340

3. Carlsson M, Ugander M, Mosen H, Buhre T, Arheden H (2007) Atrioventricular plane displacement is

the major contributor to left ventricular pumping in healthy adults, athletes, and patients with dilated car-

diomyopathy. Am J Physiol Heart Circ Physiol 292: H1452–H1459. doi: 10.1152/ajpheart.01148.2006

PMID: 17098822

4. Gibson DG, Francis DP (2003) Clinical assessment of left ventricular diastolic function. Heart 89: 231–

238. PMID: 12527689

5. Simonson JS, Schiller NB (1989) Descent of the base of the left ventricle: an echocardiographic index

of left ventricular function. J Am Soc Echocardiogr 2: 25–35. PMID: 2534047

6. Pai RG, Bodenheimer MM, Pai SM, Koss JH, Adamick RD (1991) Usefulness of systolic excursion of

the mitral anulus as an index of left ventricular systolic function. Am J Cardiol 67: 222–224. PMID:

1987731

Determinants of long axis tissue Doppler systolic velocity

PLOS ONE | DOI:10.1371/journal.pone.0173383 March 13, 2017 15 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0173383.s001
http://www.ncbi.nlm.nih.gov/pubmed/9922343
http://www.ncbi.nlm.nih.gov/pubmed/10026340
http://dx.doi.org/10.1152/ajpheart.01148.2006
http://www.ncbi.nlm.nih.gov/pubmed/17098822
http://www.ncbi.nlm.nih.gov/pubmed/12527689
http://www.ncbi.nlm.nih.gov/pubmed/2534047
http://www.ncbi.nlm.nih.gov/pubmed/1987731


7. Gulati VK, Katz WE, Follansbee WP, Gorcsan J (1996) Mitral annular descent velocity by tissue Doppler

echocardiography as an index of global left ventricular function. Am J Cardiol 77: 979–984. PMID:

8644649

8. Vinereanu D, Khokhar A, Tweddel AC, Cinteza M, Fraser AG (2002) Estimation of global left ventricular

function from the velocity of longitudinal shortening. Echocardiography 19: 177–185. PMID: 12022925

9. Yip GW, Zhang Y, Tan PY, Wang M, Ho PY, Brodin LA, et al (2002) Left ventricular long-axis changes

in early diastole and systole: impact of systolic function on diastole. Clin Sci (Lond) 102: 515–522.

10. Ruan Q, Nagueh SF (2006) Usefulness of isovolumic and systolic ejection signals by tissue Doppler for

the assessment of left ventricular systolic function in ischemic or idiopathic dilated cardiomyopathy. Am

J Cardiol 97: 872–875. doi: 10.1016/j.amjcard.2005.10.024 PMID: 16516592

11. Matos J, Kronzon I, Panagopoulos G, Perk G (2012) Mitral annular plane systolic excursion as a surro-

gate for left ventricular ejection fraction. J Am Soc Echocardiogr 25: 969–974. S0894-7317(12)00492-0

[pii];. doi: 10.1016/j.echo.2012.06.011 PMID: 22795199

12. Petrie MC, Caruana L, Berry C, McMurray JJ (2002) "Diastolic heart failure" or heart failure caused by

subtle left ventricular systolic dysfunction? Heart 87: 29–31. PMID: 11751660

13. Yu CM, Lin H, Yang H, Kong SL, Zhang Q, Lee SW (2002) Progression of systolic abnormalities in

patients with "isolated" diastolic heart failure and diastolic dysfunction. Circulation 105: 1195–1201.

PMID: 11889013

14. Bruch C, Gradaus R, Gunia S, Breithardt G, Wichter T (2003) Doppler tissue analysis of mitral annular

velocities: Evidence for systolic abnormalities in patients with diastolic heart failure. J Am Soc Echocar-

diogr 16: 1031–1036. doi: 10.1016/S0894-7317(03)00634-5 PMID: 14566295

15. Vinereanu D, Nicolaides E, Tweddel AC, Fraser AG (2005) "Pure" diastolic dysfunction is associated

with long-axis systolic dysfunction. Implications for the diagnosis and classification of heart failure. Eur J

Heart Fail 7: 820–828. doi: 10.1016/j.ejheart.2005.02.003 PMID: 15921957

16. Lee KS, Abbas AE, Khandheria BK, Lester SJ (2007) Echocardiographic assessment of right heart

hemodynamic parameters. J Am Soc Echocardiogr 20: 773–782. doi: 10.1016/j.echo.2007.03.002

PMID: 17543756

17. Nikitin NP, Loh PH, Silva R, Ghosh J, Khaleva OY, Goode K, et al (2006) Prognostic value of systolic

mitral annular velocity measured with Doppler tissue imaging in patients with chronic heart failure

caused by left ventricular systolic dysfunction. Heart 92: 775–779. doi: 10.1136/hrt.2005.067140

PMID: 16251233

18. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, et al (2009) Recommendations

for the evaluation of left ventricular diastolic function by echocardiography. J Am Soc Echocardiogr 22:

107–133. doi: 10.1016/j.echo.2008.11.023 PMID: 19187853

19. Wang M, Yip GW, Wang AY, Zhang Y, Ho PY, Tse MK, et al (2003) Peak early diastolic mitral annulus

velocity by tissue Doppler imaging adds independent and incremental prognostic value. J Am Coll Car-

diol 41: 820–826. S0735109702029212 [pii]. PMID: 12628728

20. Wang M, Yip G, Yu CM, Zhang Q, Zhang Y, Tse D, et al (2005) Independent and incremental prognostic

value of early mitral annulus velocity in patients with impaired left ventricular systolic function. J Am Coll

Cardiol 45: 272–277. S0735-1097(04)02038-8 [pii];. doi: 10.1016/j.jacc.2004.09.059 PMID: 15653027

21. Wang M, Yip GW, Wang AY, Zhang Y, Ho PY, Tse MK, et al (2005) Tissue Doppler imaging provides

incremental prognostic value in patients with systemic hypertension and left ventricular hypertrophy. J

Hypertens 23: 183–191. 00004872-200501000-00029 [pii]. PMID: 15643141

22. Yu CM, Sanderson JE, Marwick TH, Oh JK (2007) Tissue Doppler imaging a new prognosticator for car-

diovascular diseases. J Am Coll Cardiol 49: 1903–1914. doi: 10.1016/j.jacc.2007.01.078 PMID:

17498573

23. Mogelvang R, Sogaard P, Pedersen SA, Olsen NT, Marott JL, Schnohr P, et al (2009) Cardiac dysfunc-

tion assessed by echocardiographic tissue Doppler imaging is an independent predictor of mortality in

the general population. Circulation 119: 2679–2685. doi: 10.1161/CIRCULATIONAHA.108.793471

PMID: 19433761

24. Alam M, Wardell J, Andersson E, Samad BA, Nordlander R (1999) Characteristics of mitral and tricus-

pid annular velocities determined by pulsed wave Doppler tissue imaging in healthy subjects. J Am Soc

Echocardiogr 12: 618–628. PMID: 10441217

25. Munagala VK, Jacobsen SJ, Mahoney DW, Rodeheffer RJ, Bailey KR, Redfield MM (2003) Association

of newer diastolic function parameters with age in healthy subjects: A population-based study. J Am

Soc Echocardiogr 16: 1049–1056. doi: 10.1016/S0894-7317(03)00516-9 PMID: 14566298

26. Tighe DA, Vinch CS, Hill JC, Meyer TE, Goldberg RJ, Aurigemma GP (2003) Influence of age on

assessment of diastolic function by Doppler tissue imaging. Am J Cardiol 91: 254–257. PMID:

12521648

Determinants of long axis tissue Doppler systolic velocity

PLOS ONE | DOI:10.1371/journal.pone.0173383 March 13, 2017 16 / 19

http://www.ncbi.nlm.nih.gov/pubmed/8644649
http://www.ncbi.nlm.nih.gov/pubmed/12022925
http://dx.doi.org/10.1016/j.amjcard.2005.10.024
http://www.ncbi.nlm.nih.gov/pubmed/16516592
http://dx.doi.org/10.1016/j.echo.2012.06.011
http://www.ncbi.nlm.nih.gov/pubmed/22795199
http://www.ncbi.nlm.nih.gov/pubmed/11751660
http://www.ncbi.nlm.nih.gov/pubmed/11889013
http://dx.doi.org/10.1016/S0894-7317(03)00634-5
http://www.ncbi.nlm.nih.gov/pubmed/14566295
http://dx.doi.org/10.1016/j.ejheart.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15921957
http://dx.doi.org/10.1016/j.echo.2007.03.002
http://www.ncbi.nlm.nih.gov/pubmed/17543756
http://dx.doi.org/10.1136/hrt.2005.067140
http://www.ncbi.nlm.nih.gov/pubmed/16251233
http://dx.doi.org/10.1016/j.echo.2008.11.023
http://www.ncbi.nlm.nih.gov/pubmed/19187853
http://www.ncbi.nlm.nih.gov/pubmed/12628728
http://dx.doi.org/10.1016/j.jacc.2004.09.059
http://www.ncbi.nlm.nih.gov/pubmed/15653027
http://www.ncbi.nlm.nih.gov/pubmed/15643141
http://dx.doi.org/10.1016/j.jacc.2007.01.078
http://www.ncbi.nlm.nih.gov/pubmed/17498573
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.793471
http://www.ncbi.nlm.nih.gov/pubmed/19433761
http://www.ncbi.nlm.nih.gov/pubmed/10441217
http://dx.doi.org/10.1016/S0894-7317(03)00516-9
http://www.ncbi.nlm.nih.gov/pubmed/14566298
http://www.ncbi.nlm.nih.gov/pubmed/12521648


27. Okura H, Takada Y, Yamabe A, Kubo T, Asawa K, Ozaki T, et al (2009) Age- and gender-specific

changes in the left ventricular relaxation: a Doppler echocardiographic study in healthy individuals. Circ

Cardiovasc Imaging 2: 41–46. doi: 10.1161/CIRCIMAGING.108.809087 PMID: 19808563

28. Dalen H, Thorstensen A, Vatten LJ, Aase SA, Stoylen A (2010) Reference Values and Distribution of

Conventional Echocardiographic Doppler Measures and Longitudinal Tissue Doppler Velocities in a

Population Free From Cardiovascular Disease. Circ Cardiovasc Imaging 3: 614–622. doi: 10.1161/

CIRCIMAGING.109.926022 PMID: 20581050

29. Nikitin NP, Witte KK, Ingle L, Clark AL, Farnsworth TA, Cleland JG (2005) Longitudinal myocardial dys-

function in healthy older subjects as a manifestation of cardiac ageing. Age Ageing 34: 343–349. doi:

10.1093/ageing/afi043 PMID: 15734747

30. Innelli P, Sanchez R, Marra F, Esposito R, Galderisi M (2008) The impact of aging on left ventricular lon-

gitudinal function in healthy subjects: a pulsed tissue Doppler study. Eur J Echocardiogr 9: 241–249.

doi: 10.1016/j.euje.2007.03.044 PMID: 17586096

31. Chahal NS, Lim TK, Jain P, Chambers JC, Kooner JS, Senior R (2010) Normative reference values for

the tissue Doppler imaging parameters of left ventricular function: a population-based study. Eur J

Echocardiogr 11: 51–56. doi: 10.1093/ejechocard/jep164 PMID: 19910319

32. Henein M, Lindqvist P, Francis D, Morner S, Waldenstrom A, Kazzam E (2002) Tissue Doppler analysis

of age-dependency in diastolic ventricular behaviour and filling: a cross-sectional study of healthy hearts

(The Umea General Population Heart Study). Eur Heart J 23: 162–171. doi: 10.1053/euhj.2001.3032

PMID: 11785999

33. Yu CM, Lin H, Ho PC, Yang H (2003) Assessment of left and right ventricular systolic and diastolic syn-

chronicity in normal subjects by tissue Doppler echocardiography and the effects of age and heart rate.

Echocardiography 20: 19–27. PMID: 12848694

34. Ruan Q, Nagueh SF (2005) Effect of age on left ventricular systolic function in humans: a study of sys-

tolic isovolumic acceleration rate. Exp Physiol 90: 527–534. doi: 10.1113/expphysiol.2005.030007

PMID: 15769881

35. Crendal E, Dutheil F, Naughton G, McDonald T, Obert P (2014) Increased myocardial dysfunction, dys-

synchrony, and epicardial fat across the lifespan in healthy males. BMC Cardiovasc Disord 14: 95.

1471-2261-14-95 [pii]; doi: 10.1186/1471-2261-14-95 PMID: 25086592

36. Custodis F, Reil JC, Laufs U, Bohm M (2013) Heart rate: a global target for cardiovascular disease and

therapy along the cardiovascular disease continuum. J Cardiol 62: 183–187. S0914-5087(13)00112-3

[pii]; doi: 10.1016/j.jjcc.2013.02.018 PMID: 23806547

37. Boudoulas H, Geleris P, Lewis RP, Rittgers SE (1981) Linear relationship between electrical systole,

mechanical systole, and heart rate. Chest 80: 613–617. PMID: 7297154

38. Weissler AM, Peeler RG, Roehill WH Jr. (1961) Relationships between left ventricular ejection time,

stroke volume, and heart rate in normal individuals and patients with cardiovascular disease. Am Heart

J 62: 367–378. PMID: 13784135

39. Sonnenblick EH, Braunwald E, Williams JF Jr., Glick G (1965) Effects of exercise on myocardial force-

velocity relations in intact unanesthetized man: relative roles of changes in heart rate, sympathetic activ-

ity, and ventricular dimensions. J Clin Invest 44: 2051–2062. doi: 10.1172/JCI105312 PMID: 5851960

40. Feldman MD, Alderman JD, Aroesty JM, Royal HD, Ferguson JJ, Owen RM, et al (1988) Depression of

systolic and diastolic myocardial reserve during atrial pacing tachycardia in patients with dilated cardio-

myopathy. J Clin Invest 82: 1661–1669. doi: 10.1172/JCI113778 PMID: 3183060

41. Pasquet A, Yamada E, Armstrong G, Beachler L, Marwick TH (1999) Influence of dobutamine or exer-

cise stress on the results of pulsed-wave Doppler assessment of myocardial velocity. Am Heart J 138:

753–758. PMID: 10502223

42. Nilsson B, Bojo L, Wandt B (2000) Influence of body size and age on maximal systolic velocity of mitral

annulus motion. Clin Physiol 20: 272–278. cph258 [pii]. PMID: 10886259

43. Kukulski T, Hubbert L, Arnold M, Wranne B, Hatle L, Sutherland GR (2000) Normal regional right ven-

tricular function and its change with age: a Doppler myocardial imaging study. J Am Soc Echocardiogr

13: 194–204. PMID: 10708468

44. Cain P, Baglin T, Khoury V, Case C, Marwick TH (2002) Automated regional myocardial displacement

for facilitating the interpretation of dobutamine echocardiography. Am J Cardiol 89: 1347–1353. PMID:

12062726

45. Arce OX, Knudson OA, Ellison MC, Baselga P, Ivy DD, DeGroff C, et al (2002) Longitudinal motion of

the atrioventricular annuli in children: Reference values, growth related changes, and effects of right

ventricular volume and pressure overload. J Am Soc Echocardiogr 15: 906–916. PMID: 12221407

Determinants of long axis tissue Doppler systolic velocity

PLOS ONE | DOI:10.1371/journal.pone.0173383 March 13, 2017 17 / 19

http://dx.doi.org/10.1161/CIRCIMAGING.108.809087
http://www.ncbi.nlm.nih.gov/pubmed/19808563
http://dx.doi.org/10.1161/CIRCIMAGING.109.926022
http://dx.doi.org/10.1161/CIRCIMAGING.109.926022
http://www.ncbi.nlm.nih.gov/pubmed/20581050
http://dx.doi.org/10.1093/ageing/afi043
http://www.ncbi.nlm.nih.gov/pubmed/15734747
http://dx.doi.org/10.1016/j.euje.2007.03.044
http://www.ncbi.nlm.nih.gov/pubmed/17586096
http://dx.doi.org/10.1093/ejechocard/jep164
http://www.ncbi.nlm.nih.gov/pubmed/19910319
http://dx.doi.org/10.1053/euhj.2001.3032
http://www.ncbi.nlm.nih.gov/pubmed/11785999
http://www.ncbi.nlm.nih.gov/pubmed/12848694
http://dx.doi.org/10.1113/expphysiol.2005.030007
http://www.ncbi.nlm.nih.gov/pubmed/15769881
http://dx.doi.org/10.1186/1471-2261-14-95
http://www.ncbi.nlm.nih.gov/pubmed/25086592
http://dx.doi.org/10.1016/j.jjcc.2013.02.018
http://www.ncbi.nlm.nih.gov/pubmed/23806547
http://www.ncbi.nlm.nih.gov/pubmed/7297154
http://www.ncbi.nlm.nih.gov/pubmed/13784135
http://dx.doi.org/10.1172/JCI105312
http://www.ncbi.nlm.nih.gov/pubmed/5851960
http://dx.doi.org/10.1172/JCI113778
http://www.ncbi.nlm.nih.gov/pubmed/3183060
http://www.ncbi.nlm.nih.gov/pubmed/10502223
http://www.ncbi.nlm.nih.gov/pubmed/10886259
http://www.ncbi.nlm.nih.gov/pubmed/10708468
http://www.ncbi.nlm.nih.gov/pubmed/12062726
http://www.ncbi.nlm.nih.gov/pubmed/12221407


46. Peverill RE, Gelman JS, Mottram PM, Moir S, Jankelowitz C, Bain JL, et al (2004) Factors associated

with mitral annular systolic and diastolic velocities in healthy adults. J Am Soc Echocardiogr 17: 1146–

1154. doi: 10.1016/j.echo.2004.06.007 PMID: 15502788

47. Gruner Svealv B, Fritzon G, Andersson B (2006) Gender and age related differences in left ventricular

function and geometry with focus on the long axis. Eur J Echocardiogr 7: 298–307. doi: 10.1016/j.euje.

2005.06.008 PMID: 16039910

48. Yamakado T, Yamada N, Tarumi T, Nakamura M, Nakano T (1998) Left ventricular inotropic and lusitro-

pic responses to pacing-induced tachycardia in patients with varying degrees of ventricular dysfunction.

Am Heart J 135: 584–591. PMID: 9539471

49. Nagueh SF, Rao L, Soto J, Middleton KJ, Khoury DS (2004) Haemodynamic insights into the effects of

ischaemia and cycle length on tissue Doppler-derived mitral annulus diastolic velocities. Clin Sci (Lond)

106: 147–154.

50. Burns AT, Connelly KA, La Gerche A, Mooney DJ, Chan J, Macisaac AI, et al (2007) Effect of heart rate

on tissue Doppler measures of diastolic function. Echocardiography 24: 697–701. doi: 10.1111/j.1540-

8175.2007.00466.x PMID: 17651098

51. Wong CY, O’Moore-Sullivan T, Leano R, Byrne N, Beller E, Marwick TH (2004) Alterations of left ven-

tricular myocardial characteristics associated with obesity. Circulation 110: 3081–3087. doi: 10.1161/

01.CIR.0000147184.13872.0F PMID: 15520317

52. Peterson LR, Waggoner AD, Schechtman KB, Meyer T, Gropler RJ, Barzilai B, et al (2004) Alterations

in left ventricular structure and function in young healthy obese women: assessment by echocardiogra-

phy and tissue Doppler imaging. J Am Coll Cardiol 43: 1399–1404. doi: 10.1016/j.jacc.2003.10.062

PMID: 15093874

53. Isaaz K, Munoz del Romeral L, Lee E, Schiller NB (1993) Quantitation of the motion of the cardiac base

in normal subjects by Doppler echocardiography. J Am Soc Echocardiogr 6: 166–176. PMID: 8481245

54. Pela G, Bruschi G, Montagna L, Manara M, Manca C (2004) Left and right ventricular adaptation

assessed by Doppler tissue echocardiography in athletes. J Am Soc Echocardiogr 17: 205–211. doi:

10.1016/j.echo.2003.12.004 PMID: 14981416

55. Boudoulas H (1990) Systolic time intervals. Eur Heart J 11 Suppl I: 93–104.

56. Cui W, Roberson DA, Chen Z, Madronero LF, Cuneo BF (2008) Systolic and diastolic time intervals

measured from Doppler tissue imaging: normal values and Z-score tables, and effects of age, heart

rate, and body surface area. J Am Soc Echocardiogr 21: 361–370. doi: 10.1016/j.echo.2007.05.034

PMID: 17628402

57. Bowditch HP (1871) Ueber die eigenthumlichkeiten der reizbarkeit, welche die muskelfasern des her-

zens zeigen. Verh K Sachs Ges Wochenshr,Leipzig Math Phys Cl 23: 652.

58. Ross J Jr. (1998) Adrenergic regulation of the force-frequency effect. Basic Res Cardiol 93 Suppl 1:

95–101.

59. Sonnenblick EH, Braunwald E, Morrow AG (1965) The contractile properties of human heart muscle:

Studies on myocardial mechanics of surgically excised papillary muscles. J Clin Invest 44: 966–977.

doi: 10.1172/JCI105214 PMID: 14322031

60. Sonnenblick EH, Morrow AG, Williams JF Jr. (1966) Effects of heart rate on the dynamics of force devel-

opment in the intact human ventricle. Circulation 33: 945–951. PMID: 5940521

61. Ross J Jr., Linhart JW, Braunwald E (1965) Effects of changing heart rate in man by electrical stimula-

tion of the right atrium. Studies at rest, during exercise, and with isoproterenol. Circulation 32: 549–558.

PMID: 5825546

62. Glick G, Sonnenblick EH, Braunwald E (1965) Myocardial force-velocity relations studied in intact

unanesthetized man. J Clin Invest 44: 978–988. doi: 10.1172/JCI105215 PMID: 14322032

63. Oki T, Tabata T, Mishiro Y, Yamada H, Abe M, Onose Y, et al (1999) Pulsed tissue Doppler imaging of

left ventricular systolic and diastolic wall motion velocities to evaluate differences between long and

short axes in healthy subjects. J Am Soc Echocardiogr 12: 308–313. PMID: 10231616

64. Ross J Jr., Miura T, Kambayashi M, Eising GP, Ryu KH (1995) Adrenergic control of the force-fre-

quency relation. Circulation 92: 2327–2332. PMID: 7554218

65. Aroesty JM, McKay RG, Heller GV, Royal HD, Als AV, Grossman W (1985) Simultaneous assessment

of left ventricular systolic and diastolic dysfunction during pacing-induced ischemia. Circulation 71:

889–900. PMID: 3986979

66. DeMaria AN, Neumann A, Schubart PJ, Lee G, Mason DT (1979) Systematic correlation of cardiac

chamber size and ventricular performance determined with echocardiography and alterations in heart

rate in normal persons. Am J Cardiol 43: 1–9. PMID: 758757

67. Jasaityte R, D’Hooge J, Herbots L, Daraban AM, Rademakers F, Claus P (2014) Consistent regional

heterogeneity of passive diastolic stretch and systolic deformation in the healthy heart: age-related

Determinants of long axis tissue Doppler systolic velocity

PLOS ONE | DOI:10.1371/journal.pone.0173383 March 13, 2017 18 / 19

http://dx.doi.org/10.1016/j.echo.2004.06.007
http://www.ncbi.nlm.nih.gov/pubmed/15502788
http://dx.doi.org/10.1016/j.euje.2005.06.008
http://dx.doi.org/10.1016/j.euje.2005.06.008
http://www.ncbi.nlm.nih.gov/pubmed/16039910
http://www.ncbi.nlm.nih.gov/pubmed/9539471
http://dx.doi.org/10.1111/j.1540-8175.2007.00466.x
http://dx.doi.org/10.1111/j.1540-8175.2007.00466.x
http://www.ncbi.nlm.nih.gov/pubmed/17651098
http://dx.doi.org/10.1161/01.CIR.0000147184.13872.0F
http://dx.doi.org/10.1161/01.CIR.0000147184.13872.0F
http://www.ncbi.nlm.nih.gov/pubmed/15520317
http://dx.doi.org/10.1016/j.jacc.2003.10.062
http://www.ncbi.nlm.nih.gov/pubmed/15093874
http://www.ncbi.nlm.nih.gov/pubmed/8481245
http://dx.doi.org/10.1016/j.echo.2003.12.004
http://www.ncbi.nlm.nih.gov/pubmed/14981416
http://dx.doi.org/10.1016/j.echo.2007.05.034
http://www.ncbi.nlm.nih.gov/pubmed/17628402
http://dx.doi.org/10.1172/JCI105214
http://www.ncbi.nlm.nih.gov/pubmed/14322031
http://www.ncbi.nlm.nih.gov/pubmed/5940521
http://www.ncbi.nlm.nih.gov/pubmed/5825546
http://dx.doi.org/10.1172/JCI105215
http://www.ncbi.nlm.nih.gov/pubmed/14322032
http://www.ncbi.nlm.nih.gov/pubmed/10231616
http://www.ncbi.nlm.nih.gov/pubmed/7554218
http://www.ncbi.nlm.nih.gov/pubmed/3986979
http://www.ncbi.nlm.nih.gov/pubmed/758757


changes in left ventricle contractility. Ultrasound Med Biol 40: 37–44. S0301-5629(13)00987-3 [pii];.

doi: 10.1016/j.ultrasmedbio.2013.09.005 PMID: 24239364

68. Bonaa KH, Arnesen E (1992) Association between heart rate and atherogenic blood lipid fractions in a

population. The Tromso Study. Circulation 86: 394–405. PMID: 1638708

69. Smulyan H, Marchais SJ, Pannier B, Guerin AP, Safar ME, London GM (1998) Influence of body height

on pulsatile arterial hemodynamic data. J Am Coll Cardiol 31: 1103–1109. PMID: 9562014

70. Cheng K, Cameron JD, Tung M, Mottram PM, Meredith IT, Hope SA (2012) Association of left ventricu-

lar motion and central augmentation index in healthy young men. J Hypertens 30: 2395–2402. doi: 10.

1097/HJH.0b013e328358bee2 PMID: 23041752

71. Alam M, Hoglund C, Thorstrand C, Philip A (1990) Atrioventricular plane displacement in severe

congestive heart failure following dilated cardiomyopathy or myocardial infarction. J Intern Med 228:

569–575. PMID: 2280234

72. Alam M, Wardell J, Andersson E, Nordlander R, Samad B (2003) Assessment of left ventricular function

using mitral annular velocities in patients with congestive heart failure with or without the presence of

significant mitral regurgitation. J Am Soc Echocardiogr 16: 240–245. doi: 10.1067/mje.2003.52 PMID:

12618732

73. Cacciapuoti F, Marfella R, Paolisso G, Cacciapuoti F (2009) Is the aging heart similar to the diabetic

heart? Evaluation of LV function of the aging heart with Tissue Doppler Imaging. Aging Clin Exp Res

21: 22–26. 5711 [pii]. PMID: 19225265

74. Janssen PM, Periasamy M (2007) Determinants of frequency-dependent contraction and relaxation of

mammalian myocardium. J Mol Cell Cardiol 43: 523–531. doi: 10.1016/j.yjmcc.2007.08.012 PMID:

17919652

75. Freeman GL, Little WC, O’Rourke RA (1987) Influence of heart rate on left ventricular performance in

conscious dogs. Circ Res 61: 455–464. PMID: 3621503

76. Tamiya K, Sugawara M, Sakurai Y (1979) Maximum lengthening velocity during isotonic relaxation at

preload in canine papillary muscle. Am J Physiol 237: H83–H89. PMID: 464075

77. Caillet D, Crozatier B (1982) Role of myocardial restoring forces in the determination of early diastolic

peak velocity of fibre lengthening in the conscious dog. Cardiovasc Res 16: 107–112. PMID: 7074665

78. Mottram PM, Delatycki MB, Donelan L, Gelman JS, Corben L, Peverill RE (2011) Early changes in left

ventricular long-axis function in Friedreich ataxia: relation with the FXN gene mutation and cardiac

structural change. J Am Soc Echocardiogr 24: 782–789. doi: 10.1016/j.echo.2011.04.004 PMID:

21570254

79. Dewey FE, Rosenthal D, Murphy DJ Jr., Froelicher VF, Ashley EA (2008) Does size matter? Clinical

applications of scaling cardiac size and function for body size. Circulation 117: 2279–2287. 117/17/

2279 [pii]; doi: 10.1161/CIRCULATIONAHA.107.736785 PMID: 18443249

80. Thorstensen A, Dalen H, Amundsen BH, Stoylen A (2011) Peak systolic velocity indices are more sensi-

tive than end-systolic indices in detecting contraction changes assessed by echocardiography in young

healthy humans. Eur J Echocardiogr 12: 924–930. doi: 10.1093/ejechocard/jer178 PMID: 21940728

81. Kraigher-Krainer E, Shah AM, Gupta DK, Santos A, Claggett B, Pieske B, et al (2014) Impaired systolic

function by strain imaging in heart failure with preserved ejection fraction. J Am Coll Cardiol 63: 447–

456. S0735-1097(13)05724-0 [pii]; doi: 10.1016/j.jacc.2013.09.052 PMID: 24184245

82. Higgins CB, Vatner SF, Franklin D, Braunwald E (1973) Extent of regulation of the heart’s contractile

state in the conscious dog by alteration in the frequency of contraction. J Clin Invest 52: 1187–1194.

doi: 10.1172/JCI107285 PMID: 4700491

83. Vatner SF, Braunwald E (1974) Effects of chronic heart failure on the inotropic response of the right ven-

tricle of the conscious dog to a cardiac glycoside and to tachycardia. Circulation 50: 728–734. PMID:

4418668

84. Mulieri LA, Hasenfuss G, Leavitt B, Allen PD, Alpert NR (1992) Altered myocardial force-frequency rela-

tion in human heart failure. Circulation 85: 1743–1750. PMID: 1572031

85. Rossman EI, Petre RE, Chaudhary KW, Piacentino V III, Janssen PM, Gaughan JP, et al (2004) Abnor-

mal frequency-dependent responses represent the pathophysiologic signature of contractile failure in

human myocardium. J Mol Cell Cardiol 36: 33–42. PMID: 14734045

Determinants of long axis tissue Doppler systolic velocity

PLOS ONE | DOI:10.1371/journal.pone.0173383 March 13, 2017 19 / 19

http://dx.doi.org/10.1016/j.ultrasmedbio.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24239364
http://www.ncbi.nlm.nih.gov/pubmed/1638708
http://www.ncbi.nlm.nih.gov/pubmed/9562014
http://dx.doi.org/10.1097/HJH.0b013e328358bee2
http://dx.doi.org/10.1097/HJH.0b013e328358bee2
http://www.ncbi.nlm.nih.gov/pubmed/23041752
http://www.ncbi.nlm.nih.gov/pubmed/2280234
http://dx.doi.org/10.1067/mje.2003.52
http://www.ncbi.nlm.nih.gov/pubmed/12618732
http://www.ncbi.nlm.nih.gov/pubmed/19225265
http://dx.doi.org/10.1016/j.yjmcc.2007.08.012
http://www.ncbi.nlm.nih.gov/pubmed/17919652
http://www.ncbi.nlm.nih.gov/pubmed/3621503
http://www.ncbi.nlm.nih.gov/pubmed/464075
http://www.ncbi.nlm.nih.gov/pubmed/7074665
http://dx.doi.org/10.1016/j.echo.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21570254
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.736785
http://www.ncbi.nlm.nih.gov/pubmed/18443249
http://dx.doi.org/10.1093/ejechocard/jer178
http://www.ncbi.nlm.nih.gov/pubmed/21940728
http://dx.doi.org/10.1016/j.jacc.2013.09.052
http://www.ncbi.nlm.nih.gov/pubmed/24184245
http://dx.doi.org/10.1172/JCI107285
http://www.ncbi.nlm.nih.gov/pubmed/4700491
http://www.ncbi.nlm.nih.gov/pubmed/4418668
http://www.ncbi.nlm.nih.gov/pubmed/1572031
http://www.ncbi.nlm.nih.gov/pubmed/14734045

