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Abstract

Background

The transmitral E wave and the peak velocity of early diastolic mitral annular motion (e`)

both decrease with age, but the mechanisms underlying these age-related changes are

incompletely understood. This study investigated the possible contributions of blood pres-

sure (BP) and left ventricular end-diastolic length (LVEDL) to age-related reductions in E

and e`.

Methods

The study group were 82 healthy adult subjects <55 years of age who were not obese or

hypertensive. Transmitral flow and mitral annular motion were recorded using pulsed-wave

Doppler. LVEDL was measured from the mitral annular plane to the apical endocardium.

Results

Age was positively correlated with diastolic BP and septal wall thickness (SWT), inversely

correlated with LVEDL (β = -0.25) after adjustment for sex and body surface area, but was

not related to left ventricular end-diastolic diameter (LVEDD). Age was also inversely corre-

lated with E (r = -0.36), septal e`(r = -0.53) and lateral e`(r = -0.53). On multivariable analy-

sis, E was inversely correlated with diastolic BP and LVEDD, septal e`was inversely

correlated with diastolic BP and positively correlated with SWT and LVEDL, after adjusting

for body mass index, whilst lateral e`was inversely correlated with diastolic BP and posi-

tively correlated with LVEDL.

Conclusion

The above findings are consistent with higher BP being a contributor to age-related reduc-

tions in both E and e`and shortening of LVEDL with age being a contributor to the age-

related reduction in e`. An implication of these findings is that slowing of myocyte relaxation
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is unlikely to be the sole, and may not be the main, mechanism underlying age-related

decreases in E and e`.

Introduction
There is a progressive change in the pattern of left ventricular (LV) filling during normal aging
which begins early in adult life [1,2], and results in substantial differences in LV filling between
young and elderly subjects [3–6]. Studies using Doppler echocardiography have demonstrated
an aging-related reduction in the velocity time integral (EVTI) [4,5] and peak velocity (E) [1,4–
12] of the early diastolic transmitral flow signal, in conjunction with prolongation of the decel-
eration time (DT) [1,3–5,7,10,12,13] and the isovolumic relaxation time (IVRT) [1,5–7,11,14].
Aging is also associated with a gradual reduction in the peak velocity of LV long axis early dia-
stolic motion (e`) [6,9–12,15–17], an echocardiographic variable now in common use for the
assessment of LV relaxation, and as a correction factor for E in the estimation of mean left
atrial (LA) pressure [18,19].

Although it has been more than 25 years since an effect of age on LV filling was first described
[7], there has been ongoing uncertainty regarding the mechanisms underlying this effect [1,2,6,20–
22]. While the LA–LV pressure difference provides the force which generates transmitral flow
[23], and thus E and EVTI, and age-related changes in E appear to be independent of LA pressure
[2] there is limited and conflicting invasive data regarding the effects of aging on LV pressure fall
[24,25]. Indeed, the largest available study reported that the time constant of relaxation (tau), a cal-
culated variable in common use to describe the rapidity of LV pressure fall during isovolumic
relaxation, does not increase with age [25]. While e`has been promoted as a non-invasive measure
of LV relaxation [26], e`appears to be only a weak correlate of LV isovolumic relaxation (as deter-
mined by tau) in subjects with a normal ejection fraction [19], and whether this might reflect limi-
tations of e`, tau, or possibly both, for describing the process of LV relaxation is unclear. In
addition, consistent evidence that there is a much closer relationship of age with e`(r2 = 0.44–0.56)
than E (r2 = 0.09–0.22) [1,12,27] suggests that there are likely to be differences in the mechanisms
underlying aging-related reductions of long axis early diastolic motion and LV filling.

Blood pressure needs to be considered as a possible contributing factor to age-related decreases
in early diastolic filling and motion as higher blood pressure (BP) is not only associated with a
lower E [28–32] and e`[32–36], but BP increases with age [1,37], even in the absence of hyperten-
sion [2,38,39]. Age-related LV shape change also merits consideration as a factor as there is evi-
dence that long axis LV function may be dependent on LV end-diastolic length (LVEDL)
[37,40,41], and that LVEDL decreases during aging [37,42]. However, whether there could be
independent contributions of BP and LVEDL to the age-related changes in early diastolic LV fill-
ing and long-axis motion is not known. Accordingly, in this study we have investigated the rela-
tionships of BP, LVEDL and age with EVTI, E, IVRT, DT and e`. On the basis that how far the
annulus moves (i.e. the amplitude of its excursion) is not only likely to be closely related to the
peak velocity of motion, but may be directly related to LV length, we also examined the relation-
ships of BP, LVEDL and age with the amplitude of early diastolic excursion. To reduce the poten-
tial for heterogeneity and pathology within the study group, we only included adults of age<55
years who were free of cardiac disease and were not obese or hypertensive.

Methods

Subjects
All research involving human participants was approved by the Monash Health Human
Research Ethics Committee and all clinical investigation was conducted according to the
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principles expressed in the Declaration of Helsinki. Written informed consent was obtained
from all participants. The study group comprised 82 healthy adult subjects between the ages of
20 and 52 years. Subjects were not eligible if they had a history of diabetes, cardiac disease or
hypertension. Height and weight were measured immediately prior to the echocardiographic
study. Body surface area (BSA) was calculated using the formula: 0.0001 x 71.84 x (weight
[kg])0.425 x (height [cm])0.725. Body mass index (BMI) was calculated as weight in kilogram per
square metre in height (kg/m2) and subjects were excluded if they had a BMI> 30 kg/m2. The
BP was measured at the end of the echocardiographic study with the patient resting in a supine
position and subjects were excluded if they had a systolic BP>140 or a diastolic BP>90
mmHg. Mean BP was calculated as 2/3 x diastolic BP + 1/3 x systolic BP. All subjects had a nor-
mal LV ejection fraction (�55%) and no more than mild valvular disease.

Echocardiography
Echocardiography was performed by one of two technologists using a Sonos 5500 ultrasound
machine (Philips, Amsterdam, The Netherlands). The studies were stored digitally and were
measured offline using Xcelera V1.2 L4 SP2 (Philips, Amsterdam, The Netherlands) by one of
two experienced investigators (BC or LD). LVM-mode recordings were obtained in the para-
sternal long axis view just distal to the mitral valve leaflet tips after alignment of the cursor per-
pendicular to the LV wall. 2-dimensional (2D) images were also used to facilitate identification
of the endocardium and standard LV M-mode measurements were made [43], including LV
end-diastolic diameter (LVEDD), septal wall thickness (SWT) and posterior wall thickness
(PWT). Relative wall thickness (RWT) was calculated as 2 x PWT/LVEDD and LV mass was
calculated using the modified formula of Devereux et al [44] and indexed to BSA. Apical 4-
and 2-chamber 2-D loops of LV contraction were recorded, with attention paid to avoiding LV
foreshortening, and used for off-line measurement of LV end-diastolic volume (LVEDV), end-
systolic volume and the calculation of ejection fraction (LVEF) using the biplane method of
discs. The length of the LV at end-diastole 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 as the LVEDL [40].
LVEDL data was acquired as described above in all subjects by one investigator (RP) and this
acquisition was repeated independently by a second investigator (LD). LVEDL measurements
were made with investigators blinded to other echocardiographic measurements and subject
data, and results obtained by the two investigators were compared.

LV inflow velocities were recorded using pulsed-wave (PW) Doppler in the apical 4-cham-
ber view with the sample volume at the level of the mitral leaflet tips. For the early diastolic sig-
nal EVTI was traced and E and DT were measured and for the late diastolic signal the peak
velocity (A) was measured. Only one subject was not suitable for measurement of EVTI because
of partial fusion of the E and A waves. IVRT was measured as the interval between the mid-
point of the aortic valve closure signal and the onset of transmitral flow using continuous wave
Doppler oriented through the left ventricular outflow tract in the apical 5 chamber view.

PW tissue Doppler imaging (TDI) was performed in the apical 4-chamber view as previ-
ously described [45]. TDI velocities of longitudinal mitral annular motion were recorded dur-
ing non-forced end-expiration apnoea at the septal and lateral annulus borders after
optimizing parallel alignment of the ultrasound beam. Spectral PW Doppler was used with
standard instrument settings and a sample volume length of 0.38–0.57 cm. Measurement of e'
was performed as previously described [45]. Mitral annular excursion during systole (SExc),
early diastole (EDExc) and atrial contraction (AExc) was assessed by measurement of the
velocity time integrals of the respective signals by tracing just inside the outer border of the
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Doppler envelopes (Fig 1). An excellent correlation between mitral annular excursion by M-
mode and the velocity time integral of the corresponding TDI signal has been previously
reported [46]. The heart rate was calculated from the R-R intervals of the relevant TDI signals.
All Doppler measurements are the average of 3 consecutive cardiac cycles.

Statistical analysis
Statistical analysis was performed with Systat V13 (Systat Software, Chicago, IL). Continuous
variables are presented as mean ± SD. Univariable regression analysis was performed to inves-
tigate the relationships of age with anthropometric measures and BP. Diastolic BP was used in
most of the analyses as it was either similarly or more closely correlated to the dependent vari-
ables as mean or systolic BP. Univariable and multivariable linear regression analyses were per-
formed to investigate the relationships of LVEDL with anthropometric measures, age and
LVEDD. Univariable linear regression was performed to assess the relationships of transmitral
flow variables and mitral annular TDI early diastolic velocities and excursion with BP, LVEDL
and age and multivariable linear regression models were constructed to assess the indepen-
dence of the observed relationships. BMI was also included in the multivariable analyses as adi-
posity tends to increase with age [47], increased adiposity appears to have adverse effects on
the myocardium [48] and there is evidence of an inverse relationship of BMI with both E [49]
and e`[45,50,51]. Given that age was expected to be correlated with the other variables of inter-
est (BMI, BP and LVEDL), age was not added as an independent variable until the last step in
the multivariable models. The partial correlation coefficient (β) value is provided for selected
multivariable analyses. The adjusted value for r2 was used to estimate the degree of variability
in a dependent variable explained by multivariable models. Apart from decisions regarding
inclusion of variables in multivariable models, a p value of<0.05 was considered significant.

Results

Subject characteristics
The clinical characteristics and echocardiographic variables regarding LV structure and ejec-
tion fraction of the study subjects are shown in Table 1. Despite exclusion of subjects with obe-
sity from this cohort there was a positive correlation of age with BMI (r = 0.29, p = 0.009), and
despite exclusion of subjects with hypertension there were positive correlations of age with sys-
tolic (r = 0.22, p = 0.049) and diastolic BP (r = 0.46, p<0.001). There were also positive

Fig 1. Example of the method for tracing the velocity time integrals of the systolic and early diastolic
tissue Doppler signals from themitral annulus.

doi:10.1371/journal.pone.0158302.g001
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correlations of BMI with systolic (r = 0.41, p<0.001) and diastolic BP (r = 0.39, p<0.001), but
no correlations of pulse pressure with either age or BMI.

Correlates of left ventricular structural measures
The univariable correlations of LVEDL with age, anthropometric measures and LVEDD are
shown in Table 2. LVEDL was greater in males than females and was positively correlated with
height, weight, BSA and BMI. While LVEDL was not correlated with age on univariable analy-
sis, an inverse correlation of LVEDL with age became evident after adjusting for either sex or
BSA (p<0.05 for either). There was no correlation of BP with LVEDL, with or without adjust-
ment for sex and BSA (p>0.10 for all). On multivariable analysis including age, sex and BSA
(Table 2), male sex was an independent predictor of a longer LVEDL and LVEDL was posi-
tively correlated with BSA and inversely correlated with age; together age, sex and BSA
explained 50% of the variability in LVEDL. Age also remained a significant inverse correlate
of LVEDL after adjustment for BSA during separate analysis of males and females (β = -0.31 &
β = -0.32, respectively, p<0.05 for each). The LVEDL measurements from the two observers
(9.0±0.7 v 9.1±0.7 cm) were similar and the partial correlation coefficients of age with LVEDL
after adjusting for sex and BSA were similar and significant using the LVEDL data from either
investigator (β = -0.24 v -0.25, p<0.005 for each).

LVEDVmultivariable correlations were similar to those of LVEDL; there was an inverse
correlation of LVEDV with age (β = -0.39, p<0.001) and a positive correlation with BSA (β =
0.55, p<0.001) after adjustment for sex, but no correlation with BP. LVEDD was also positively

Table 1. Clinical and left ventricular echocardiographic variables of the study group.

Sex (male: female) 37:45

Age (years) 32±9

Height (cm) 170±8

Weight (kg) 68±11

BSA (m2) 1.79±0.18

BMI (kg/m2) 23.3±2.5

Heart rate (bpm) 63±10

Systolic BP (mmHg) 112±12

Diastolic BP (mmHg) 68±9

Mean BP (mmHg) 83±9

Pulse pressure (mmHg) 45±10

LVEDD (cm) 5.0±0.5

SWT (cm) 0.8±0.1

RWT 0.31±0.04

LVMI (g/m2)

Males 84±17

Females 66±15

LVEDL (cm)

Males 9.6±0.7

Females 8.7±0.5

LVEF (%) 65±5

BSA = body surface area, BMI = body mass index, BP = blood pressure, LVEDD = left ventricular end-

diastolic diameter, LVMI = left ventricular mass index, LVEF = left ventricular ejection fraction, LVEDL = left

ventricular end-diastolic length, RWT = relative wall thickness, SWT = septal wall thickness

doi:10.1371/journal.pone.0158302.t001
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correlated with height, weight and BSA and was greater in males than females (p<0.01 for all),
but while LVEDL was correlated with LVEDD, LVEDD was not correlated with age on univari-
able analysis, or after adjusting for sex, BSA or both (p>0.05 in all multivariable models).

Standard Doppler and TDI variables–univariable and multivariable
correlations
The mean values of the transmitral Doppler and TDI variables and the univariable correlations
of these variables with age are shown in Table 3 and selected scatter plots are shown in Fig 2.
Consistent with previous studies, age was inversely correlated with EVTI, E, E/A and e`and was
positively correlated with DT, IVRT and A. Age accounted for the variability in the following
Doppler variables: 28% of septal and lateral e`, 17% of septal EDExc, 20% of lateral EDExc,
18% of IVRT, 13% of E, 11% of EVTI and 6% of DT. The relationships of age with mitral

Table 2. Univariable andmultivariable correlates of left ventricular end-diastolic length.

Univariable correlation coefficients Multivariable correlation coefficients

r P β P

Age -0.16 0.16 -0.25 0.003

Male sex 0.59 <0.001 0.27 0.014

Height 0.57 <0.001

Weight 0.62 <0.001

BSA 0.64 <0.001 0.49 <0.001

BMI 0.43 <0.001

LVEDD 0.55 <0.001

BSA = body surface area, BMI = body mass index, BP = blood pressure, LVEDD = left ventricular end-diastolic diameter

doi:10.1371/journal.pone.0158302.t002

Table 3. Mean values and correlation with age of Doppler echocardiographic measurements.

Mean ± SD r p value

E (cm/s) 83±17 -0.36 0.001

EVTI (cm) 11.2±2.5 -0.33 0.002

A (cm/s) 48±12 0.29 0.008

E/A 1.89±0.58 -0.47 <0.001

IVRT (ms) 71.2±9.4 0.42 <0.001

DT (ms) 177±25 0.24 0.027

Septal EDExc (cm) 0.88±0.18 -0.41 <0.001

Septal e`(cm/s) 10.4±2.4 -0.53 <0.001

Lateral EDExc (cm) 1.22±0.23 -0.45 <0.001

Lateral e`(cm/s) 17.0±4.0 -0.53 <0.001

Septal SExc (cm) 1.38±0.20 -0.13 0.26

Lateral SExc (cm) 1.69±0.30 -0.11 0.33

Septal AExc 0.52±0.11 0.43 <0.001

Lateral AExc 0.50±0.13 0.50 <0.001

A = peak velocity of transmitral flow during atrial contraction, AExc = atrial contraction mediated excursion of

the mitral annulus, DT = deceleration time, EDExc = early diastolic mitral annular excursion, e`= peak

velocity of early diastolic mitral annular motion, EVTI = velocity time integral of transmitral early diastolic flow

signal, E = peak velocity of transmitral early diastolic flow, IVRT = isovolumic relaxation time, SExc = systolic

excursion of the mitral annulus

doi:10.1371/journal.pone.0158302.t003
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Fig 2. Scatter plots of selected echocardiographic variables and age. The linear regression statistics are shown in
Table 3.

doi:10.1371/journal.pone.0158302.g002
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annular excursion during systole and atrial contraction are also shown in Table 3. There were
positive correlations of age with septal and lateral AExc but no correlations of age with septal
or lateral SExc.

EVTI and E. The univariable correlations of EVTI and E are shown in Table 4. EVTI was
inversely correlated with diastolic BP, but not related to sex, any of the anthropometric mea-
sures, or with LVEDD, SWT or RWT. Similar to EVTI, E was also inversely correlated with dia-
stolic BP, but in contrast to EVTI, it was lower in males than females and inversely correlated
with all the anthropometric measures, as well as with LVEDD, SWT and RWT. Neither EVTI
nor E were correlated with LEDVL. On multivariable analysis, there was an increase in the vari-
ability of EVTI explained from 8 to 12% with the addition of age to diastolic BP, and diastolic
BP was only borderline significant in this model (p = 0.09). On multivariable analysis, E was
independently correlated with diastolic BP (β = -0.35, p = 0.001) and LVEDD (β = -0.26,
p = 0.01), and this model explained 17% of the variability of E. Neither SWT nor RWT were
significant contributors to models of E which included both diastolic BP and LVEDD. Addition
of age to diastolic BP and LVEDD resulted in an increase in the variability of E explained to
21% and although there was a reduction in contribution of diastolic BP to the model, diastolic
BP (β = -0.24, p = 0.035), LVEDD (β = -0.27, p = 0.008) and age (β = -0.26, p = 0.024) were all
significant contributors. There were no independent contributions of sex, BSA or BMI to mod-
els of E which included diastolic BP, LVEDD and age. As expected, E was positively correlated
with EVTI (r = 0.80, p<0.001) and on multivariable analysis, E was independently correlated
with EVTI (β = 0.78, p<0.001) and LVEDD (β = -0.16, p = 0.02), with this model explaining
65% of the variability in E. There were no independent contributions of age, sex, diastolic BP
or LVEDL to models of E which included EVTI and LVEDD.

DT and IVRT. The univariable correlations of DT and IVRT are shown in Table 5. There
were positive correlations of DT with height, weight and BSA, but DT was not correlated with
BP, BMI, LVEDD, SWT, RWT or LVEDL. Neither age nor BSA remained significant when

Table 4. Univariable correlates of transmitral EVTI and E.

EVTI E

r P r P

Male sex -0.10 NS -0.23 0.04

Heart rate -0.01 NS 0.06 NS

Systolic BP -0.28 0.01 -0.32 0.004

Diastolic BP -0.31 0.005 -0.35 0.002

Mean BP -0.33 0.002 -0.37 0.001

Height 0.03 NS -0.20 0.07

Weight -0.05 NS -0.30 0.007

BSA -0.03 NS -0.28 0.01

BMI -0.10 NS -0.27 0.014

LVEDD -0.12 NS -0.26 0.02

SWT -0.21 0.067 -0.32 0.004

RWT -0.18 NS -0.22 0.04

LVEDL 0.12 NS -0.07 NS

BMI = body mass index, BP = blood pressure, BSA = body surface area, EVTI = velocity time integral of

transmitral early diastolic flow signal, E = peak velocity of early diastolic transmitral flow, LVEDD = left

ventricular end-diastolic diameter, LVEDL = left ventricular end-diastolic length, NS = not significant,

RWT = relative wall thickness, SWT = septal wall thickness

doi:10.1371/journal.pone.0158302.t004

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 8 / 21



included together in a multivariable model of DT (p>0.05 for both). IVRT was inversely
related to heart rate and positively correlated with diastolic BP, SWT and RWT, but was not
related to systolic BP, any of the anthropometric measures, or with either LVEDD or LVEDL.
On multivariable analysis IVRT was independently related to heart rate (β = -0.30, p = 0.007),
SWT (β = 0.23, p = 0.04) and diastolic BP (β = 0.25, p = 0.03), with this model explaining 20%
of the variability in IVRT. Addition of age to heart rate, SWT and diastolic BP resulted in an
increase to 26% of the variability of IVRT explained, with heart rate (β = -0.26, p = 0.015) and
age (β = 0.30, p = 0.009) significant contributors to the model, but diastolic BP (β = 0.11,
p = 0.33) and SWT (β = 0.18, p = 0.09) no longer significant.

EDExc. The univariable correlations of septal and lateral EDExc with age are shown in
Table 3 and univariable correlations with other variables are shown in Table 6. Both septal and
lateral EDExc were inversely correlated with diastolic BP, but not with systolic BP, and neither
were correlated with LVEDD. BMI was an inverse correlate of septal EDExc, but there were no
significant correlations of any of the anthropometric measures with lateral EDExc. Septal
EDExc was inversely correlated with SWT and RWT but not with LVEDL, whereas lateral
EDExc was positively correlated with LVEDL but not with SWT or RWT. Neither septal nor
lateral EDExc were correlated with LVEDD.

Despite lack of significance on univariable analysis, LVEDL became a significant positive
correlate of septal EDExc (β = 0.25, p = 0.038) when included in a multivariable model with
BMI, and BMI was a significant inverse correlate of septal EDExc in this model (β = -0.35,
p = 0.004). Addition of diastolic BP and SWT to LVEDL and BMI in the model increased the
variability of septal EDExc explained from 9 to 15%, but only diastolic BP (β = -0.24, p = 0.039)
and LVEDL (β = 0.27, p = 0.027) were significant contributors to the model. The addition of
age resulted in a further slight increase in the adjusted r2 (0.18) but none of the variables were
then significant.

Lateral EDExc was independently correlated with LVEDL (β = 0.37, p = 0.001) and diastolic
BP (β = -0.34, p = 0.001). Inclusion of age in the model with LVEDL and diastolic BP resulted

Table 5. Univariable correlates of deceleration time and isovolumic relaxation time.

DT IVRT

r P r P

Male sex 0.10 NS 0.14 NS

Heart rate -0.08 NS -0.28 0.01

Systolic BP 0.14 NS 0.11 NS

Diastolic BP 0.12 NS 0.25 0.027

Mean BP 0.14 NS 0.22 0.048

Height 0.22 0.049 0.06 NS

Weight 0.23 0.035 0.12 NS

BSA 0.25 0.027 0.12 NS

BMI 0.18 NS 0.16 NS

LVEDD 0.12 NS 0.15 NS

SWT 0.11 NS 0.36 0.001

RWT 0.07 NS 0.33 0.003

LVEDL 0.05 NS -0.02 NS

BMI = body mass index, BP = blood pressure, BSA = body surface area, DT = deceleration time,

IVRT = isovolumic relaxation time, LVEDD = left ventricular end-diastolic diameter, LVEDL = left ventricular

end-diastolic length, NS = not significant, RWT = relative wall thickness, SWT = septal wall thickness

doi:10.1371/journal.pone.0158302.t005
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in an increase in the adjusted r2 from 0.21 to 0.27 and in this model age (β = -0.31, p = 0.007)
and LVEDL (β = 0.31, p = 0.003) were both significant contributors to lateral EDExc, but the
contribution of LVEDL was less and the contribution of diastolic BP was no longer significant
(β = -0.19, p = 0.096).

e`. The univariable correlates of septal and lateral e`with age are shown in Table 3 and uni-
variable correlations of septal and lateral e`with other variables are shown in Table 7. Septal
and lateral e`were both inversely correlated with diastolic BP. Septal e`was inversely related to

Table 6. Univariable correlations of early diastolic mitral annular excursion at the septal and lateral
borders of the mitral annulus.

Septal EDExc Lateral EDExc

r P r P

Male sex -0.11 NS 0.07 NS

Heart rate -0.16 NS -0.18 NS

Systolic BP -0.11 NS -0.18 NS

Diastolic BP -0.35 0.001 -0.30 0.006

Mean BP -0.28 0.011 -0.28 0.01

Height 0.00 NS 0.06 NS

Weight -0.16 NS 0.00 NS

BSA -0.12 NS 0.03 NS

BMI -0.24 0.029 -0.03 NS

LVEDD 0.04 NS 0.13 NS

SWT -0.22 0.043 -0.02 NS

RWT -0.33 0.003 -0.04 NS

LVEDL 0.10 NS 0.34 0.002

BMI = body mass index, BP = blood pressure, BSA = body surface area, EDExc = early diastolic mitral

annular excursion, LVEDD = left ventricular end-diastolic diameter, LVEDL = left ventricular end-diastolic

length, NS = not significant, RWT = relative wall thickness, SWT = septal wall thickness

doi:10.1371/journal.pone.0158302.t006

Table 7. Univariable correlations of septal and lateral e`.

Septal e` Lateral e`

r P r P

Male sex -0.23 0.038 -0.03 NS

Heart rate 0.02 NS -0.10 NS

Systolic BP -0.22 0.05 -0.22 0.050

Diastolic BP -0.44 <0.001 -0.35 0.001

Mean BP -0.38 <0.001 -0.33 0.002

Height -0.11 NS 0.04 NS

Weight -0.30 0.007 -0.07 NS

BSA -0.24 0.028 -0.03 NS

BMI -0.34 0.002 -0.13 NS

LVEDD -0.13 NS 0.12 NS

SWT -0.40 <0.001 -0.09 NS

RWT -0.38 <0.001 -0.15 NS

LVEDL 0.00 NS 0.30 0.006

BMI = body mass index, BP = blood pressure, BSA = body surface area, e`= peak velocity of early diastolic

mitral annular motion, LVEDD = left ventricular end-diastolic diameter, LVEDL = left ventricular end-diastolic

length, NS = not significant, RWT = relative wall thickness, SWT = septal wall thickness

doi:10.1371/journal.pone.0158302.t007
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weight, BSA and BMI but not with height, whereas lateral e`was not correlated with any of the
anthropometric measures. Male sex was a predictor of a lower septal e`, but not of a lower lat-
eral e`. LVEDL was positively correlated with lateral e`but not with septal e`, whereas SWT
and RWT were both inversely correlated with septal e`but not with lateral e`. No relationship
of LVEDD with either septal or lateral e`was evident.

On multivariable analysis including diastolic BP, BMI, SWT and LVEDL, septal e`was
inversely correlated with diastolic BP (β = -0.29, p = 0.008), SWT (β = -0.34, p = 0.003) and
LVEDL (β = 0.24, p = 0.03) but BMI was not significant (β = -0.16, p = 0.19). Adding age to the
model of septal e`with diastolic BP, BMI, SWT and LVEDL resulted in an increase in the
adjusted r2 from 0.28 to 0.35, but only age (β = -0.32, p = 0.005) and SWT (β = -0.25, p = 0.032)
remained significant in this model. On multivariable analysis, lateral e`was independently cor-
related with LVEDL (β = 0.34, p = 0.001) and diastolic BP (β = -0.38, p<0.001), and together
LVEDL and diastolic BP explained 22% of the variability in lateral e`. Adding age to the model
of lateral e`with LVEDL and diastolic BP increased the variability of lateral e`explained to 33%;
age was a significant contributor to this model (β = -0.40, p<0.001), the contribution of
LVEDL was less but remained significant (β = 0.25, p = 0.01), whereas the contribution of dia-
stolic BP became only borderline significant (β = -0.19, p = 0.08). Thus, there was an additional
independent effect of age on lateral e`which accounted for about 1/3 of the total variability of
lateral e`not explained by BP and LVEDL in the model.

There were correlations between septal e`and septal EDExc (r = 0.80, p<0.001) and lateral
e`and lateral EDExc (r = 0.73, p<0.001). After including septal and lateral EDExc in the respec-
tive models of septal and lateral e`, neither diastolic BP nor LVEDL remained significant corre-
lates of e`. However, age remained an independent predictor of septal and lateral e`when
combined in models with septal and lateral EDExc, respectively (p<0.01 for each). The vari-
ability of e`explained with the addition of age to EDExc increased from 64% to 69% for the sep-
tal wall and from 52% to 57% for the lateral wall.

Discussion
The aim of this study in healthy young to middle aged adult subjects was to investigate possible
contributions of BP and LVEDL to age-related changes in Doppler measures of early diastolic
LV filling and long axis motion. BMI was considered in the analysis due to previous evidence
of an inverse relationship of BMI with both E [49] and e`[45,50,51], the latter relationship
described even in the absence of obesity [45]. LVEDD, SWT and RWT were also considered in
the analysis due to previous evidence showing aging effects on short-axis remodeling
[38,42,52,53]. We found inverse correlations of age with E, EVTI and e`and positive correlations
of age with DT and IVRT, consistent with previous studies which have reported that aging-
related changes in these diastolic variables begin early in adult life [1,2]. Furthermore, that age
explained 28% of the variability in septal and lateral e`but only 13% of the variability in E is
consistent with previous findings indicating a disparity between the degree of correlation of
age with e`and E [1,12,27], at the same time implying a difference in the mechanisms underly-
ing aging effects on early diastolic filling and long axis motion. We also found positive correla-
tions of age with BP and BMI (despite the exclusion of subjects with hypertension and obesity)
and an inverse relationship between age and LVEDL, supporting the possibility that BP,
LVEDL and BMI could account for at least a portion of the effects of aging on Doppler-derived
diastolic variables in healthy individuals. There was no significant relationship of age with
LVEDD, but consistent with previous evidence, SWT and RWT increased with age [52], indi-
cating that LV short-axis remodeling also needed to be considered as a possible contributor to
the age-related decreases in E and e`in this cohort.
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The inverse relationship between age and LVEDL seen in our study was independent of
other predictors of LVEDL, including sex, BSA and LVEDD. That the relationship between age
and LVEDL was not seen on univariable analysis could relate to the modest degree of correla-
tion between age and LVEDL, in conjunction with the limited cohort size, and possible interac-
tions between LVEDL, BSA, age and sex. Nevertheless, our finding is consistent with previous
cross-sectional data that LVEDL decreases, LVEDD is relatively stable and thus LV shape
becomes more spherical during aging [37,42]. It is also an important addition to previous find-
ings as it suggests that the effects of aging on LVEDL begin early in adult life. That LVEDV
also decreased with age in our study group was expected given the reduction in LVEDL, even
in the absence of any change in LVEDD, and is consistent with echocardiographic and cardiac
magnetic resonance LV volume data in other cohorts of subjects without cardiac disease
[38,42,53]. The ultrastructural basis of the reduction in LVEDL and LVEDV with age is not
known, but there may be components of cardiomyocyte loss, increase in the volume of residual
cardiomyocytes and increase in diffuse interstitial fibrosis. While the age-related change in
LVEDL is seen in both men and women [42], there appear to be sex-related differences in the
age-related increase in myocardial extracellular volume [54], as loss of myocytes during aging
has been observed in men but not in women [55]. Whatever the ultrastructural basis, our find-
ing provides support for the possibility that reduction in LVEDL with age could be a contribu-
tor to the aging-related changes in early diastolic LV long axis motion.

A lower E has been reported to occur in hypertension independently of LV structural
change [56], an inverse correlation between E and BP, particularly with diastolic BP, has been
reported in observational studies [8,28,30], and an acute decrease in E can be seen during acute
elevation of BP in humans by angiotensin infusion [32]. In the present study EVTI and E were
both inversely correlated with diastolic BP, and to a lesser extent, with systolic BP. BP only
accounted for a portion of the effect of age on EVTI and E as the addition of age to diastolic BP
in the multivariable models of EVTI and E resulted in an improvement in the variability of EVTI
and E explained. No relationship of BP with EVTI independent of age was demonstrated, as dia-
stolic BP was no longer significant after inclusion of age in the model, but there was still a resid-
ual, albeit less close, correlation of diastolic BP with E following the addition of age. Although
there were increases in SWT and RWT with age, there was no evidence for a contribution of
LV short-axis remodeling to age effects on EVTI, and the correlation of diastolic BP with E
remained significant after adjusting for either SWT or RWT. While the findings of the present
study cannot prove that BP represents a casual mechanism rather than just an association of a
lower E and EVTI, it is important that a similar inverse relationship of diastolic BP with E and
EVTI has been previously reported in normotensive adolescents, suggesting independence of
BP effects from age [28].

There are at least two mechanisms which have been proposed for an acute effect of BP on
early diastolic LV flow: (1) an afterload-mediated reduction of contraction and (2) an after-
load-mediated delay or slowing of relaxation. An effect of BP on both contraction and E was
demonstrated in a study in closed chest anaesthetized dogs which showed that both the early
diastolic LA-LV gradient and E were related to end-systolic LV volume, and that end-systolic
volume was not only determined by contractility but was also independently and positively
correlated with diastolic BP [31]. As the rapidity of the fall in LV pressure in the normal heart
is facilitated by elastic recoil and elastic recoil decreases in conjunction with increases in end-
systolic volume, a higher BP can explain a reduced LA-LV gradient because increased afterload
leads to a larger LV end-systolic volume [31,57]. On the other hand, alterations in LV relaxa-
tion have been demonstrated in animal studies during interventions which increase afterload
during LV contraction [58,59]. Whether this effect is independent of changes in contraction is
less clear as an increase in load beginning early in ejection delays the onset of LV pressure fall
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by prolonging contraction without changing the slope of LV pressure fall, whereas an increase
in load beginning in the second half of ejection results in both a shortening of contraction time
and a reduced slope of the LV pressure fall [59]. Similar findings have been reported in some
[60,61] but not all [62] studies where afterload was modified in humans.

While not all observational studies have found a correlation of BP with E [1,35], the pres-
ence of such a relationship could be dependent on the subject cohort and also on the method of
analysis. For example, the wall stress (afterload) of a left ventricle in subjects with hypertension
and either concentric remodeling or concentric hypertrophy would not be as high as in a non-
remodeled ventricle, and this could moderate the tendency to an increase of end-systolic vol-
ume with a higher BP. There are also statistical issues, with the inclusion of both age and BP in
multivariable models of E potentially masking an effect of BP due to colinearity between age
and BP. Moreover, the inclusion of elderly subjects in previous studies could confound the
assessment of a potential relationship of diastolic BP with E as while both systolic and diastolic
BP increase with age up until the age range of 50–60 years, diastolic BP starts to decrease as age
progresses past 60 years [63]. All of these potential confounding factors were minimized in the
present study as hypertension and thus hypertensive heart disease were exclusion criteria, only
subjects<55 years were eligible for inclusion and age was not included till last in all multivari-
able analyses.

There were differences in the determinants of EVTI and E, with only E higher in females and
only E inversely and independently correlated with LVEDD. A higher E in females than males
is consistent with previous studies [4,5,8], but the cause has not been certain. It is thus impor-
tant that an effect of sex on E in the present study was no longer evident after inclusion of
LVEDD in the model, and so a feasible explanation for the effect of sex on E may be the smaller
LV short axis diameter (and accompanying smaller mitral annular) size in women [5]. That
there could be differences in the determinants of EVTI and E has received little attention in pre-
vious studies, but would not be surprising as EVTI is likely to be more closely related to the vol-
ume of early diastolic filling than E. A relationship of BP with E was no longer evident after
adjustment for EVTI, consistent with the underlying mechanism for the inverse correlation of
BP with E being that a higher BP was associated with a reduction in the volume of early dia-
stolic flow. Despite the inverse correlation of E with LVEDD, there was no relationship of
LVEDL with either EVTI or E, suggesting that age-related decreases in early diastolic flow are
not due to LV long-axis remodeling.

There was a positive correlation between age and IVRT in our cohort and this finding is
consistent with previous studies [1,5,7,64], however, the cause of the prolongation of IVRT
with age has not been clear [1]. By first principles, IVRT will be dependent on the timing and
magnitude of end-systolic BP (i.e. the aortic pressure at the time of aortic valve closure), the
rapidity of the LV pressure drop following aortic valve closure and the crossover point of the
LA and LV pressure curves, the last of these factors dependent on LA as well as LV pressure
[65]. However, even with the current understanding that LA pressure does not appear to
change with healthy aging [2,21], determining the cause of the prolongation of IVRT with age
remains complicated as not only can the rate of LV pressure fall be affected by afterload, but as
previously discussed, the relationship between BP and LV pressure fall is complex. In addition,
the end-systolic BP is likely to be related to both systolic and diastolic BP, and thus would be
expected to change with age.

We found a positive correlation of IVRT with diastolic BP (although not with systolic BP).
A positive relation of IVRT with hypertension severity was recently reported in a large commu-
nity study [66], and has also been reported in other [64,67] but not all previous observational
studies [1,5]. That the effect of BP was only borderline significant when included with age is
therefore consistent with diastolic BP explaining at least a portion of the effect of age on IVRT.
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We found an inverse correlation of IVRT with heart rate which was independent of both age
and BP, a finding which is consistent with some [1,5] but not all previous studies [67]. Never-
theless, such a relationship was not unexpected given that acceleration of LV pressure fall has
been described in association with pacing mediated increases in heart rate [68,69]. That there
was no evidence of an increase in either EVTI or E with higher heart rate suggests that LV pres-
sure fall can accelerate without resulting in an increase in the early diastolic LA-LV gradient.
Independent of heart rate and diastolic BP, SWT was also a positive correlate of IVRT and as
age was positively correlated with SWT, short-axis remodeling is also a possible contributor to
the age-related prolongation of IVRT. On the other hand, IVRT was not related to LVEDL in
univariable or multivariable analyses, therefore not suggesting any effect of long axis LV
remodeling on IVRT.

Diastolic BP was an inverse correlate of septal and lateral e`in the present study, and this is
consistent with increasing evidence from both observational and interventional studies, and in
both healthy and hypertensive subjects, of an inverse relationship between BP and e`[32–36].
That afterload might be a determinant of e`has also been suggested by the findings from two
observational cross-sectional studies in humans, both of which reported an inverse relationship
of e`with measures of late systolic load [70,71]. As e`must be related to, and will also be limited
by, how far the mitral annulus moves during early diastole, in the present study we further
investigated the relationship between BP and early diastolic motion by also examining the rela-
tionship with EDExc. Both septal and lateral EDExc were inversely correlated with diastolic BP
and after adjusting for EDExc there was no independent relationship of BP with e`, suggesting
that the mechanism underlying the BP relationship with e`is a decrease in early diastolic excur-
sion, i.e. a higher BP is associated with a lower EDExc and therefore a lower e`. Similar to the
relationship of E with BP, there are at least two possible mechanisms for the inverse relation-
ship between e`and BP. One possible mechanism is that higher afterload leads to reduced long
axis contraction and thus reduced early diastolic recoil [31]. Indeed, both s`[70,71] and systolic
strain [71] have also been reported to vary inversely with late systolic load. While there was no
relationship between BP and either s`or SExc at either annular border in the present study
(results not shown), the absence of these relationships does not exclude a contribution of
higher BP to reduced long axis contraction. Thus, long axis systolic excursion could be main-
tained despite an afterload mediated reduction in contraction by an increase in preload and uti-
lization of the Frank-Starling mechanism, with preload best thought of in this circumstance as
wall stretch due to atrial contraction [72]. Indeed, an age-related increase in LV long-axis
stretch prior to contraction is evident in the positive correlation of age with AExc seen in the
present study. On the other hand, a direct effect of afterload on LV relaxation is also possible
and it is feasible that e`could be influenced by BP effects on both contraction and relaxation.

A linear relationship between LVEDL and e`has been reported previously based on colour
flow TDI velocities obtained from healthy subjects and using averaged results from all LV walls
[41]. By using pulsed-wave TDI and not averaging the results of the different walls, we were
not only able to provide support for these previous findings, but we were able to investigate for
possible differences in the behaviour of the septal and lateral LV walls, and also investigate for
mechanisms underlying these relationships. Thus, while LVEDL was a positive correlate of lat-
eral e`in the present study, no relationship with septal e`was evident on univariable analysis.
Furthermore, we found LVEDL to be positively correlated with both lateral e`and EDExc and
the relationship of LVEDL with lateral EDExc fully accounted for the relationship of LVEDL
with lateral e`, as there was no independent relationship of LVEDL with lateral e`after includ-
ing EDExc in the model of lateral e`. A potential explanation for the lack of univariable rela-
tionship of LVEDL with septal EDExc and septal e`was identified, with BMI a positive
correlate of LVEDL but an inverse correlate of both septal EDExc and septal e`. An inverse
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relationship between BMI and septal e`has been previously described [50] and such a relation-
ship has the potential to mask a positive relationship of septal e`with LVEDL. Indeed, in our
cohort, LVEDL became a significant positive correlate of both septal EDExc and septal e`when
included in models with BMI. There was also evidence of an effect of short-axis remodeling on
septal long axis function as SWT was an inverse correlate of septal e`independent of LVEDL.

There have been a number of invasive studies which have investigated the mechanisms
underlying the decreases in E and e`with aging. Two recent studies using right heart catheteri-
zation have provided strong evidence that the decreases in E and e`, and the prolongation of
IVRT, seen with healthy aging are not due to a reduction of LA pressure [2,21]. A higher LV
pressure during early diastole must therefore be the main cause of a lower early diastolic trans-
mitral gradient and therefore the lower EVTI and E which occurs with aging, and it has been
assumed by some investigators that this higher LV pressure during early diastole is due to slow-
ing of the LV pressure fall during isovolumic relaxation [26,73,74]. However, slowing of LV
pressure fall with age was not confirmed in a study of a symptomatic group of 55 subjects
between 20 and 77 years of age who were free of cardiac disease, and in which there was direct
measurement of LV pressure using high fidelity catheters and calculation of tau [25]. As tau
only reflects a portion of the process of LV relaxation and is also recognized to have other theo-
retical limitations [75–77], one possible explanation for this negative finding is that an age-
related increase in LV pressure during early diastole may occur in the absence of prolongation
of tau. While the ideal investigation to resolve these issues would be measurement of simulta-
neous LV and LA pressures using high fidelity catheters in healthy asymptomatic adult subjects
of varying ages, the likelihood of such an investigation being performed is small given the ethi-
cal issues involved in the conduct of such a study. Therefore non-invasive techniques to investi-
gate these questions, such as those used in the present study, remain of considerable
importance.

Although e`is considered to be a non-invasive measure of LV relaxation, and an inverse cor-
relation of e`with invasively measured tau has been reported in a number of human studies
[19,78–80], the correlation appears to be weak (r2 = 0.08) in subjects with a normal ejection
fraction [19], this group being of particular relevance to the effects of healthy aging on LV
relaxation. Furthermore, as early diastolic long axis motion does not begin until after mitral
valve opening, it has been pointed out previously that e`can only provide indirect information
about LV isovolumic relaxation [81]. Thus, the finding in the present study, and in multiple
previous studies, of an inverse correlation of age with e`cannot be considered to be conclusive
evidence for a relationship of age with either tau or slowing of LV relaxation. As already men-
tioned, IVRT prolongation also cannot provide definitive evidence of slowing of isovolumic LV
relaxation with age given that the onset of the isovolumic relaxation period is dependent on
end-systolic pressure, which is likely to be affected by age, and which cannot be precisely deter-
mined using non-invasive techniques.

Slowing of myocyte relaxation has been proposed as the main mechanism for the age-
related impairment of LV relaxation in humans [2,22], however, the findings of the present
study are consistent with the possibility of contributions to age-related changes in E and e`by
alternative mechanisms. Thus, the inverse correlations of both E and e`with BP are consistent
with an afterload-related mechanism, which could act in part via a reduction in contraction
[31]. Furthermore, the reduction of e`(and EDExc) can be partly accounted for by the concom-
itant reduction of LV length with age, a mechanism likely related to structural remodeling
which also does not require that there be slowing of either LV or myocyte relaxation. While the
above findings certainly do not exclude a contribution from a slowing of relaxation in cardiac
myocytes, it is also important there is currently no direct evidence for an age-related slowing of
relaxation in human cardiac myocytes [82], particularly for any age-related slowing beginning
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relatively early in adult life. Furthermore, while a reduction in the maximum velocity of relaxa-
tion has been shown in cardiac preparations from senescent animals [83,84], this is not an iso-
lated diastolic abnormality, as both myocyte and papillary muscle studies show that older age
is also accompanied by reductions of contraction amplitude and maximum contraction veloc-
ity [83–85]. There is also at least one other previously reported and likely myocyte-independent
contributor to the age-related reduction in E, this being non-uniformity of regional LV short-
axis diastolic motion [86].

There are a number of limitations of our study. As it is a cross-sectional study, there are lim-
its to the conclusions which can be drawn regarding causality. Nevertheless, the findings of
relationships of LVEDL with age and LV long axis function were not unexpected based on pre-
vious studies [37,40,42]. A further limitation of this study is that the study group was limited to
healthy adult subjects<55 years and therefore the findings may not be applicable to older sub-
jects or subjects with cardiac pathology. However, as previously discussed, the absence of
elderly subjects was also an important component of the study design given the potential for
confounding by the opposite changes in systolic and diastolic BP which start to occur during
the age range of 50–60 years. The LVEDL reflects the length of the left ventricle from the mid-
point of the mitral annulus to the apex and will be related to, but not the same as, the length of
the relevant LV walls. Furthermore, LVEDL was measured by 2D echocardiography and this
technique is unlikely to have been as accurate as cardiac magnetic resonance [42]. However,
the use of a less accurate technique would in general be more likely to result in false negative
than false positive findings. Finally, this was a relatively small study, and it is recommended
that these findings be confirmed in other studies in healthy subjects.

Conclusions
In this cross-sectional study of young to middle aged adult subjects, there was an age-related
shortening of LVEDL and increase in SWT and RWT but no age effect on LVEDD. At least a
portion of the age-related decreases in EVTI and E and prolongation of IVRT in this cohort
could be accounted for by an elevation of BP with age, despite hypertension being one of the
exclusion criteria. The relation between E and EVTI was partly explained by variation in
LVEDD but there was no relationship of LVEDL with any of the standard Doppler measures
related to transmitral flow. Major portions of the inverse relationships of age with e`and
EDExc could be explained by a combination of the increase in BP and the reduction in LVEDL
during aging. A direct structural relationship between LVEDL and early diastolic long axis
motion (additive to the effect of BP) therefore provides a possible explanation for the greater
correlation of age with e`than with E. A further implication of these findings is that a func-
tional abnormality of active LV myocyte relaxation is unlikely to be the sole, and may not even
be the main, mechanism for age-related reductions in early diastolic long axis motion. For e`in
particular, possible mechanisms include LV long axis remodeling and afterload elevation, both
resulting in a diminished extent of early diastolic excursion, and potentially explained in part
by a decreased extent of contraction. Nevertheless, additional mechanisms for the reduction in
e`with aging, which may include slowing of LV myocyte relaxation, are required given the
additional contribution of age to models of EDExc and e`which included LVEDL and diastolic
BP. The above findings have important implications for the clinical interpretation of E and
e`in both the presence and absence of cardiac disease.

Supporting Information
S1 File. Excel file containing raw data.
(XLSX)

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 16 / 21

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158302.s001


Author Contributions
Conceived and designed the experiments: RP BC LD PM JG. Performed the experiments: RP
BC LD. Analyzed the data: RP. Wrote the paper: RP BC LD PM JG.

References
1. Hees PS, Fleg JL, Dong SJ, Shapiro EP (2004) MRI and echocardiographic assessment of the diastolic

dysfunction of normal aging: altered LV pressure decline or load? Am J Physiol Heart Circ Physiol 286:
H782–H788. PMID: 14551040

2. Carrick-Ranson G, Hastings JL, Bhella PS, Shibata S, Fujimoto N, Palmer MD, Boyd K, Levine BD
(2012) Effect of healthy aging on left ventricular relaxation and diastolic suction. Am J Physiol Heart
Circ Physiol 303: H315–H322. ajpheart.00142.2012 [pii]; doi: 10.1152/ajpheart.00142.2012 PMID:
22661507

3. Kitzman DW, Sheikh KH, Beere PA, Philips JL, HigginbothamMB (1991) Age-related alterations of
Doppler left ventricular filling indexes in normal subjects are independent of left ventricular mass, heart
rate, contractility and loading conditions. J Am Coll Cardiol 18: 1243–1250. PMID: 1918701

4. Benjamin EJ, Levy D, Anderson KM, Wolf PA, Plehn JF, Evans JC, Comai K, Fuller DL, St John Sutton
M (1992) Determinants of Doppler indexes of left ventricular diastolic function in normal subjects (the
Framingham Heart Study). Am J Cardiol 70: 508–515. PMID: 1642190

5. Mantero A, Gentile F, Gualtierotti C, Azzollini M, Barbier P, Beretta L, Casazza F, Corno R, Giagnoni E,
Lippolis A (1995) Left ventricular diastolic parameters in 288 normal subjects from 20 to 80 years old.
Eur Heart J 16: 94–105.

6. Prasad A, Popovic ZB, Arbab-Zadeh A, Fu Q, Palmer D, Dijk E, Greenberg NL, Garcia MJ, Thomas JD,
Levine BD (2007) The effects of aging and physical activity on Doppler measures of diastolic function.
Am J Cardiol 99: 1629–1636. PMID: 17560865

7. Spirito P, Maron BJ (1988) Influence of aging on Doppler echocardiographic indices of left ventricular
diastolic function. Br Heart J 59: 672–679. PMID: 3395525

8. Gardin JM, Arnold AM, Bild DE, Smith VE, Lima JA, Klopfenstein HS, Kitzman DW (1998) Left ventricu-
lar diastolic filling in the elderly: The Cardiovascular Health Study. Am J Cardiol 82: 345–351. PMID:
9708665

9. 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. PMID: 11785999

10. 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. PMID: 14566298

11. 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.
PMID: 15734747

12. Okura H, Takada Y, Yamabe A, Kubo T, Asawa K, Ozaki T, Yamagishi H, Toda I, YoshiyamaM, Yoshi-
kawa J, Yoshida K (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

13. Swinne CJ, Shapiro EP, Lima SD, Fleg JL (1992) Age-associated changes in left ventricular diastolic
performance during isometric exercise in normal subjects. Am J Cardiol 69: 823–826. PMID: 1546666

14. Klein AL, Burstow DJ, Tajik AJ, Zachariah PK, Bailey KR, Seward JB (1994) Effects of age on left ven-
tricular dimensions and filling dynamics in 117 normal persons. Mayo Clin Proc 69: 212–224. PMID:
8133658

15. AlamM, 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

16. 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

17. 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

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 17 / 21

http://www.ncbi.nlm.nih.gov/pubmed/14551040
http://dx.doi.org/10.1152/ajpheart.00142.2012
http://www.ncbi.nlm.nih.gov/pubmed/22661507
http://www.ncbi.nlm.nih.gov/pubmed/1918701
http://www.ncbi.nlm.nih.gov/pubmed/1642190
http://www.ncbi.nlm.nih.gov/pubmed/17560865
http://www.ncbi.nlm.nih.gov/pubmed/3395525
http://www.ncbi.nlm.nih.gov/pubmed/9708665
http://www.ncbi.nlm.nih.gov/pubmed/11785999
http://www.ncbi.nlm.nih.gov/pubmed/14566298
http://www.ncbi.nlm.nih.gov/pubmed/15734747
http://dx.doi.org/10.1161/CIRCIMAGING.108.809087
http://dx.doi.org/10.1161/CIRCIMAGING.108.809087
http://www.ncbi.nlm.nih.gov/pubmed/19808563
http://www.ncbi.nlm.nih.gov/pubmed/1546666
http://www.ncbi.nlm.nih.gov/pubmed/8133658
http://www.ncbi.nlm.nih.gov/pubmed/10441217
http://dx.doi.org/10.1093/ejechocard/jep164
http://www.ncbi.nlm.nih.gov/pubmed/19910319
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


18. Nagueh SF, Middleton KJ, Kopelen HA, Zoghbi WA, Quinones MA (1997) Doppler tissue imaging—a
noninvasive technique for evaluation of left ventricular relaxation and estimation of filling pressures. J
Am Coll Cardiol 30: 1527–1533. PMID: 9362412

19. Ommen SR, Nishimura RA, Appleton CP, Miller FA, Oh JK, Redfield MM, Tajik AJ (2000) Clinical utility
of Doppler echocardiography and tissue Doppler imaging in the estimation of left ventricular filling pres-
sures—A comparative simultaneous Doppler-Catheterization study. Circulation 102: 1788–1794.
PMID: 11023933

20. Downes TR, Nomeir AM, Smith KM, Stewart KP, Little WC (1989) Mechanism of altered pattern of left
ventricular filling with aging in subjects without cardiac disease. Am J Cardiol 64: 523–527. PMID:
2672760

21. Prasad A, Okazaki K, Arbab-Zadeh A, Dijk E, Fu Q, Thomas JD, Levine BD (2005) Abnormalities of
Doppler measures of diastolic function in the healthy elderly are not related to alterations of left atrial
pressure. Circulation 111: 1499–1503. PMID: 15781734

22. Popovic ZB, Prasad A, Garcia MJ, Arbab-Zadeh A, Borowski A, Dijk E, Greenberg NL, Levine BD,
Thomas JD (2006) Relationship among diastolic intraventricular pressure gradients, relaxation, and
preload: impact of age and fitness. Am J Physiol Heart Circ Physiol 290: H1454–H1459. PMID:
16284230

23. Courtois M, Kovacs SJ Jr., Ludbrook PA (1988) Transmitral pressure-flow velocity relation. Importance
of regional pressure gradients in the left ventricle during diastole. Circulation 78: 661–671. PMID:
3409502

24. Hirota Y (1980) A clinical study of left ventricular relaxation. Circulation 62: 756–763. PMID: 7190882

25. Yamakado T, Takagi E, Okubo S, Imanaka-Yoshida K, Tarumi T, Nakamura M, Nakano T (1997)
Effects of aging on left ventricular relaxation in humans. Analysis of left ventricular isovolumic pressure
decay. Circulation 95: 917–923. PMID: 9054751

26. Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, Smiseth OA, Waggoner AD, Flachskampf
FA, Pellikka PA, Evangelista A (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

27. Edner M, Jarnert C, Muller-Brunotte R, Malmqvist K, Ring M, Kjerr AC, Lind L, Kahan T (2000) Influence
of age and cardiovascular factors on regional pulsed wave Doppler myocardial imaging indices. Eur J
Echocardiogr 1: 87–95. PMID: 12086213

28. Graettinger WF, Weber MA, Gardin JM, Knoll ML (1987) Diastolic blood pressure as a determinant of
Doppler left ventricular filling indexes in normotensive adolescents. J Am Coll Cardiol 10: 1280–1285.
PMID: 3680798

29. Choong CY, Abascal VM, Thomas JD, Guerrero JL, McGlew S, Weyman AE (1988) Combined influ-
ence of ventricular loading and relaxation on the transmitral flow velocity profile in dogs measured by
Doppler echocardiography. Circulation 78: 672–683. PMID: 3409503

30. Genovesi-Ebert A, Marabotti C, Palombo C, Giaconi S, Ghione S (1991) Left ventricular filling: relation-
ship with arterial blood pressure, left ventricular mass, age, heart rate and body build. J Hypertens 9:
345–353. PMID: 1646261

31. Courtois M, Mechem CJ, Barzilai B, Ludbrook PA (1992) Factors related to end-systolic volume are
important determinants of peak early diastolic transmitral flow velocity. Circulation 85: 1132–1138.
PMID: 1537111

32. Oki T, Fukuda K, Tabata T, Mishiro Y, Yamada H, Abe M, Onose Y, Wakatsuki T, Iuchi A, Ito S (1999)
Effect of an acute increase in afterload on left ventricular regional wall motion velocity in healthy sub-
jects. J Am Soc Echocardiogr 12: 476–483. PMID: 10359919

33. Solomon SD, Janardhanan R, Verma A, Bourgoun M, Daley WL, Purkayastha D, Lacourciere Y, Hip-
pler SE, Fields H, Naqvi TZ, Mulvagh SL, Arnold JM, Thomas JD, Zile MR, Aurigemma GP (2007)
Effect of angiotensin receptor blockade and antihypertensive drugs on diastolic function in patients with
hypertension and diastolic dysfunction: a randomised trial. Lancet 369: 2079–2087. PMID: 17586303

34. Mogelvang R, Sogaard P, Pedersen SA, Olsen NT, Schnohr P, Jensen JS (2009) Tissue Doppler echo-
cardiography in persons with hypertension, diabetes, or ischaemic heart disease: the Copenhagen City
Heart Study. Eur Heart J 30: 731–739. doi: 10.1093/eurheartj/ehn596 PMID: 19176536

35. Solomon SD, Verma A, Desai A, Hassanein A, Izzo J, Oparil S, Lacourciere Y, Lee J, Seifu Y, Hilkert
RJ, Rocha R, Pitt B (2010) Effect of intensive versus standard blood pressure lowering on diastolic
function in patients with uncontrolled hypertension and diastolic dysfunction. Hypertension 55: 241–
248. doi: 10.1161/HYPERTENSIONAHA.109.138529 PMID: 19996069

36. Subherwal S, de las Fuentes L, Waggoner AD, Heuerman S, Spence KE, vila-Roman VG (2010) Cen-
tral aortic pressure is independently associated with diastolic function. Am Heart J 159: 1081–1088.
doi: 10.1016/j.ahj.2010.02.024 PMID: 20569723

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 18 / 21

http://www.ncbi.nlm.nih.gov/pubmed/9362412
http://www.ncbi.nlm.nih.gov/pubmed/11023933
http://www.ncbi.nlm.nih.gov/pubmed/2672760
http://www.ncbi.nlm.nih.gov/pubmed/15781734
http://www.ncbi.nlm.nih.gov/pubmed/16284230
http://www.ncbi.nlm.nih.gov/pubmed/3409502
http://www.ncbi.nlm.nih.gov/pubmed/7190882
http://www.ncbi.nlm.nih.gov/pubmed/9054751
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/12086213
http://www.ncbi.nlm.nih.gov/pubmed/3680798
http://www.ncbi.nlm.nih.gov/pubmed/3409503
http://www.ncbi.nlm.nih.gov/pubmed/1646261
http://www.ncbi.nlm.nih.gov/pubmed/1537111
http://www.ncbi.nlm.nih.gov/pubmed/10359919
http://www.ncbi.nlm.nih.gov/pubmed/17586303
http://dx.doi.org/10.1093/eurheartj/ehn596
http://www.ncbi.nlm.nih.gov/pubmed/19176536
http://dx.doi.org/10.1161/HYPERTENSIONAHA.109.138529
http://www.ncbi.nlm.nih.gov/pubmed/19996069
http://dx.doi.org/10.1016/j.ahj.2010.02.024
http://www.ncbi.nlm.nih.gov/pubmed/20569723


37. 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. PMID: 16039910

38. Slotwiner DJ, Devereux RB, Schwartz JE, Pickering TG, de Simone G, Ganau A, Saba PS, Roman MJ
(1998) Relation of age to left ventricular function in clinically normal adults. Am J Cardiol 82: 621–626.
PMID: 9732891

39. Chobanian AV, Bakris GL, Black HR, CushmanWC, Green LA, Izzo JL Jr., Jones DW, Materson BJ,
Oparil S, Wright JT Jr., Roccella EJ (2003) The Seventh Report of the Joint National Committee on Pre-
vention, Detection, Evaluation, and Treatment of High Blood Pressure: the JNC 7 report. JAMA 289:
2560–2572. doi: 10.1001/jama.289.19.2560 289.19.2560 [pii]. PMID: 12748199

40. 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.
PMID: 14981416

41. Batterham A, Shave R, Oxborough D, Whyte G, George K (2008) Longitudinal plane colour tissue-
Doppler myocardial velocities and their association with left ventricular length, volume, and mass in
humans. Eur J Echocardiogr 9: 542–546. doi: 10.1093/ejechocard/jen114 PMID: 18490313

42. Hees PS, Fleg JL, Lakatta EG, Shapiro EP (2002) Left ventricular remodeling with age in normal men
versus women: novel insights using three-dimensional magnetic resonance imaging. Am J Cardiol 90:
1231–1236. PMID: 12450604

43. Sahn DJ, De Maria A, Kisslo J, Weyman A (1978) Recommendations regarding quantification in M-
mode echocardiography: results of a survey of echocardiographic measurements. Circulation 58:
1072–1083. PMID: 709763

44. Devereux RB, Alonso DR, Lutas EM, Gottlieb GJ, Campo E, Sachs I, Reichek N (1986) Echocardio-
graphic assessment of left ventricular hypertrophy: comparison to necropsy findings. Am J Cardiol 57:
450–458. 0002-9149(86)90771-X [pii]. PMID: 2936235

45. Peverill RE, Gelman JS, Mottram PM, Moir S, Jankelowitz C, Bain JL, Donelan L (2004) Factors associ-
ated with mitral annular systolic and diastolic velocities in healthy adults. J Am Soc Echocardiogr 17:
1146–1154. PMID: 15502788

46. Rodriguez L, Garcia M, Ares M, Griffin BP, Nakatani S, Thomas JD (1996) Assessment of mitral annu-
lar dynamics during diastole by Doppler tissue imaging: comparison with mitral Doppler inflow in sub-
jects without heart disease and in patients with left ventricular hypertrophy. Am Heart J 131: 982–987.
PMID: 8615320

47. Nooyens AC, Visscher TL, VerschurenWM, Schuit AJ, Boshuizen HC, van MechelenW, Seidell JC
(2009) Age, period and cohort effects on body weight and body mass index in adults: The Doetinchem
Cohort Study. Public Health Nutr 12: 862–870. doi: 10.1017/S1368980008003091 PMID: 18652715

48. McGavock JM, Victor RG, Unger RH, Szczepaniak LS (2006) Adiposity of the heart, revisited. Ann
Intern Med 144: 517–524. PMID: 16585666

49. Mureddu GF, de Simone G, Greco R, Rosato GF, Contaldo F (1996) Left ventricular filling pattern in
uncomplicated obesity. Am J Cardiol 77: 509–514. PMID: 8629593

50. 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. PMID:
15520317

51. Peterson LR, Waggoner AD, Schechtman KB, Meyer T, Gropler RJ, Barzilai B, Davila-Roman VG
(2004) Alterations in left ventricular structure and function in young healthy obese women: assessment
by echocardiography and tissue Doppler imaging. J Am Coll Cardiol 43: 1399–1404. PMID: 15093874

52. de Simone G, Daniels SR, Kimball TR, Roman MJ, Romano C, Chinali M, Galderisi M, Devereux RB
(2005) Evaluation of concentric left ventricular geometry in humans: evidence for age-related system-
atic underestimation. Hypertension 45: 64–68. PMID: 15557389

53. Cheng S, Fernandes VR, Bluemke DA, McClelland RL, Kronmal RA, Lima JA (2009) Age-related left
ventricular remodeling and associated risk for cardiovascular outcomes: the Multi-Ethnic Study of Ath-
erosclerosis. Circ Cardiovasc Imaging 2: 191–198. doi: 10.1161/CIRCIMAGING.108.819938 PMID:
19808592

54. Liu CY, Liu YC, Wu C, Armstrong A, Volpe GJ, Van der Geest RJ, Liu Y, HundleyWG, Gomes AS, Liu
S, Nacif M, Bluemke DA, Lima JA (2013) Evaluation of age-related interstitial myocardial fibrosis with
cardiac magnetic resonance contrast-enhanced T1 mapping: MESA (Multi-Ethnic Study of Atheroscle-
rosis). J Am Coll Cardiol 62: 1280–1287. S0735-1097(13)02593-X [pii]; doi: 10.1016/j.jacc.2013.05.
078 PMID: 23871886

55. Olivetti G, Giordano G, Corradi D, Melissari M, Lagrasta C, Gambert SR, Anversa P (1995) Gender dif-
ferences and aging: effects on the human heart. J Am Coll Cardiol 26: 1068–1079. PMID: 7560601

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 19 / 21

http://www.ncbi.nlm.nih.gov/pubmed/16039910
http://www.ncbi.nlm.nih.gov/pubmed/9732891
http://dx.doi.org/10.1001/jama.289.19.2560
http://www.ncbi.nlm.nih.gov/pubmed/12748199
http://www.ncbi.nlm.nih.gov/pubmed/14981416
http://dx.doi.org/10.1093/ejechocard/jen114
http://www.ncbi.nlm.nih.gov/pubmed/18490313
http://www.ncbi.nlm.nih.gov/pubmed/12450604
http://www.ncbi.nlm.nih.gov/pubmed/709763
http://www.ncbi.nlm.nih.gov/pubmed/2936235
http://www.ncbi.nlm.nih.gov/pubmed/15502788
http://www.ncbi.nlm.nih.gov/pubmed/8615320
http://dx.doi.org/10.1017/S1368980008003091
http://www.ncbi.nlm.nih.gov/pubmed/18652715
http://www.ncbi.nlm.nih.gov/pubmed/16585666
http://www.ncbi.nlm.nih.gov/pubmed/8629593
http://www.ncbi.nlm.nih.gov/pubmed/15520317
http://www.ncbi.nlm.nih.gov/pubmed/15093874
http://www.ncbi.nlm.nih.gov/pubmed/15557389
http://dx.doi.org/10.1161/CIRCIMAGING.108.819938
http://www.ncbi.nlm.nih.gov/pubmed/19808592
http://dx.doi.org/10.1016/j.jacc.2013.05.078
http://dx.doi.org/10.1016/j.jacc.2013.05.078
http://www.ncbi.nlm.nih.gov/pubmed/23871886
http://www.ncbi.nlm.nih.gov/pubmed/7560601


56. Kapuku GK, Seto S, Mori H, Mori M, Utsunomia T, Suzuki S, Oku Y, Yano K, Hashiba K (1993)
Impaired left ventricular filling in borderline hypertensive patients without cardiac structural changes.
Am Heart J 125: 1710–1716. PMID: 8498315

57. GrossmanW, Braunwald E, Mann T, McLaurin LP, Green LH (1977) Contractile state of the left ventri-
cle in man as evaluated from end-systolic pressure-volume relations. Circulation 56: 845–852. PMID:
71960

58. Gillebert TC, LewWY (1991) Influence of systolic pressure profile on rate of left ventricular pressure
fall. Am J Physiol 261: H805–H813. PMID: 1887926

59. Leite-Moreira AF, Correia-Pinto J, Gillebert TC (1999) Afterload induced changes in myocardial relaxa-
tion: a mechanism for diastolic dysfunction. Cardiovasc Res 43: 344–353. PMID: 10536664

60. Iketani T, Takazawa K, Ibukiyama C (1998) The influence of changes in loading patterns on left ventric-
ular relaxation in humans. Jpn Circ J 62: 581–585. PMID: 9741735

61. Yano M, Kohno M, Kobayashi S, Obayashi M, Seki K, Ohkusa T, Miura T, Fujii T, Matsuzaki M (2001)
Influence of timing and magnitude of arterial wave reflection on left ventricular relaxation. Am J Physiol
Heart Circ Physiol 280: H1846–H1852. PMID: 11247800

62. Starling MR, Montgomery DG, Mancini GB, Walsh RA (1987) Load independence of the rate of isovolu-
mic relaxation in man. Circulation 76: 1274–1281. PMID: 3677352

63. Franklin SS, Gustin W4, Wong ND, Larson MG,Weber MA, Kannel WB, Levy D (1997) Hemodynamic
patterns of age-related changes in blood pressure. The Framingham Heart Study. Circulation 96: 308–
315. PMID: 9236450

64. Muller-Brunotte R, Kahan T, Malmqvist K, Edner M (2003) Blood pressure and left ventricular geometric
pattern determine diastolic function in hypertensive myocardial hypertrophy. J HumHypertens 17:
841–849. doi: 10.1038/sj.jhh.1001622 1001622 [pii]. PMID: 14704728

65. Appleton CP (2008) Evaluation of Diastolic Function by Two-Dimensional and Doppler Assessment of
Left Ventricular Filling Including Pulmonary Venous Flow. In: Klein AL, Garcia MJ, editors. Diastology—
Clinical Approach to Diastolic Heart Failure. Philadelphia: Saunders, Elsevier. pp. 115–143.

66. Biering-Sorensen T, Mogelvang R, Schnohr P, Jensen JS (2016) Cardiac time intervals measured by
tissue Doppler imaging M-mode: Association with hypertension, left ventricular geometry, and future
ischemic cardiovascular diseases. J Am Heart Assoc 5. JAHA.115.002687 [pii]; doi: 10.1161/JAHA.
115.002687

67. Mureddu GF, de Simone G, Greco R, Rosato GF, Contaldo F (1997) Left ventricular filling in arterial
hypertension. Influence of obesity and hemodynamic and structural confounders. Hypertension 29:
544–550. PMID: 9040436

68. 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

69. Yamakado T, Yamada N, Tarumi T, Nakamura M, Nakano T (1998) Left ventricular inotropic and lusi-
tropic responses to pacing-induced tachycardia in patients with varying degrees of ventricular dysfunc-
tion. Am Heart J 135: 584–591. PMID: 9539471

70. Borlaug BA, Melenovsky V, Redfield MM, Kessler K, Chang HJ, Abraham TP, Kass DA (2007) Impact
of arterial load and loading sequence on left ventricular tissue velocities in humans. J Am Coll Cardiol
50: 1570–1577. PMID: 17936156

71. Chirinos JA, Segers P, Rietzschel ER, De Buyzere ML, Raja MW, Claessens T, De Bacquer D, St John
Sutton M, Gillebert TC (2013) Early and late systolic wall stress differentially relate to myocardial con-
traction and relaxation in middle-aged adults: the Asklepios study. Hypertension 61: 296–303. HYPER-
TENSIONAHA.111.00530 [pii]; doi: 10.1161/HYPERTENSIONAHA.111.00530 PMID: 23283359

72. 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
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

73. PaulusWJ, Tschope C, Sanderson JE, Rusconi C, Flachskampf FA, Rademakers FE, Marino P, Smi-
seth OA, De Keulenaer G, Leite-Moreira AF, Borbely A, Edes I, Handoko ML, Heymans S, Pezzali N,
Pieske B, Dickstein K, Fraser AG, Brutsaert DL (2007) How to diagnose diastolic heart failure: a con-
sensus statement on the diagnosis of heart failure with normal left ventricular ejection fraction by the
Heart Failure and Echocardiography Associations of the European Society of Cardiology. Eur Heart J.

74. Oh JK, Park SJ, Nagueh SF (2011) Established and novel clinical applications of diastolic function
assessment by echocardiography. Circ Cardiovasc Imaging 4: 444–455. doi: 10.1161/CIRCIMAGING.
110.961623 PMID: 21772012

75. Gilbert JC, Glantz SA (1989) Determinants of left ventricular filling and of the diastolic pressure-volume
relation. Circ Res 64: 827–852. PMID: 2523260

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 20 / 21

http://www.ncbi.nlm.nih.gov/pubmed/8498315
http://www.ncbi.nlm.nih.gov/pubmed/71960
http://www.ncbi.nlm.nih.gov/pubmed/1887926
http://www.ncbi.nlm.nih.gov/pubmed/10536664
http://www.ncbi.nlm.nih.gov/pubmed/9741735
http://www.ncbi.nlm.nih.gov/pubmed/11247800
http://www.ncbi.nlm.nih.gov/pubmed/3677352
http://www.ncbi.nlm.nih.gov/pubmed/9236450
http://dx.doi.org/10.1038/sj.jhh.1001622
http://www.ncbi.nlm.nih.gov/pubmed/14704728
http://dx.doi.org/10.1161/JAHA.115.002687
http://dx.doi.org/10.1161/JAHA.115.002687
http://www.ncbi.nlm.nih.gov/pubmed/9040436
http://www.ncbi.nlm.nih.gov/pubmed/3621503
http://www.ncbi.nlm.nih.gov/pubmed/9539471
http://www.ncbi.nlm.nih.gov/pubmed/17936156
http://dx.doi.org/10.1161/HYPERTENSIONAHA.111.00530
http://www.ncbi.nlm.nih.gov/pubmed/23283359
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24239364
http://dx.doi.org/10.1161/CIRCIMAGING.110.961623
http://dx.doi.org/10.1161/CIRCIMAGING.110.961623
http://www.ncbi.nlm.nih.gov/pubmed/21772012
http://www.ncbi.nlm.nih.gov/pubmed/2523260


76. DeMey S, Thomas JD, Greenberg NL, Vandervoort PM, Verdonck PR (2001) Assessment of the time
constant of relaxation: insights from simulations and hemodynamic measurements. Am J Physiol Heart
Circ Physiol 280: H2936–H2943. PMID: 11356655

77. Chung CS, Kovacs SJ (2008) Physical determinants of left ventricular isovolumic pressure decline:
model prediction with in vivo validation. Am J Physiol Heart Circ Physiol 294: H1589–H1596. doi: 10.
1152/ajpheart.00990.2007 PMID: 18223192

78. Sohn DW, Chai IH, Lee DJ, Kim HC, Kim HS, Oh BH, Lee MM, Park YB, Choi YS, Seo JD, Lee YW
(1997) Assessment of mitral annulus velocity by Doppler tissue imaging in the evaluation of left ventric-
ular diastolic function. J Am Coll Cardiol 30: 474–480. PMID: 9247521

79. Ohte N, Narita H, Hashimoto T, Akita S, Kurokawa K, Fujinami T (1998) Evaluation of left ventricular
early diastolic performance by color tissue Doppler imaging of the mitral annulus. Am J Cardiol 82:
1414–1417. PMID: 9856929

80. Kasner M, Westermann D, Steendijk P, Gaub R, Wilkenshoff U, Weitmann K, HoffmannW, Poller W,
Schultheiss HP, Pauschinger M, Tschope C (2007) Utility of Doppler echocardiography and tissue
Doppler imaging in the estimation of diastolic function in heart failure with normal ejection fraction: a
comparative Doppler-conductance catheterization study. Circulation 116: 637–647. PMID: 17646587

81. Gibson DG, Francis DP (2003) Clinical assessment of left ventricular diastolic function. Heart 89: 231–
238. PMID: 12527689

82. Davies CH, Ferrara N, Harding SE (1996) Beta-adrenoceptor function changes with age of subject in
myocytes from non-failing human ventricle. Cardiovasc Res 31: 152–156. PMID: 8849600

83. Ferrara N, O'Gara P, Wynne DG, Brown LA, del Monte F, Poole-Wilson PA, Harding SE (1995)
Decreased contractile responses to isoproterenol in isolated cardiac myocytes from aging guinea-pigs.
J Mol Cell Cardiol 27: 1141–1150. PMID: 7473772

84. Mellor KM, Curl CL, Chandramouli C, Pedrazzini T, Wendt IR, Delbridge LM (2014) Ageing-related car-
diomyocyte functional decline is sex and angiotensin II dependent. Age (Dordr) 36: 9630. doi: 10.1007/
s11357-014-9630-7

85. Capasso JM, Malhotra A, Remily RM, Scheuer J, Sonnenblick EH (1983) Effects of age on mechanical
and electrical performance of rat myocardium. Am J Physiol 245: H72–H81. PMID: 6223534

86. Bonow RO, Vitale DF, Bacharach SL, Maron BJ, Green MV (1988) Effects of aging on asynchronous
left ventricular regional function and global ventricular filling in normal human subjects. J Am Coll Car-
diol 11: 50–58. PMID: 3335706

Mechanisms of Aging-Related Changes in Diastolic Filling and Motion

PLOS ONE | DOI:10.1371/journal.pone.0158302 June 28, 2016 21 / 21

http://www.ncbi.nlm.nih.gov/pubmed/11356655
http://dx.doi.org/10.1152/ajpheart.00990.2007
http://dx.doi.org/10.1152/ajpheart.00990.2007
http://www.ncbi.nlm.nih.gov/pubmed/18223192
http://www.ncbi.nlm.nih.gov/pubmed/9247521
http://www.ncbi.nlm.nih.gov/pubmed/9856929
http://www.ncbi.nlm.nih.gov/pubmed/17646587
http://www.ncbi.nlm.nih.gov/pubmed/12527689
http://www.ncbi.nlm.nih.gov/pubmed/8849600
http://www.ncbi.nlm.nih.gov/pubmed/7473772
http://dx.doi.org/10.1007/s11357-014-9630-7
http://dx.doi.org/10.1007/s11357-014-9630-7
http://www.ncbi.nlm.nih.gov/pubmed/6223534
http://www.ncbi.nlm.nih.gov/pubmed/3335706

