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Abstract
Aging is associated with progressive changes in cardiac structure and function. The prevalence of cardiovascular 
risk factors and disease also increases profoundly with advancing age. Therefore, understanding the spectrum of 
physiological changes in the aging heart is crucial for the identification and risk stratification of cardiovascular 
disease. In this review, we discuss echocardiographic features of age-related cardiac remodeling.
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INTRODUCTION
Cardiovascular disease is the leading cause of mortality worldwide[1]. Aging is associated with dynamic, 
incremental changes in cardiac structure and function. The prevalence of cardiovascular risk factors and 
disease also rises exponentially with age. Enhanced understanding of the normally expected changes with 
healthy aging is crucial for the identification of pathology, risk stratification, and management.

Autopsy-based studies are inherently limited by the inability to distinguish the effects of normal aging from 
the primary disease or comorbid conditions that led to death[2]. Non-invasive cardiovascular imaging offers 
the unique opportunity to recruit healthy participants and study age-related cardiac remodeling in a 
longitudinal fashion. Due to widespread availability and low-cost, echocardiography represents the ideal 
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imaging modality for epidemiological study of age-related changes in cardiac structure and function. In this 
review, we discuss age-related changes in cardiac structure and function, particularly the insights gained 
from population-based echocardiographic studies.

LEFT VENTRICULAR STRUCTURE
Linear measurements (left ventricular wall thickness, left ventricular mass, left ventricular end-
diastolic diameter, left ventricular end-systolic diameter, and left ventricular-end diastolic length)
Early cross-sectional studies based on M-mode echocardiography first showed that advanced age was 
associated with increased left ventricular (LV) wall thickness. In a study of 136 adult participants without 
clinically apparent cardiovascular disease, elderly individuals (> 70 years) were found to have higher LV 
septal wall thickness and LV posterior wall thickness[3]. Similarly, a cross-sectional analysis of 4976 
participants from the Framingham Heart Study showed a strong association between increasing age and LV 
hypertrophy; this association was independent of hypertension, coronary artery disease, valvular heart 
disease, and obesity[4]. These studies provided valuable insights about age-related changes in cardiac 
structure; however certain caveats should be considered. First, the findings may have been confounded 
because the analysis was limited to healthy survivors who were recruited at the time of the study. Second, 
the cross-sectional nature of these studies precluded the establishment of a cause-and-effect relationship 
between aging and the observed changes.

Prospective longitudinal studies of cardiac imaging in healthy participants would be ideally suited to 
resolving these issues. In a prospective evaluation of 4217 Framingham study participants over a 16-year 
follow-up period, LV wall thickness and cavity dimensions were measured by M-mode echocardiography. 
LV mass was calculated from linear measurements using the Devereux and Reichek cube formula: 0.8 [1.04 
(LV end-diastolic internal dimension + LV septal wall thickness + LV posterior wall thickness)3 - (LV end-
diastolic internal dimension)3] + 0.6[5]. Each participant underwent up to 4 serial routine echocardiographic 
studies. Advancing age was associated with the increase in LV mass; this age-related increase in LV mass 
was accelerated in individuals with a higher burden of cardiovascular risk factors[6]. Although LV mass is a 
well-established measurement with prognostic implications for cardiovascular risk, tracking cardiac 
remodeling using LV mass has certain limitations. First, LV mass is a composite variable derived from 
multiple individual measurements of LV structure (wall thickness and cavity dimensions). Therefore, 
changes in LV mass over time do not describe the relative changes in LV wall thickness and cavity 
dimensions. Second, errors in linear measurements can be magnified given the expression used to calculate 
LV mass, and therefore could lead to significant inaccuracy in the estimation of LV mass. Third, the 
formula for estimation of LV mass relies on geometric assumptions about LV shape, and these assumptions 
do not hold in asymmetric LV hypertrophy.

In order to define the specific components of age-related cardiac remodeling, Cheng et al.[7] conducted a 
prospective study of 4062 Framingham Heart study participants over a 16-year follow-up period. Each 
individual participant underwent up to 4 serial routine echocardiographic examinations. The authors 
evaluated M-mode guided echocardiographic measurements of LV wall thickness, LV end-diastolic 
diameter, and LV end-systolic diameter. Advancing age was associated with increasing LV wall thickness 
and decreasing LV cavity size (end-diastolic and end-systolic dimensions).

Autopsy studies have revealed that aging is associated with progressive attrition of myocyte numbers and 
hypertrophy of the remaining myocytes[8]. Therefore, the observed increase in LV wall thickness can be 
explained by hypertrophy of existing cells as well as deposition of interstitial connective tissue rather than 
the addition of new myocytes.
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LV end-diastolic length (LVEDL), defined as the distance from the mitral annulus to LV apex, serves as a 
useful marker of LV sphericity or overall shape. Two studies to date have evaluated the impact of aging on 
LV length assessed by echocardiography. Kaku et al.[9] evaluated LV length using real-time three-
dimensional echocardiography (3DE) in 280 healthy participants. They found that LVEDL decreased with 
age after 40 years. Similarly, in a study of 1266 healthy individuals, LVEDL was evaluated from two-
dimensional echocardiography (2DE). The investigators found that increasing age was associated with 
shorter LVEDL[10]. These concordant results suggest that with advancing age, the LV assumes a more 
spherical shape.

Volumetric measurements
The advent of 2DE and 3DE has allowed volumetric LV measurements with and without geometric 
assumptions, resulting in higher accuracy and reproducibility in comparison to linear measurements. Large 
cohort studies of healthy participants have provided normative reference values for 2DE and 3DE based LV 
chamber quantification, and these have been incorporated into the American Society of Echocardiography 
(ASE) guidelines[11-13]. However, there are no longitudinal studies evaluating the evolution of 2DE and 3DE 
derived measures of cardiac volumes over time with aging. Here, we discuss some notable findings 
regarding age-related cardiac remodeling from available data.

With respect to 2DE, the 2015 ASE guidelines for chamber quantification, the writing group extracted data 
from seven databases to provide normative reference values for 2DE derived LV volumes. On multivariable 
analysis, age was an independent predictor of LV end-diastolic volume (LVEDV), and LV end-systolic 
volume (LVESV). Increasing age was associated with a decrease in LVEDV and LVESV[13].

The Normal Reference Ranges for Echocardiography study (NORRE) was a large-multicenter collaboration 
across 22 institutions for comprehensive echocardiographic evaluation of healthy volunteers[14]. An analysis 
of 734 participants showed that increasing age was associated with a decrease in LVEDV and LVESV, as 
well as indexed values (to body surface area) for these measurements (LVEDVi, LVESVi)[12]. Likewise, 
Daimon et al.[15] evaluated 700 healthy Japanese individuals from the Japan Ambulatory Blood Pressure 
Monitoring Prospective study (JAMP); they reported inverse correlations of LVEDVi and LVESVi with age 
amongst men and women.

For 3DE, a study of 978 healthy participants from the London Life Sciences Prospective Population study; 
found that LVEDVi and LVESVi decreased with age amongst men and women[11]. Fukuda et al.[16] studied 
410 healthy Japanese participants from the JAMP 3D study and found that increased age was associated 
with a decrease in LVEDV, LVEDVi, LVESV, and LVESVi. Further, an analysis of the NORRE study 
included 440 participants with 3D assessment. The authors found that LVEDV, LVEDVi, LVESV, and 
LVESVi all decreased with increasing age amongst men and women[17]. The progressive increase in LV 
chamber stiffness with age accounts for the decrease in LV volumes with aging[18].

In summary, based on the available evidence, we can draw the following conclusions about age-related LV 
remodeling [Table 1]: LV wall thickness increases with advancing age, linear LV cavity dimensions (LV 
end-diastolic diameter, LV-end-systolic diameter as well as LV end-diastolic length) decrease with age, and 
LV volumes at end-diastole and end-systole decrease with age.

LEFT ATRIAL VOLUME
Left atrial enlargement is a marker of chronically elevated left atrial pressure, and serves as a robust 
prognostic marker for several cardiovascular diseases. Therefore, understanding the evolution of left atrial 
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Table 1. Summary of studies showing changes in left ventricular structure with age

Study Sample size 
(n) Study population Echocardiographic 

modality Key findings

Gardin et al.[3] 
(1979)

136 Healthy adults; age range 20-97 years M-mode LV septal wall thickness and LV posterior wall thickness increase with age 

Levy et al.[4] 
(1988)

4976 Framingham Heart study; age range 17-90 years M-mode Increasing age was associated with LV hypertrophy

Lieb et al.[6] 
(2009) 

4217 Framingham Heart study M-mode Increasing age was associated with increase in LV mass

Cheng et al.[7] 
(2010)

4062 Framingham Heart study M-mode Increasing age was associated with increasing LV wall thickness and decreasing LV cavity 
size (end-diastolic and end-systolic dimensions)

Kaku et al.[9] 
(2011) 

280 Healthy subjects; age range 1-88 years 3DE LVEDL decreased with increasing age beyond 40 years

Støylen et al.[10] 
(2016)

1266 HUNT3 study 2DE Increasing age was associated with decrease in LVEDL

Lang et al.[13] 
(2015)

7 databases Asklepios (year 0 and year 10), Flemengho, CARDIA5 
and CARDIA2, Padua 3D Echo Normal, 
and the Normal Reference Ranges for Echocardiography 
study

2DE Increasing age was associated with decrease in LVEDV and LVSEV

Kou et al.[12] 
(2014) 

734 NORRE study 2DE Increasing age was associated with decrease in LVEDV and LVESV, as well as indexed 
values (to body surface area) for these measurements (LVEDVi, LVSEVi)

Daimon et al.[15] 
(2008)

700 JAMP study 2DE Increasing age was associated with decrease in LVEDVi and LVESVi amongst men and 
women

Chahal et al.[11] 
(2012) 

978 LOLIPOP study 3DE LVEDVi and LVESVi decreased with age amongst men and women

Fukuda et al.[16] 
(2012) 

410 JAMP study 3DE Increasing age was associated with decrease in LVEDV, LVEDVi, LVESV and LVESVi

Bernard et al.[17] 
(2017)

440 NORRE study 3DE LVEDV, LVEDVi, LVESV, and LVESVi decreased with increasing age amongst men and 
women

HUNT: Trøndelag Health Study; NORRE: Normal Reference Ranges for Echocardiography; JAMP: Japan Ambulatory Blood Pressure Monitoring Prospective; LOLIPOP: London Life Sciences Prospective Population; 
LV: left ventricle; LVEDL: left ventricular end diastolic length; LVEDV: left ventricular end diastolic volume; LVESV: left ventricular end systolic volume; LVEDVi: left ventricular end diastolic volume indexed to body 
surface area; LVESVi: left ventricular end systolic volume indexed to body surface area.

volume (LAV) with normal aging is important to identify pathological changes.

The World Alliance Societies of Echocardiography (WASE) study is an international multi-center cross-sectional study of healthy individuals. In a study of 
1765 individuals, advancing age was associated with an increase in absolute as well as indexed LAV[19]. These data support the conclusion that the upper limit 
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of normal LAV varies with age. Further research is needed to define age-specific thresholds for left atrial 
enlargement.

RIGHT VENTRICULAR SIZE
Due to the complex geometry of the right ventricle (RV), traditional echocardiographic assessment of RV 
anatomy is challenging. Therefore, there is an overall paucity of data regarding age-related changes in RV 
size and structure from traditional echocardiographic techniques. However, the recent advent of three-
dimensional echocardiography and cross-sectional imaging techniques such as cardiac magnetic resonance 
imaging (CMR) and cardiac computed tomography has allowed accurate assessment of RV size. In a multi-
center study of 507 healthy volunteers, 3D echocardiography was used for the measurement of RV volumes. 
This study showed that older age was associated with smaller RV end-diastolic and end-systolic volumes[20]. 
Similarly, a retrospective study of 183 healthy participants comparing CMR-derived ventricular dimensions 
across different age groups showed that increasing age was associated with a decrease in RV end-diastolic 
and end-systolic volumes[21].

RIGHT ATRIAL VOLUME
An analysis of 2008 healthy participants from the WASE study showed that there were no significant age-
related differences in 2D derived right atrial volume (RAV); however, 3D derived RAV showed a trend 
towards a slight decrease amongst elderly participants[22]. From this data, we can conclude that right atrial 
enlargement should not be disregarded as a mere component of physiologic aging. Common culprits to 
consider include tricuspid regurgitation, chronically elevated right ventricular filling pressures, and atrial 
fibrillation.

LV SYSTOLIC FUNCTION
Parameters for assessment of LV global systolic function include: fractional shortening, LV ejection fraction 
(LVEF), and global longitudinal strain (GLS).

In a cross-sectional study of 105 male individuals from the National Institute on Aging Volunteer 
Longitudinal Study Program, there was no age-related difference in fractional shortening amongst 
participants. This was one of the first studies to show that resting LV contractile function was preserved 
with advancing age[23]. Different studies have shown discordant results regarding the change in LVEF with 
aging. While some studies showed that LVEF increases with advancing age, others showed no significant 
age-related differences in LVEF[12,15,24,25]. Analysis of 2D derived LVEF from several population-based 
datasets showed that normal aging was not associated with any significant change in LVEF[13].

In a study of 77 healthy volunteers, radionuclide angiocardiography was used to evaluate LVEF at rest and 
during exercise (upright bicycle). As noted in prior studies, global LV systolic function was not affected by 
age. However, exercise-induced LVEF augmentation was blunted amongst elderly participants (age > 70 
years)[26].

GLS measurement depends on several technical factors, and reported ranges of normal GLS values differ 
considerably between different vendors. In an individual patient meta-analysis of 8 studies comprising 2396 
healthy participants, D’Elia et al.[27] found that the absolute value of GLS was lower amongst elderly 
individuals (age > 60 years) compared with younger individuals [20.0% (CI: 18.4-21.9) vs. 21.0% (CI: 19.4-
22.9), P < 0.01].
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Hung et al.[25] studied 1105 individuals without prevalent heart failure from the Atherosclerosis Risk in 
Communities study (ARIC). They evaluated LV global longitudinal strain, global circumferential strain, and 
torsion using 3DE. Older age was associated with a lower absolute value of GLS, higher global 
circumferential strain, and higher indices of torsion. This suggests that an increase in torsion and global 
circumferential strain compensate for age-related decline in GLS and therefore result in preserved LVEF 
with advancing age.

LV DIASTOLIC FUNCTION
Heart failure with preserved LV ejection fraction (HFpEF) accounts for approximately half of all cases with 
heart failure. One of the key abnormalities in HFpEF is LV diastolic dysfunction, and the prevalence of LV 
diastolic dysfunction increases significantly with age[28-31]. Aging itself is associated with changes in LV 
myocardial relaxation and LV chamber stiffness[18]. Of all the physiologic factors that impact LV diastolic 
function, age has been shown to be the strongest determinant[32,33]. Therefore, distinguishing LV diastolic 
dysfunction from normal age-related changes in the elderly is challenging.

Besides the morphologic assessment of the cardiac chambers’ volumes and LV mass, the most important 
echocardiographic parameters for evaluation of LV diastolic function include pulse-Doppler flow profiles 
(transmitral and pulmonary venous flow), tissue Doppler imaging (TDI) mitral annular velocities, and 
pulmonary artery systolic pressure [Figures 1 and 2][18]. Transmitral E/A ratio, and pulmonary vein peak 
systolic to peak diastolic velocity ratio are indices of early diastolic LV filling pressures that are most 
accurate in patients with LV systolic dysfunction and depressed LV EF[18]. Mitral annulus early diastolic 
velocity (e’) is an index of LV relaxation, whereas E/e’ ratio is an index of LV early diastolic pressures that 
can be applied in patients with normal as well as in patients with depressed LV EF[18]. Here, we discuss some 
of the notable studies that illustrated age-related changes in these parameters.

In a population-based prospective study of 1012 subjects from the Rochester Epidemiology Project, 
Munagala et al.[34] studied LV diastolic parameters by Doppler echocardiography. Key findings are herein 
summarized. Aging was associated with decrease in early transmitral flow, early diastolic velocity (E), 
increase in atrial transmitral flow velocity (A), decrease in E/A ratio, and increase in E wave deceleration 
time. These changes have been attributed to the age-related slowing of myocardial relaxation[35]. For 
pulmonary vein flow velocities, aging is associated with increase in systolic flow velocity (S), decrease in 
diastolic flow velocity (D), and increase in ratio of systolic/diastolic flow velocity (S/D). Likewise, for mitral 
annular velocities, aging is associated with a decrease in early diastolic mitral annular velocity (e’), likely due 
to the slowing of myocardial relaxation. However, importantly, the difference in duration between mitral 
inflow A velocity and pulmonary venous AR velocity (time interval: AR-A) does not change significantly 
with age. This is important as AR-A duration is an index of LV end-diastolic pressure[18].

The Doppler NORRE sub-study included 449 volunteers with no evidence of cardiac pathology on 
echocardiography. Participants were stratified by age into three categories (20-40 years, 40-60 years, and ≥ 
60 years). Similar to prior studies, elderly individuals (age ≥ 60 years) had lower E velocity, higher A 
velocity, lower E/A ratio, and longer E wave deceleration time. Tissue Doppler e’ velocity decreased 
significantly with age in both genders. The E/e’ ratio increased progressively with advancing age; however, 
the cut-off value of average E/e’ remained < 15[36].

In an analysis of 5801 community-dwelling elderly participants from the ARIC study, Shah et al.[37] 
evaluated the association between LV diastolic parameters, plasma N-terminal pro-brain natriuretic peptide 
levels, subsequent heart failure hospitalizations and death. Concordant with prior studies, they found that 
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Figure 1. Pulse Doppler showing transmitral (A and B) and pulmonary venous (C and D) flow: (A) Mitral inflow pattern E > A in a 
young, healthy individual; (B) mitral inflow pattern E < A noted in an elderly healthy individual; (C) pulmonary venous flow S < D in a 
young, healthy individual; and (D) pulmonary venous flow S > D in an elderly, healthy individual. E: Early diastolic transmitral flow 
velocity; A: late diastolic transmitral flow velocity; S: systolic velocity; D: diastolic velocity.

Figure 2. Tissue Doppler images showing mitral annular early (e’) and late (a’) diastolic velocities in healthy young and elderly subjects. 
(A) Septal e’ in young, healthy individual is higher than septal e’ velocity in an elderly healthy individual (B). In comparison, a’ velocity is 
higher in the older subject. (C) Lateral e’ in young, healthy individual is higher than lateral e’ velocity in an elderly healthy individual (D). 
In comparison, a’ velocity is higher in the older subject.

elderly individuals had lower tissue Doppler-derived mitral annular velocities (e’). Notably, the reference 
limits for TDI e’ found in this study were lower than the general values recognized by the 2016 ASE/EACVI 
(European Association of Cardiovascular Imaging) guidelines. However, the reference limits for E/e’ ratio 
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Table 2. Summary of studies showing changes in left ventricular diastolic function with age

Study Sample size 
(n) Study population Key findings

Munagala et al.[34] 
(2003) 

1012 Rochester Epidemiology 
Project

1. Mitral inflow parameters: aging was associated with decrease in early transmitral flow velocity (E), increase in atrial transmitral flow velocity (A), 
decrease in E/A ratio, and prolongation of E wave deceleration time 
2. Pulmonary venous flow: aging was associated with increase in systolic flow velocity (S), decrease in diastolic flow velocity (D), and increase in 
ratio of systolic/diastolic flow velocity (S/D) 
3. Mitral annular velocities: aging was associated with decrease in early mitral annular velocity (e’) 
4. The difference in duration between mitral inflow A wave and pulmonary venous AR (AR-A) did not change significantly with age

Caballero et al.[36] 
(2015)

449 Doppler NORRE sub-
study

1. Mitral inflow parameters: elderly individuals (age ≥ 60 years) had lower E velocity, higher A velocity, lower E/A ratio, and longer E wave 
deceleration time 
2. Mitral annular velocities: e’ velocity decreased significantly with age in both genders 
3. The ratio of mitral E/e’ increased progressively with advancing age; however, the cut-off value of average E/e’ remained < 15

Shah et al.[37] (2017) 5801 ARIC Elderly individuals had lower tissue Doppler-derived mitral annular early diastolic velocity (e’) 
The reference limits for ratio of E/e’, were in agreement with those endorsed by the 2016 ASE/EACVI guidelines

Lam et al.[38] (2009) 2042 Rochester Epidemiology 
Project

Aging was associated with increase in pulmonary artery systolic pressure

NORRE: Normal Reference Ranges for Echocardiography; ARIC: Aatherosclerosis Risk in Communities; ASE: American Society of Echocardiography.

were in agreement with those endorsed by the guidelines[37]. Therefore, in elderly individuals, age-adjusted e’ velocities are most accurate in diagnosing LV 
diastolic dysfunction.

In a cross-sectional study of 2042 participants undergoing echocardiography, the investigators evaluated pulmonary artery systolic pressure (PASP) from the 
tricuspid regurgitant (TR) velocity jet using the modified Bernoulli equation[38]. Right atrial pressure was assumed to be 5 mmHg in all individuals. The authors 
found that age was an independent predictor of PASP; older age was associated with an increase in PASP. In addition, increasing PASP was associated with 
higher mortality over a median follow-up of 9 years. Potential explanations for this age-related increase in PASP include: age-related pulmonary vascular 
stiffening, and LV diastolic dysfunction. This was the first population-based study that showed an age-related increase in PASP.

In summary, several conclusions can be drawn [Table 2]. First, with advancing age, there is a slowing of LV myocardial relaxation; therefore, e’ velocity 
decreases with age. Slowing of LV relaxation also results in decreased early transmitral pressure gradient with decreased mitral E velocity, and augmentation of 
atrial contribution to mitral filling, i.e., A velocity. These phenomena are reflected in pulmonary venous flow profile by the increase in S velocity, decrease in D 
velocity, increase in S/D ratio. Second, older age is associated with an increase in PASP. Third, given its age independence, an increased AR-A duration (> 
30 ms) is a marker of elevated LV end-diastolic pressure, regardless of age[18]. Therefore, it is imperative to scrutinize multiple echocardiographic parameters in 
order to avoid the false-positive diagnosis of LV diastolic dysfunction amongst the elderly.
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Figure 3. Overview of age related changes in cardiac structure and function. LV: Left ventricle; LA: left atrium; RV: right ventricle; LVEF: 
left ventricular ejection fraction; PASP: pulmonary artery systolic pressure.

LEFT ATRIAL STRAIN
Left atrial function is divided into three phases: reservoir, conduit, and booster. Reservoir function reflects 
the ability of the left atrium to passively receive pulmonary venous return; it occurs during LV isovolumic 
contraction, ejection, and isovolumic relaxation phases of the cardiac cycle. The conduit function occurs 
during passive transmitral flow (early diastole and mid-diastole). Lastly, the booster function occurs during 
late diastolic atrial contraction[39]. Left atrial strain (LAS) evaluation by speckle tracking echocardiography 
offers the unique opportunity to evaluate left atrial function in each of these phases. For standardization of 
measurement of LAS, the use of apical four-chamber view with ventricular end-diastole as time-reference 
has been recommended[40]. A growing body of literature shows that LAS is a promising new tool with several 
potential diagnostic and prognostic applications. These include non-invasive estimation of left atrial 
pressure, detecting the presence and severity of LV diastolic dysfunction, prognosis in patients with HFpEF, 
prediction of atrial fibrillation recurrence after rhythm control interventions such as electrical cardioversion 
or catheter ablation[41-46]. Understanding the normal reference range and impact of aging are important 
prerequisites for the interpretation of LAS. The WASE study group evaluated the impact of aging on left 
atrial function in 1765 healthy individuals using strain from 2D speckle tracking echocardiography. They 
found that increasing age was associated with a decrease in left atrial reservoir and conduit strain, and an 
increase in booster strain. The proposed mechanisms for these changes include age-related stiffening of the 
left atrium and compensatory augmentation of atrial contractility[19].
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Table 3. Quantification of age-related changes in cardiac structure and function

Parameter Men Women
Young (age 
18-40 
years)

Middle age 
(41-65 
years)

Elderly (age 
> 65 years) P

Young (age 
18-40 
years)

Middle age 
(41-65 
years)

Elderly (age 
> 65 years) P

3D LVEDV (mL) 142.9 ± 33.5 128.9 ± 29.8 121.9 ± 28.4 P < 
0.05*

111.5 ± 23.8 108.4 ± 21.9 97.4 ± 22.7 P < 
0.05*

3D LVEDVi (mL/m2) 74.9 ± 14.4 67.6 ± 13.7 66.1 ± 13.6 P < 
0.05*

67.7 ± 11.5 64.5 ± 11.9 60.1 ± 11.9 P < 
0.05*

3D LVESV (mL) 58.2 ± 16.5 51.3 ± 13.7 47.7 ± 14.3 P < 
0.05*

42.7 ± 11.1 40.9 ± 10.1 36.5 ± 10.1 P < 
0.05*

3D LVESVi (mL/m2) 30.5 ± 7.3 26.9 ± 6.3 25.8 ± 6.9 P < 
0.05*

25.9 ± 5.6 24.3 ± 5.6 22.4 ± 5.6 P < 
0.05*

3D maximum LAVi 
(mL/m2)

26.5 ± 6.2 28.7 ± 7.5 30.5 ± 7.5 P < 
0.05*

26.8 ± 5.8 27.9 ± 6.8 30.2 ± 7.4 P < 
0.05*

Mitral annular velocity: 
septal E’ (averages value in 
cm/s)

11.2 8.72 7.41 P < 
0.01

11.94 9.06 6.65 P < 
0.01

Mitral annular velocity: 
lateral E’ (average values in 
cm/s)

15.44 11.62 9.58 P < 
0.01

15.89 11.71 8.92 P < 
0.01

This table presents insights regarding the quantification of age-related changes in cardiac structure and function from the WASE studies[19,51,52]. 
*By 3-way analysis of variance. WASE: World Alliance Societies of Echocardiography; 3D: three-dimensional; LV: left ventricle; LVEDV: left 
ventricular end diastolic volume; LVESV: left ventricular end systolic volume; LVEDVi: left ventricular end diastolic volume indexed to body 
surface area; LVESVi: left ventricular end systolic volume indexed to body surface area; LAVi: left atrial volume indexed to body-surface-area.

VALVE MORPHOLOGY AND FUNCTION
Common patterns of valve abnormalities reported with advancing age include thickening and calcification 
of aortic and mitral valves, and trivial to mild physiologic regurgitation. We discuss here a few studies that 
illustrated these findings.

In an autopsy study of 200 hearts, those with age > 60 years had significant thickening of the aortic and 
mitral valves compared with subjects < 20 years of age[47]. These findings were confirmed in cross-sectional 
analyses of healthy participants undergoing echocardiography. A study of 5201 individuals aged ≥ 65 years 
from the Cardiovascular Healthy Study (CHS) showed that the prevalence of aortic valve sclerosis was 26%. 
This study also identified increasing age as an independent risk factor for the development of aortic valve 
sclerosis[48]. Another study of 3929 elderly participants (76 ± 5 years) from the CHS showed that the 
prevalence of mitral annular calcification was 42%, aortic annular calcification 44%, and aortic valve 
sclerosis 54%[49].

With respect to valvular function, Klein et al.[50] studied the prevalence of valve regurgitation amongst 
healthy volunteers using color flow Doppler echocardiography. Among older participants (> 50 years), they 
reported a 58% prevalence of trivial to mild  mitral regurgitation, 74% prevalence of tricuspid regurgitation, 
11% prevalence of aortic regurgitation, and 41% prevalence of pulmonary regurgitation. In comparison, 
mitral regurgitation was present in 39% of subjects < 50 years old, with 57% having tricuspid regurgitation, 
22% pulmonary regurgitation, and none with aortic regurgitation in the same age group. This study showed 
that trivial to mild valve regurgitation is common amongst older individuals, and the prevalence increases 
with advancing age[50].
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CONCLUSION
Healthy aging is associated with significant alterations in cardiac chamber size and function[51,52] [Figure 3, 
Table 3]. Further research is needed to delineate age-related reference limits for various echocardiographic 
parameters.
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