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Aims: To describe the influence of age and other cardio-
vascular factors on regional pulsed wave Doppler myo-
cardial imaging (DMI), and to compare DMI with
conventional transmitral echocardiography and the
atrioventricular plane displacement (AVPD) method.

Methods and Results: Eighty-eight healthy subjects aged
20–81 years were examined by DMI, performed in the
intraventricular septum just below the mitral annulus and
in the corresponding lateral region, by transmitral pulsed
wave Doppler echocardiography, and by AVPD. The DMI
peak velocity during the left ventricular (LV) early filling
phase (e), decreased with age from 12·3�2·3 cm/s in the
youngest to 7·0�1·7 cm/s in the oldest tercentile
(r= �0·76, P<0·001). The DMI peak velocity during
atrial contraction (a), increased from 7·5�2·2 cm/s in the
youngest to 9·7�1·7 cm/s in the oldest tercentile (r=0·41,
P<0·001). The DMI systolic peak velocity (s), decreased
with age from 8·2�1·1 (youngest tercentile) to 6·9�1·1
(oldest tercentile), r= �0·39, P<0·001cm/s, while the
fraction shortening of the LV increased from 33·7�4·1 to
38·2�5·9% (r=0·36, P<0·01). The DMI e/a correlated with
the transmitral early/atrial (E/A) (r=0·83, P<0·001) and
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with the AVPD measurement of diastolic function AV-LA/
AV-mean (r=0·82, P<0·001). The DMI e velocity corre-
lated with the transmitral E velocity (r=0·38, P<0·001). In
the multiple regression analysis of DMI e, age was the
strongest factor and LV mass index correlated inversely and
independently with e. No DMI variables were influenced by
gender, while transmitral E correlated with gender. The LV
dimension variables explained 35% (R2 adjusted) of the
DMI e velocity changes; only 7% of the transmitral E
changes were explained by those variables.

Conclusion: Regional DMI indices are highly age-
dependent. In comparision with conventional echocardiog-
raphy, regional DMI might be more influenced by LV
geometry and by myocardial structural changes. These
findings suggest a complementary role for regional DMI
to conventional echocardiography for the assessment of
myocardial function.
(Eur J Echocardiography 2000; 1: 87–95)
� 2000 The European Society of Cardiology
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indices of myocardial function[1]. It allows simultaneous
estimation of both contractility and time intervals
regionally in the myocardium.[2]. The DMI mitral
annular systolic maximal velocity corresponds well with
the left ventricular (LV) ejection fraction, as measured
by radionuclide angiography[3–5]. The early diastolic
velocity of the mitral annulus measured by DMI has
been reported to be relatively pre-load independent[6–8],
Introduction
Doppler myocardial imaging (DMI) is a recently
developed echocardiographic technique, in which the
Doppler principle has been applied to measure several
� 2000 The European Society of Cardiology



88 M. Edner et al.
and the mitral Doppler early inflow velocity and early
mitral annular DMI velocity ratio have been shown to
relate well to mean pulmonary capillary wedge
pressure[8–9].

The most commonly used method for assessment of
LV diastolic function is mitral pulsed wave Doppler flow
(MPWD). It is well known that MPWD is influenced by
several variables, i.e. age, gender, heart rate, LV dimen-
sions and LV filling pressures[10–16]. The atrioventricular
plane displacement (AVPD) method is an alternative
reliable and simple technique to study LV systolic
and diastolic function. The results of this method are,
however, also influenced by age[17,18].

For DMI, it has been shown that the peak velocity
gradient during the rapid ventricular filling phase
decreases with age in normal subjects, and increases with
age during atrial contraction. Thus, the ratio between
these two indices decreases with age[6,19]. However, the
influence of gender, heart rate, blood pressure and
cardiac dimensions on DMI indices has not been well
described.

The aims of this study were: (i) to examine the DMI
pattern in healthy subjects over a wide age range, and to
relate the DMI indices to age, gender, heart rate, blood
pressure, body surface area and cardiac dimensions; and
(ii) to compare the DMI method with two conventional
Doppler echocardiographic methods, i.e. MPWD flow
and the AVPD technique.
Methods
Study Population

Eighty-eight subjects aged 20–81 years were included in
the study. None had a history of previous or current
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cardiovascular disease, or were on medication. All sub-
jects had a normal physical examination and sinus
rhythm at the time of the echocardiographic examin-
ation. Baseline characteristics are presented in Table 1.
The nature and the purpose of the investigation was
explained to the subjects, who gave their informed
consent. The study was approved by the local ethics
committee.
Table 1. Clinical and M-mode echocardiographic characteristics of the study group.

Age group (years)

All subjects 20–39 40–59 60–81

n 88 25 34 29
Female/male 43/45 13/12 12/22 18/11
Age (years) 51·5 29·9 50·2 71·5
BSA, m2 1·89�0·2 1·92�0·2 1·96�0·2 1·80�0·2
Heart rate (bpm) 61�8 61�8 60�9 61�9
Systolic BP (mmHg) 127�19 115�12 124�14 142�20‡
Diastolic BP (mmHg) 75�9 69�10 77�6 78�8‡
LVEDD (mm) 50·2�4·7 51·7�3·4 50·5�3·2 48·7�5·1*
FS (%) 36�5 33�4 35�6 38�5†
EF (%) 58�6 58�7 58�6 60�5
IVS (mm) 9·2�1·8 8·2�1·4 9·3�1·6 9·9�2·0‡
LVMI (g/m2) 87·6�18·6 81·8�17·1 87�16·9 93·5�20·6†
LA (mm) 36·8�5·5 35·3�4·6 34·9�4·2 38·1�6·9†

Mean values�S.D. BSA=body surface area, bpm=beats per minute, BP=blood pressure,
EF=ejection fraction, FS=fraction shortening, LVEDD=left ventricular end diastolic diameter,
IVS=intraventricular septum thickness, LVMI=left ventricular mass index, LA=left atrium
diameter. Significance levels denote significant correlations with age.
*P<0·05, †P<0·01, ‡P<0·001.
Echocardiographic Examination and
Calculations

All examinations were performed with an Acuson 128
XP/10 (Mountain View, CA, U.S.A.) with a 2·5–4·0
MHz (V4c) probe with the patient in the left semilateral
position. All recordings were stored on videotape, and
analysed at the end of the study. LV dimensions in
diastole and systole, and thickness of the intraventricu-
lar septum and the posterior wall were measured by the
M-mode technique. The LV volumes and the ejection
fraction were calculated according to the recommenda-
tions of the American Society of Echocardiography[20].
Biplane volumes were calculated from area tracings
using the disc summation method (modified Simpson’s
rule), using dedicated computer equipment and software
(TomTec Imaging Systems Inc., CO, U.S.A.). The Penn
convention was used for the calculation of LV mass,
which was corrected for body mass index (LVMI)[21].

Regional DMI was performed with pulsed wave
Doppler, placing the 4 mm sampling volume in the
middle of the intraventricular septum, just below
the mitral annulus in the apical four-chamber view.
The corresponding lateral point was also registered.
The maximal velocity during systole (s), the duration
of the movement during systole (s-dur), the maximal
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velocity during early filling phase (e) and atrial contrac-
tion filling phase (a), the deceleration time of the e-wave
(e-DT), the isovolumetric contraction time (ivc) and the
intraventricular relaxation time (ivr) were recorded and
calculated (Fig. 1).

Conventional echocardiography MPWD flow was
measured by placing the sampling volume of the
Doppler signal between the tips of the open mitral
leaflets in the apical four-chamber view. Early (E) and
atrial (A) transmitral maximal flow velocities, the ratio
(E/A) and deceleration time (E-DT) of E was registered
and calculated. Intraventricular relaxation time (IVRT)
was measured by the continous wave Doppler technique
(Fig. 2).

The AVPD towards and away from the cardiac apex
was measured by M-mode echocardiography from an
apical window. The septal and lateral AVPD were
measured in the four-chamber view and anterior and
posterior AVPD in the two-chamber view. The total
AVPD was measured from the lowest to the highest
point of contraction. A mean value of the AVPD
(AV-mean) was calculated from the above four sites
and was expressed in mm[22]. The left atrial contribution
of AVPD (AV-LA) was calculated as the ratio AV-LA/
AV-mean (Fig. 3)[18].

All measurements were performed on three to five
consecutive beats and the mean values were calculated.
Figure 4 illustrates how the sampling volumes and
M-mode cursors were used in the different echocardio-
graphic techniques.
Statistical Analysis

All values are given as mean values�SD unless
othervise stated. The effects of age on regional pulsed
wave DMI were analysed by one-way Analysis of
Variance (ANOVA). Multiple stepwise regression analy-
ses (a combination of forward inclusion and backward
elimination) were performed to determine the most
powerful predicting factors with respect to the Doppler-
echocardiographic measures. A probability P<0·05 was
considered statistically significant.
Results
Figure 1. Regional pulsed wave Doppler myocardial
imaging in a healthy individual. s=peak velocity
during systole, s-dur=duration of systolic movement,
e and a=peak velocity during early and atrial
left ventricular filling phase, respectively; e-DT=
deceleration time of e; ivc=isovolumetric contraction
time and ivr=intraventricular relaxation time; PCG=
phonocardiogram.
Figure 2. Mitral pulsed wave Doppler flow in a healthy
individual. E and A=peak velocity during early and
atrial left ventricular filling phase, respectively.
E-DT=deceleration time of E.
Figure 3. Atrioventricular plane displacement during
cardiac cycle in a healthy individual. S=AV plane
displacement in septum during systole. A=AV plane
displacement during atrial contraction.
Basic Echocardiographic Variables

Selected descriptive data and basic echocardiographic
results by age are given in Table 1. LV end diastolic
diameter (LVEDD) decreased with age, while left atrial
diameter (LA), thickness of the intraventricular septum
Eur J Echocardiography, Vol. 1, issue 2, June 2000
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(IVS), LVMI and the fractional shortening increased.
The LV ejection fraction (EF) was not related to age.
Doppler Myocardial Imaging

The results for DMI by age are given in Table 2 and in
Figures 5 and 6. The s velocities in IVS and the lateral
region decreased with age, and the s-dur in IVS
increased slightly. The e velocities decreased with age,
whereas the a velocities increased. The ivr increased with
age. The e-DT was not altered by age, and nor was the
ivc in IVS (Fig. 6).> The s and e velocities were higher
(P<0·001 and P<0·001) in the lateral region as com-
pared to those in the IVS, and the e-DT and ivr were
shorter (P<0·001 and P<0·05), whereas the ivc was
longer (P<0·001).
Mitral Pulsed Wave Doppler
Echocardiography

The results for MPWD by age are given in Table 3. The
E velocity decreased, and the A velocity increased with
age. The E-DT and IVRT increased with age.
Atrioventricular Plane Displacement Method

The results for AVPD by age are given in Table 3. The
AV-mean decreased, and the AV-LA and AV-LA/
AV-mean ratio increased with age.
Comparison Between the Echocardiographic
Methods Used

Left ventricular systolic function, expressed as EF,
appeared unrelated to age, although an increased frac-
Eur J Echocardiography, Vol. 1, issue 2, June 2000
tional shortening indicated increased LV circumferential
systolic function with increasing age (Table 1). DMI s
and AVPD AV-mean decreased with age (Tables 2 and
3), and the two correlated with each other (r=0·57,
P<0·001). DMI e/a correlated with E/A ratio (r=0·83,
P<0·001) and with the AVPD measurement of diastolic
function AV-LA/AV-mean (r=0·82, P<0·001). Transmi-
tral E/A and AV-LA/AV-mean were related (r=0·80,
P<0·001). There were weaker correlations between the e
and E velocities (r=0·38, P<0·001) and the a and A
maximal velocities (r=0·32, P<0·01). There was no
relation between e-DT and E-DT.
Figure 4. Drawing illustrating how to place the sampling volumes and cursers in different echocardio-
graphic techniques. (a) Doppler myocardial imaging, (b) transmitral pulsed wave Doppler flow,
(c) atrioventricular plane displacement.
Multiple Regression Analysis

Several factors suggested as affecting Doppler echo-
cardiographic measurements were tested independently
and stepwise in a multiple regression analysis model.
The model included age, gender, systolic and diastolic
blood pressures (BP), heart rate (HR), body surface area
(BSA), LA, LVEDD, IVS, LVMI and the EF.

The DMI s velocity correlated with BSA (P<0·001).
The e velocity was inversely related to LVMI (P<0·01).
The a velocity correlated with BSA (P<0·001), systolic
and diastolic BP (P<0·01 for both) and inversely
with HR (P<0·001). The e/a correlated with LVEDD
(P<0·05) and inversely with BSA (P<0·001), diastolic
BP (P<0·001), LVMI (P<0·05), systolic BP (P<0·05),
HR (P<0·05) and IVS (P<0·05). The e-DT was related
to BSA (P<0·001) and inversely to LVEDD (P<0·01).
The ivr correlated with LVMI (P<0·001), but ivc was
not influenced by any of the tested variables.

The s-max was found to be lower in females than in
males by univariate analysis, but this could not be
confirmed by multiple regression analysis. Thus, gender
did not influence DMI variables in the present study.
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The MPWD E velocity was higher in females than in
males (P<0·01). The A velocity was related to LA
(P<0·05), and inversely to HR (P<0·001). The E/A ratio
was inversely related to HR (P<0·001), diastolic BP
(P<0·001), systolic BP (P<0·01) and LA (P<0·05). The
IVRT was longer in men (P<0·01).

The AVPD AV-mean correlated with BSA (P<0·05)
and was inversely related to HR (P<0·01). The AV-LA/
AV-mean correlated with IVS (P<0·01) and LVMI
(P<0·05), and inversely with LVEDD (P<0·01).

We also analysed the factors clustered into haemo-
dynamic factors and into LV dimension variables
(Tables 4 and 5). The LV dimension variables explain
35% (R2 adjusted) of the DMI e velocity changes in this
group of healthy subjects, but only 7% of the changes in
E velocity. On the other hand, only 10% of the DMI a
velocity changes, but 34% of the changes in A velocity,
were explained by changes in LV dimension variables.
The LV dimension variables explain 31%, 26% and 27%
of the changes in e/a, E/A and AV-LA/AV-mean,
respectively. Corresponding values for ivr and IVRT are
28% and 18%.
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Figure 5. Regional pulsed wave Doppler myocardial imaging in 88 healthy subjects. Changes in peak velocities
during systole (s), early (e) and atrial (a) left ventricular filling phase and e/a ratio with age.
Reproducibility

Reproducibility measurements were obtained in 20
subjects. The coefficients of variance and the mean
Eur J Echocardiography, Vol. 1, issue 2, June 2000
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intraobserver differences for the DMI parameters were: s
velocity 1·3% and 0·01�0·08 cm/s; s-dur 0·3% and
0·9�4·9 ms; e velocity 0·3% and 0·03�0·31 cm/s; a
velocity 0·2% and 0·01�0·24 cm/s; e/a 1·7% and
0·02�0·05; e-DT 0·3% and 0·3�4·0 ms; ivc 0·3% and
0·0�4·2 ms; and ivr 1·7% and 1·4�4·4 ms, respectively.
The coefficients of variance and the mean interobserver
differences for the DMI parameters were: s velocity 1·3%
and �0·01�0·13 cm/s; s-dur 1·2% and �3·7�5·4 ms;
e velocity 0·8% and 0·08�0·36 cm/s; a velocity 0·3% and
0·02�0·71 cm/s; e/a 0·9% and �0·01�0·07; e-DT 0·5%
and 0·6�10·1 ms; ivc 4·9% and 3·3�5·7 ms and ivr
3·6% and 3·0�7·5 ms, respectively.
Discussion

Age was the most important independent factor influ-
encing regional pulsed wave DMI indices (except for the
e-DT) in this group of healthy individuals. Our observa-
tions are in agreement with findings in normal subjects
that the peak velocity gradient, measured by the
M-mode DMI technique, decreases with age during the
rapid ventricular filling and increases with age during
atrial contraction[23]. An age-dependency in normal sub-
jects of septal regional DMI indices has also been
reported by Sohn et al., who futhermore found that the
e velocity decreased and the a velocity increased with
age[6]. Similar results have also been found in lateral
regional DMI[19]. In our study, reversal of e/a (i.e. >1)
Eur J Echocardiography, Vol. 1, issue 2, June 2000
appeared at approximately 50–60 years of age: i.e.
approximately 10 years earlier than the reversal of the
E/A ratio. This is in agreement with findings by others[6].
Thus, age is an important determinant of DMI indices in
healthy subjects.

We found very close correlations between the regional
e/a ratio and the global E/A ratio, whereas correlations
between the single variables e and E, and a and A were
weaker. This confirms observations by Rodriguez et al.,
who suggested that regional DMI reflects structural
mechanics, whereas MPWD inflow velocities reflect fluid
dynamics[19]. This assumption is supported by our
multiple regression analysis, which shows that the only
independent cardiovascular factor of importance for e
velocity and ivr, except for age, was LVMI, whereas E
velocity and IVRT were influenced by age and gender.
Similarly, e-DT was only influenced by BSA and
LVEDD, whereas E-DT was influenced by age only.
Moreover, the s velocity decreased with age despite
an increase in the fractional shortening, suggesting that
the s velocity reflects structural changes rather than
functional changes in the myocardium.

The AVPD method is simple to use and can easily be
applied in most patients. The atrial contribution of total
mitral ring movement, i.e. the AV-LA/AV-mean, has
previously been shown to correlate well with the trans-
mitral E/A ratio[17]. This is confirmed by the present
study. There was also a very close correlation to the
DMI e/a, suggesting that AV-LA/AV-mean can be used
as a marker of left ventricular diastolic function. By
Table 2. Regional Doppler myocardial imaging indices in healthy subjects.

Age group (years)

All subjects 20–39 40–59 60–81

n 88 25 34 29

Intraventricular septum
s, cm/s 7·7�1·4 (5·3–13·0) 8·2�1·1 8·2�1·5 6·9�1·1‡
s-dur, ms 312�20 (263–356) 307�21 310�19 319�19*
e, cm/s 9·7�2·8 (4·5–16·7) 12·3�2·3 10·3�1·8 7·0�1·7‡
a, cm/s 9·2�2·3 (4·0–14·3) 7·5�2·2 10·0�2·1 9·7�1·7‡
e/a 1·2�0·6 (0·4–2·8) 1·8�0·6 1·1�0·3 0·8�0·2‡
e-DT, ms 115�24 (72–187) 111�26 119�21 115�27
ivc, ms 67·4�18 (37–123) 66·1�19 67�18 68·9�18
ivr, ms 82·2�24 (35–137) 66·6�23 79·1�22 99·2�25‡

Lateral
s, cm/s 9·9�2·9 (5·0–15·7) 11·3�2·6 10·4�2·7 8·1�2·6‡
s-dur, ms 310�29 (137–357) 315�21 307�37 309�21
e, cm/s 12·8�4·3 (4·0–23·3) 16·9�3·4 13·0�3·1 9·1�2·5‡
a, cm/s 9·2�2·9 (3·7–16·0) 7·3�2·7 9·8�2·4 10·2�2·8‡
e/a 1·6�1·0 (0·4–5·5) 2·7�1·2 1·4�0·5 0·9�0·3‡
e-DT, ms 90�18 (59–150) 86�14 95�18 89�21
ivc, ms 84·5�23·7 (37–148) 76·1�24·1 83·8�20·9 98·7�22·9§
ivr, ms 76·1�27·4 (33–200) 62·7�16·8 69·8�23·4 93·9�29·7‡

Mean values�S.D. (range). s=maximal velocity during systole, s-dur=duration of systolic
movement, e=maximal velocity during early filling phase, a=maximal velocity during atrial filling
phase, e-DT=e-deceleration time. ivc=iso volumetric contraction time and ivr=intra ventricular
relaxation time.
Significance levels denote significant correlations with age.
*P<0·05, §P<0·01, ‡P<0·001.
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Figure 6. Regional pulsed wave Doppler myocardial imaging in 88 healthy subjects. Changes in systolic
movement duration (s-dur), deceleration time of e wave (e-DT), intraventricular relaxation time (ivr) and
isovolumetric contraction time (ivc), with age.
multiple regression analysis, we found age to be the most
important factor influencing the atrial contribution, in
agreement with Wandt et al., who found age to be the
only important factor to influence the results of the
AVPD method[18]. However, we observed that left ven-
tricular geometry (i.e. LVEDD, IVS and LVMI) was
important also. This suggests that structural changes in
the myocardium also have an important influence on
distolic function, as assessed by the AVPD technique.

Gender did not have an independent influence on the
DMI variables. However, peak E velocity measured by
MWPD echocardiography was higher in women than in
men. This is in agreement with previous studies in which
early maximal filling velocities have been higher in
females[10,24]. The DMI e maximal velocity was affected
only by age and by LVMI, again suggesting DMI
variables to be more sensitive to LV geometry and
structural changes than conventional MWPD echo-
cardiography.

The contraction and relaxation velocities vary in
different regions in the myocardium, and the velocities
are generally higher in the basal parts of the ventricle
than in the apical regions[25]. The present study showed
differences between the intraventricular and the lateral
regions at the basal level of the LV. Although not
specifically studied in the present investigation, it is
probable that an age effect exists in all regions of the
heart.

The results of this study have some important clinical
implications. It is important to consider the influence of
Eur J Echocardiography, Vol. 1, issue 2, June 2000
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Table 3. Conventional Doppler echocardiography and atrioventricular plane
displacement in healthy subjects.

Age group, years

All subjects 20–39 40–59 60–81

n 88 25 34 29
E, cm/s 72·2�14·3 (38–102) 76·8�13·8 72·7�13·7 67·8�14·6‡
A, cm/s 57·2�16·6 (27–103) 43·6�10·4 53·6�11·9 73·1�12·3‡
E/A 1·4�0·5 (0·6–3·2) 1·8�0·6 1·4�0·3 0·9�0·2‡
E-DT, ms 204�38 (145–340) 180�27 205�35 225�37‡
IVRT, ms 99�19 (55–155) 83�17 99�14 111�16‡
AV-mean, mm 14·1�1·8 (9·5–17·9) 15·3�1·2 14·5�1·5 12·5�1·6‡
AV-LA, mm 5·3�1·0 (2·4–8·1) 4·4�1·1 5·5�0·6 6·0�0·9‡
AV-LA/AV-mean 0·38�0·10 (0·17–0·65) 0·28�0·07 0·38�0·05 0·48�0·07‡

Mean values�S.D. (range). E=peak velocity during early filling phase, A=peak velocity during
atrial filling phase, E-DT=deceleration time of E wave, IVRT=intraventricular relaxation time,
AV=atrioventricular plane displacement, AV-LA=left atrium displacement.
Significance levels denote significant correlations with age.
*=P<0·05, §=P<0·01, ‡=P<0·001.
Table 4. The explanatory values (R2 adjusted) by
stepwise multiple regression analysis for Doppler
myocardial imaging variables.

Age
%

Haemodynamic
%

Dimensions
%

All variables
%

e 56 34 35 63
a 15 17 10 41
e/a 54 36 31 72
e-DT 0 0 6 17
ivr 32 24 28 40
s 14 11 18 25

Age, haemodynamic parameters (systolic and diastolic blood pres-
sures, heart rate and ejection fraction), dimensions (body surface
area, left atrium diameter, left ventricular diastolic diameter,
ventricular septum thickness and left ventricular mass index) and
all independent variables. For abbreviations see Table 2.
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Table 5. The explanatory values (R2 adjusted) by
stepwise multiple regression analysis for conventional
Doppler echocardiography and atrioventricular plane
displacement variables.

Age
%

Haemodynamic
%

Dimensions
%

All variables
%

E 9 5 7 23
A 53 35 34 64
E/A 54 29 26 71
E-DT 26 7 7 26
IVRT 40 24 19 47
AV-mean 36 22 22 46
AV-LA/mean 63 31 27 69

Age, haemodynamic parameters (systolic and diastolic blood pres-
sure, heart rate and ejection fraction), dimensions (body surface
area, left atrium diameter, left ventricular diastolic diameter,
ventricular septum thickness and left ventricular mass index) and
all independent variables. For abbreviations see Table 3.
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