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SUMMARY The influence of age on six Doppler echocardiographic indices of left ventricular
diastolic function was assessed in 86 normal volunteers aged from 20 to 74 years (mean 36). Five of
the six indices showed a linear relation with age. Duration of isovolumic relaxation and maximal
late diastolic (atrial) flow velocity increased significantly with age (r = 0-34 and r = 0-69,
respectively). Conversely, maximal early diastolic flow velocity, the rate of decrease (deceleration)
of flow velocity in early diastole, and the ratio between maximal early and late diastolic flow
velocities decreased significantly with age (r = -0030, r = -0 40, and r = - 0 63, respectively).
Duration ofthe early diastolic flow velocity peak did not show a linear relation with age (r = 0 04).
Comparison of Doppler indices of diastolic performance among different age groups (20 to 29
years, 30 to 49 years, and 50 to 74 years) also showed an influence of aging on these diastolic
variables. Isovolumic relaxation was significantly longer in older subjects than in either the
intermediate or the younger age groups. In addition, both the rate of decrease of flow velocity in
early diastole and the ratio between maximal early and late diastolic flow velocities were
significantly reduced in older subjects. Multivariate linear regression analysis showed that after
adjustment for left ventricular wall thickness and cavity dimension, percentage systolic shortening,
and heart rate, age continued to correlate significantly with most Doppler indices of diastolic
function.
The isovolumic relaxation phase and the early and late filling phases of diastole, as assessed by

Doppler echocardiography, are importantly and independently affected by aging. Hence the effects
of age should be taken into account when the normal limits for Doppler indices of left ventricular
diastolic function are defined.

Recently, Doppler echocardiography has been used
to assess left ventricular diastolic function in patients
with various cardiac diseases and in normal
subjects.'-" Indices of diastolic function obtained by
Doppler echocardiography have also been shown to
correlate well with those measured by either contrast
angiography4 or radionuclide angiography."0 Some
determinants of left ventricular filling assessed by
Doppler, however, seem to be affected by age.'7"'
Such age related changes in left ventricular filling
patterns may be important in defining normal values
for Doppler indices of diastolic function.
To achieve a better understanding of the effects of
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aging on Doppler indices of left ventricular diastolic
performance we obtained Doppler echocardiogra-
phic measurements of isovolumic relaxation and of
the early and late filling phases of diastole in a group
of healthy volunteers with a wide range of ages.

Subjects and methods

STUDY POPULATION
We measured Doppler echocardiographic indices of
left ventricular diastolic function in 86 healthy
volunteers (48 men and 38 women) who were aged
from 20 to 74 years (mean 36). None had a clinical
history ofcardiac disease or ofsystemic hypertension
and all had a normal M mode and cross sectional
echocardiogram. The data were examined by linear
regression analysis. In addition, we compared
Doppler diastolic measurements among three age
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groups: (a) 35 subjects aged from 20 to 29 years
(mean 22); (b) 33 aged 30 to 49 years (mean 40); and
(c) 18 aged 50 to 74 years (mean 57). Doppler indices
of left ventricular diastolic flow velocity in men and
women (within each age group) were also compared
to determine whether sex differences independently
influence diastolic performance.

DOPPLER ECHOCARDIOGRAPHY
We used an Advanced Technology Laboratory Mark
500 ultrasound system for the Doppler echocar-
diographic studies. This instrument combines a
pulsed Doppler flow analyser with a 3 0 MHz,
on line, two dimensional wide angle (900) mechanical
sector scanner. The system has a movable cursor and
the Doppler sample volume can be positioned any-
where in the cross sectional sector plane and at any
depth up to 17 cm. The depths we used to obtain the
left ventricular diastolic flow velocity profiles ranged
from 9 to 13 cm. The dimensions of the sample
volume at these depths were 5-7 mm (length) x
1-5 mm (diameter) x 1-5 mm (depth).
Doppler output was available as an audio signal

and as a spectral display of the flow velocity profile.

Fig 1 Stopframe cross sectional echocardiogram showing
the position of the Doppler sample volume (enclosed within
the broken circle) that was usedfor left ventricular diastolic
flow velocity waveforms. The sample volume is positioned
within the inflow area of the left ventricle. VS, ventricular
septum. Reproduced with permission of American College of
Cardiology from Spirito et al.'

The spectral display was obtained by electronic fast-
Fourier transform analysis of the Doppler signal,
with sampling at 10 ms intervals and division of the
signal into 128 frequency bins. The flow velocity
profile was displayed as a waveform composed of
small individual grey and black blocks that appeared
simultaneously on a monitor with the lead II elec-
trocardiogram and a phonocardiogram and was
recorded on a strip-chart recorder at a paper speed of
100 mm/second. The setting of the instrument was
adjusted to use the lowest possible filters.
The Doppler recordings were obtained during

quiet respiration with the subject in a lateral recum-
bent position. The transducer was positioned at or
slightly to the left of the cardiac apical impulse, and
was oriented to obtain an apical four chamber view of
the heart that gave good visualisation of the left
ventricular cavity and maximal excursion of the
mitral valve leaflets. The cursor line was directed
through a plane traversing the left ventricle from the
apex to the mitral valve annulus. The angle between
the presumed direction of the diastolic blood flow
and the orientation of the ultrasound beam (cursor)
was estimated to be zero or < 200 in each subject. The
sample volume was placed in the inflow area of the
left ventricle, about 1 cm from the mitral valve
annulus (fig 1), and the position of the sample along
the cursor line was adjusted until the maximal
diastolic flow velocities were recorded and the gra-
phic quality of the Doppler waveform was most
clearly defined.

QUANTITATIVE ASSESSMENT OF DIASTOLIC
FLOW VELOCITY WAVEFORM
In each subject we chose for analysis three cardiac
cycles with the most clearly defined flow velocity
waveform and the steepest descent of flow velocity in
early diastole. Left ventricular diastolic flow velocity
waveforms from the three cardiac cycles were
measured and the values were averaged for (figure 2a)
(a) time interval from the first positive deflection of
the aortic closing component of the second heart
sound to the onset of the diastolic flow velocity
waveform (A2-D), a measure of the duration of
isovolumic relaxation8; (b) duration of the early
diastolic peak of flow velocity defined as the time
interval from the onset of this peak to the time when
flow velocity returned to baseline (D-F); (c) rate of
decrease (deceleration) of flow velocity in early
diastole (EF) calculated as the ratio E-E' to E'-F; (d)
maximal early diastolic flow velocity measured as the
height of the early diastolic peak of flow velocity (E);
(e) maximal late diastolic flow velocity (which is due
to atrial contraction) measured as the height of the
late diastolic peak of flow velocity (A); (I) the ratio
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Fig 2 Doppler left ventricular diastolicflow velocity waveformsfrom two normal volunteers. (a) That of the younger subject
(age Z3 years) shows a shorter duration of isovolumic relaxation (Al-D) and rapid rate of decrease offlow velocity in early
diastole (EF); maximal early diastolicflow velocity (E) is high relative to maximal late diastolicflow velocity (A), giving an
E:A ratio of > 1. (b) The waveform in the older subject (age 58 years) shows prolonged duration of isovolumic relaxation
(A2-D) and reduced rate of decrease (descent) offlow velocity in early diastole (EF); maximal late diastolic (atrial) flow
velocity (A) is increased relative to maximal early diastolicflow velocity (E), giving an E:A ratio of < 1.

between the maximal early and late diastolic flow
velocities (E:A).

Because the flow velocity waveform is displayed as
a grey scale line ofvariable thickness, the points D, E,
and A on the flow velocity contour were identified as
the midpoints of the grey scale spectrum. The slope
EF was defined by the construction of a straight line
that passed through the midportion of the grey scale
spectrum and corresponded to the descent of the
early diastolic flow velocity peak. When the slope EF
was curved rather than straight, EF was constructed
as the line that identified the maximal incline of the
slope.58 Because the contour of the flow velocity
waveforms often shows a wide spectral spread at the
end of the early flow velocity peak (point F on fig 2a),
this point was identified as the intersection between
the line of the descent of the early diastolic flow
velocity peak and the baseline of the peak.58 At rapid
heart rates (over about 90 beats/minute) the flow
velocity curve does not return to baseline between the
E and A peaks. In our subjects, however, the highest
heart rate was 73 beats/minute; thus all flow velocity
curves analysed as part of this study returned to
baseline at point F.

Reproducibility of these Doppler diastolic indexes
has been shown to be satisfactory with a relatively
low intraobserver and interobserver variability.5

STATISTICAL ANALYSIS
Data were expressed as mean (2 SD). Relations
between age and Doppler indices of left ventricular
diastolic performance were assessed by linear regres-
sion analysis. Differences in Doppler diastolic
indices between age groups were determined by the
one way analysis of variance and those between sexes
by the Student's unpaired t test. To assess whether
the effect of age on Doppler indices of diastolic
function is independent of the influence of other
variables, we used a multivariate linear regression
analysis.'2 Specifically, the influence of the following
variables was assessed: ventricular septal and
posterior left ventricular free wall thicknesses; left
ventricular cavity dimensions at end diastole and end
systole; percentage fractional shortening; and heart
rate.

Results

RELATION BETWEEN AGE AND DOPPLER INDICES
OF DIASTOLIC FUNCTION
Five of the six Doppler diastolic indices measured in
the present study showed a linear relation with age
(table 1). The duration of isovolumic relaxation and
maximal late diastolic (atrial) flow velocity increased
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Table 1 Relation between Doppler indices of left ventricular
diastolic function and age

Correlation Statistical
coefficient significance

Doppler indices (r) (p)

Isovolumic relaxation 0 39 <0-001
Duration of early flow velocity 0-04 > 0-05

peak
Deceleration of early flow velocity - 040 <0-001
Early maximal flow velocity -0-30 < 0-005
Late maximal flow velocity 0-69 <0-001
Ratio of early:late maximal flow -0-63 < 0-001

velocities

with age (fig 3). Conversely, maximal early diastolic
flow velocity, the rate of decrease (deceleration) of
flow velocity in early diastole, and the ratio between
the maximal early and late diastolic flow velocities
decreased with age (fig 4). The duration of the early
diastolic peak of flow velocity did not show a linear
relation with age. Table 1 gives the values of the
correlation coefficients of the regressions and their
statistical significance.
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Fig 4 Relation between age and the ratio of maximal early
diastolic to late diastolic (atrial) flow velocities (E:A).
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COMPARISON OF DOPPLER DIASTOLIC INDICES
IN DIFFERENT AGE GROUPS
Several Doppler indices of left ventricular diastolic
performance were significantly different in the three

* age groups (table 2 and fig 2). Isovolumic relaxation
* time was longer in the older subjects (84 (12) ms) than

in the younger subjects (72 (12) ms; p < 0-001), and
was also longer in the intermediate (80 (12) ms) age
group than the younger age group (p < 0-01) (fig 5).
Furthermore, the rate of decrease (deceleration) of
flow velocity in early diastole was lower in the older
subjects (4-2 (1 -2) m/s') than in the younger subjects
(5-5 (1-2) m/s'; p < 0-001), and it was also lower in the

r=0-69 intermediate (47 (1-1) m/s') age group than the
pco-00l younger age group (p < 0-01) (fig 6). The ratio

between the maximal early and late diastolic flow
velocities was also lower in the older subjects (1-2

-r--,- ,-~ (04) than in either the intermediate (2-0 (0-6); p <
60 70 80 0-002) or the younger subjects (2.7 (0-7); p < 0-001)

(fig 7). A ratio of < 1 was identified in five (28%) of
late diastolic the 18 subjects who were 50 years of age or older,

whereas this ratio was > 1 in each of the 68 study

Table 2 Comparison of Doppler indices of diastolicfunction in three age groups

Duration of Deceleration
Isovolumic early flow of early Early maximal Late maximal Early:late

Age relaxation velocity peak flow velocity flow velocity flow velocity maximal
(yr) (ms) (ms) (m/s9) (m/s) (m/s) flow velocities

20-29 72 (12) 218 (30) 5-5 (1-2) 0-69 (0-12) 0-27 (0 07) 2-7 (0 7)
30-49 80(12)* 220 (27) 4-7 ( 1)* 0-62(0-14) 033(0-07) 20(06)t
50-74 84 (12)t 221 (33) 4-2 (1-2)t 0 59 (0-14) 0-46 (0-13) 1-2 (0 4)t

p < 0-01 compared with 20-29 year old subjects; tp < 0-001 compared with 20-29 year old subjects; $ p < 0-002 compared with 30-49 year
old subjects.
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Fig 3 Relation between age and maximal
(atrial) flow velocity (A).
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Fig 5 Comparison of duration of isovolumic relaxation
(A2-D) in three age groups.
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Fig 6 Comparison of the rate of decrease (deceleration) of
flow velocity in early diastole (EF) in three age groups.
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Fig 7 Comparison of the ratio between the maximal early
and late diastolic (atrial) flow velocities (E:A) in three age
groups.

subjects who were younger than 50 (p < 0-001).
Heart rate was lower in the younger individuals (56
(7) beats/minute) than in the older ones (61 (6) beats/
minute; p < 0 02). In the intermediate age group the
heart rate (59 (6) beats/minute) was not significantly
different from that of the other two groups.
No differences were identified between the sexes

for Doppler diastolic indices, except for a shorter
duration of the early flow velocity peak in women
aged 20-29 (table 3).

MULTIVARIATE ANALYSIS
Multivariate linear regression analysis showed that
age is an independent, strong determinant of most
Doppler indices of left ventricular diastolic flow
velocity. A significant correlation persisted between
age and the duration of isovolumic relaxation, rate of
decrease of flow velocity in early diastole, maximal
late diastolic flow velocity, and the ratio between
maximal early and late diastolic flow velocities after
adjustment for left ventricular dimensions, percen-
tage fractional shortening, and heart rate (table 4).
Hence, as shown in table 4, these multivariate
regression coefficients and the associated p values did
not differ from those of the univariate analysis. After
adjustment for these independent variables,
however, age no longer correlated significantly with
maximal early diastolic flow velocity.
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Table 3 Comparison of Doppler indices of diastolicfunction in men and women

Duration of Deceleration
Isovolumic early flow of early Early maximal Late maximal Early:late
relaxation velocity peak flow velocity flow velocity flow velocity maximal

Group (ms) (ms) (mIs2) (m/s) (m/s) flow velocities

Age 20-29:
Men 71 (10) 226 (30)* 5-4 (1-2) 0-70 (0-10) 0-26 (0-06) 2-8 (0-8)
Women 74 (12) 203 (22)* 5-7 (1-2) 0-66 (0-12) 0-28 (0.07) 2-6 (0.9)

Age 30-49:
Men 82 (11) 224 (23) 4-6 (1-2) 0.59 (0-14) 0-35 (0 09) 1-8 (0.6)
Women 79(11) 217(31) 4-8(1-4) 0-64(0-13) 0-32(005) 2-0(05)

Age 50-74:
Men 84 (9) 217(36) 4-2(1.1) 055(0-14) 0 50(0-15) 1.1(0.2)
Women 84 (19) 224 (32) 4-2 (0-8) 0-61 (0-15) 0 49 (0-12) 1-3 (0.5)

*p < 0-025; no other comparisons in the table were statistically significant.

Table 4 Regression analyses of the relation between Doppler indices and age

Univariate analysis* Multivariate analysist

Doppler indices b SE p b SE p

Isovolumic relaxation 0 35 0 09 <0 001 0-34 0-11 <0-01
Duration early flow velocity peak 0-08 0-23 > 0 05 0-35 0-26 > 0 05
Deceleration early flow velocity -0-04 0-01 <0 0001 -0-04 0 01 <0-001
Early maximal flow velocity -0 003 0 001 <0-005 -0-002 0 001 >0-05
Late maximal flow velocity 0-006 0001 <0.0001 0-005 00007 <0-0001
Early:late maximal flow velocities -0-04 0 005 <0 0001 -0-03 0-006 <0 0001

*From the regression analysis to measure the effect of age on each of the dependent Doppler indices of diastolic function.
tFrom the multivariate linear regression analysis to measure the effect of the set of independent variables (age, ventricular septal and
posterior free wall thickness, left ventricular cavity dimensions, percentage fractional shortening, and heart rate) on each of the dependent
Doppler indices of diastolic function.
b, regression coefficient for age.

Discussion

The effects of aging on left ventricular diastolic
performance have not been studied extensively in
human beings, in part because it is difficult to obtain
data from large numbers of healthy individuals by
invasive techniques such as cardiac catheterisation.
Nevertheless, haemodynamic data obtained in small
numbers of people without heart disease have sug-
gested that the normal left ventricle becomes stiffer
and diastolic filling is altered with aging." Additional
information on the influence of aging on diastolic
performance has come from indirect, non-invasive
measurements. Observations obtained from the
mitral valve echogram have suggested that the rate of
early left ventricular filling is reduced in healthy
elderly people.'"'7 More recently, data obtained from
the Doppler diastolic flow velocity waveform also
seem to indicate that the filling patterns of the left
ventricle may be influenced by aging.'7 In particular,
the relative contribution of atrial systole to overall
left ventricular filling seems to increase with age.'7 In
addition; a recent investigation by radionuclide
angiography has shown a strong relation between age
and peak filling rate."
The findings of the present investigation of a large

population of healthy volunteers confirm and extend
these previous observations. In our study, age related
changes were identified for five of the six of the
Doppler indices of diastolic performance that were
analysed. These alterations affected the isovolumic
phase as well as the early and late filling phases of
diastole. Aging was associated with an increased
duration of isovolumic relaxation and a reduced rate
of decrease of flow velocity in early diastole. In
addition, maximal early diastolic flow velocity
decreased and late diastolic flow velocity (largely
owing to atrial systole) increased linearly with age;
hence, the ratio between early and late diastolic flow
velocity was significantly lower in older subjects. The
enhanced flow velocity during atrial systole probably
represents a compensatory mechanism for the
reduced flow velocity during the early phase of
diastole.

Alterations in the Doppler left ventricular diastolic
waveform identified in our older subjects seemed to
be qualitatively similar to, although not as severe as,
those previously seen in patients with various cardiac
diseases associated with diastolic impairment
(including coronary artery disease, systemic hyper-
tension, aortic valve stenosis, and hypertrophic car-
diomyopathy."356 Thus the results of our study are
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also relevant to the question of what should be
considered to be a "normal" Doppler diastolic
waveform. For example, if a large number of older
people are included in a normal control population,
then the range ofvalues for the Doppler indices of left
ventricular relaxation and filling will be increased,
and this will reduce the sensitivity for detecting true
abnormalities of diastolic performance. Similarly,
because measures of diastolic function in older
normal subjects may lie considerably outside the
range seen in younger subjects, left ventricular
diastolic impairment could be incorrectly identified
in older individuals. These considerations suggest
that values for Doppler indices of left ventricular
diastolic performance measured in patients with
cardiac disease should always be compared with
those in age matched healthy controls.
Because coronary arteriography was not perfor-

med we cannot exclude unequivocally the possibility
that some of our older subjects had clinically silent
coronary artery disease. But coronary arteriography
is unjustified and impractical in a healthy symptom
free population such as ours. The changes in the
Doppler diastolic waveform that we identified in the
older volunteers were pronounced and consistent,
however, and the occasional individual with silent
coronary disease would not account for important
differences in the pattern of flow velocity that we
identified in the younger and older volunteers.

Left ventricular diastolic filling is a complex
phenomenon influenced not only by the intrinsic
properties ofthe cardiac muscle, but also by variables
such as left ventricular mass and volume, systolic
function, heart rate, and the loading conditions ofthe
ventricle.'v'6 Since Doppler diastolic indices may be
influenced by these multiple variables, the alterations
in the diastolic waveform identified in our older
study subjects do not definitively demonstrate that
aging, per se, alters the primary intrinsic properties
of the cardiac muscle (that is left ventricular relaxa-
tion and elastic properties of the ventricle). Data
derived from our multivariate regression analysis do,
however, support this hypothesis. For example, the
multivariate linear regression analysis showed that
age correlated significantly with most Doppler
indices of left ventricular diastolic function, even
after adjustment for left ventricular wall thickness
and cavity dimension, percentage systolic shorten-
ing, or cycle length. Thus these data indicate that the
effects of age on Doppler diastolic indices are
independent of age related alterations in left ven-
tricular morphology and function. Although all our
study subjects had normal systemic blood pressure,
left ventricular afterload was not measured directly.
Thus a slight increase in left ventricular systolic load
caused by reduced arterial wall distensibility26 may

have influenced transmitral flow velocity in our older
subjects. Nevertheless, slight changes in systolic load
do not seem to be sufficient to explain the size of the
alterations in the left ventricular flow velocity
waveform that we identified in older individuals.

In conclusion, our findings indicate that the Dop-
pler left ventricular diastolic waveform is altered
substantially by aging, and that age is an independent
determinant of most indexes of left ventricular
diastolic flow velocity. Thus the effects of age should
be considered when the normal limits for Doppler
indices of left ventricular diastolic function are
defined.

We thank Dr Joel Verter for helpful statistical
assistance and Judith S Merrill for technical assis-
tance.
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