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Effects of Aging on Left Atrioventricular Coupling and Left
Ventricular Filling Assessed Using Cardiac Magnetic Resonance

Imaging in Healthy Subjects

Tjeerd Germans, MDa,c,*, Marco J.W. Götte, MD, PhDa, Robin Nijveldt, MDa,c,
Marieke D. Spreeuwenberg, MScb, Aernout M. Beek, MDa, Jean G.F. Bronzwaer, MD, PhDa,

Cees A. Visser, MD, PhDa,c, Walter J. Paulus, MD, PhDa, and Albert C. van Rossum, MD, PhDa,c

Left ventricular (LV) filling results from diastolic suction of the left ventricle and passive
left atrial (LA) emptying at early diastole and LA contraction at end-diastole. Effects of
aging on LA and LV geometric characteristics and function and its consequences for LV
filling are incompletely understood. Insight into these effects may increase the understand-
ing of diastolic function. Cardiac magnetic resonance imaging was used to study effects of
aging on left atrioventricular coupling and LV filling. Forty healthy volunteers underwent
cardiac magnetic resonance imaging and were subdivided into 2 age groups of 20 to 40
(younger group) and 40 to 65 years (older group). For the older group, LA volumes were
larger (p <0.05) and LV volumes, including stroke volumes, were smaller (p <0.05),
whereas ejection fraction remained constant. LA/LV volume ratios were larger (0.27 � 0.06
vs 0.19 � 0.03; p <0.001) and correlated with LV mass–volume ratio (r � 0.42, p <0.01).
The older group also had lower LA passive emptying (15 � 3.0 vs 19 � 4.8 ml/m2; p <0.05)
and higher LA active emptying volumes (13 � 3.1 vs 11 � 3.9 ml/m2; p <0.05). For both
groups, conduit volume contributed most to LV filling, but was lower in the older group
(21 � 5.1 vs 27 � 9.0 ml; p <0.05). In conclusion, changes in LA volume and function were
age dependent and related to changes in LV mass–volume ratio. Conduit volume contrib-
uted most to LV filling and decreased with age, suggesting it to be an indicator of diastolic

function. © 2007 Elsevier Inc. All rights reserved. (Am J Cardiol 2007;100:122–127)
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ith aging, left atrial (LA) volume and function and filling
f the left ventricle change.1–3 However, it is currently
ncompletely understood whether these age-dependent
hanges in LA volume and function result from isolated
lterations in LA physiologic properties or altered left atrio-
entricular coupling. Understanding these interactions and
heir age dependency may lead to increased insight into the
echanical aspects of diastolic function of the heart and

ossibly improve the evaluation of diastolic dysfunction.
ardiac magnetic resonance (CMR) imaging has high spa-

ial and temporal resolution and can be used to accurately
easure LA and left ventricular (LV) volumes and LV
ass.4–6 Therefore, we used CMR imaging to study age-

ependent changes in left atrioventricular coupling and LV
lling.

ethods
Study population: Subjects were recruited from health

are workers in our institute. Subjects had to be nonsmoking
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nd free of pulmonary and cardiovascular disease, diabetes
ellitus, and/or hypertension (defined as systolic blood

ressure �160 mm Hg and/or diastolic blood pressure
90 mm Hg). Subjects with a body mass index �30

g/m2, heart murmur, and/or abnormal electrocardiogram
ere excluded. Subjects with a heart rate �50 or �80
eats/min during image acquisition were excluded from
nalysis to minimize effects of heart rate variability.4 The
tudy population was subdivided into 2 age groups of 20 to
0 (younger group) and 40 to 65 years (older group). The
tudy conformed to the principles outlined in the Declara-
ion of Helsinki and was approved by the institutional re-
iew committee. Written informed consent was obtained
rom subjects.

CMR image acquisition: CMR studies were performed
n a 1.5-Tesla whole-body scanner (Magnetom Sonata, Sie-
ens, Erlangen, Germany) using a 6-channel phased-array

ody coil.
After survey scans, a retrotriggered, balanced, steady-

tate, free-precession, gradient-echo sequence was used for
ine imaging. Image parameters were slice thickness 5 mm,
lice gap 5 mm, temporal resolution �50 ms, repetition time
.2 ms, echo time 1.54 ms, flip angle 60°, and typical image
esolution of 1.3 * 1.6 mm. The number of phases within the
ardiac cycle was set at 20. After 4-, 3-, and 2-chamber view
ines were obtained, a stack of 6 to 10 transversely oriented
lices was planned on an end-diastolic 2-chamber view at

he level of the lower leading edge of the mitral valve
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123Miscellaneous/Aging Effects on Left Atrioventricular Coupling
nnulus to cover the left atrium (Figure 1).7 Then a stack
f 10 to 12 short-axis slices was acquired for full coverage
f the left ventricle. The method of planning the image
cquisition for LV coverage was described previously.8
ine images were acquired during 1 breath hold in mild

igure 2. LA and LV time-volume curves show that total left-sided cardiac
olume deviates from its constant volume state during systole and is
estored by the generation of conduit volume during early diastole. The
assive motion of the left atrium from B to C, the active contraction of the
eft atrium from D to A, and conduit volume together account for LV
lling. *Isovolumetric relaxation period. A � minimum LA volume; B �
aximum LA volume; C � LA volume at diastasis; D � LA volume

efore atrial contraction; E � LV end-diastolic volume; F � LV end-
ystolic volume.

igure 1. Planning of image planes. (A) Planning of transverse left atrial
mages from top to bottom. Contour drawing of left atrium on transverse i
olume measurement, (D-F) straight line between leading edges of the mit
A � left atrium; LAA � left atrial appendage; LV � left ventricle; PT �
entricle; RVOT � right ventricular outflow tract; SVC � superior vena
xpiration. f
Image after processing: Images were analyzed offline
sing MASS analysis software (Medis, Leiden, The Neth-
rlands). For LA volume analysis, endocardial contours
ere manually drawn on all LA data sets in every phase of

he cardiac cycle. The LA appendix was included in LA
olume, and pulmonary veins were excluded. A straight line
as drawn between leading edges of the mitral valve annu-

us to delineate the left atrium and left ventricle (Figure 1).
A volume was calculated using summation of LA areas
n transverse image planes multiplied by slice distance.
or LV volume analysis, epi- and endocardial contours
ere manually drawn on all end-diastolic and end-sys-

olic LV short-axis images. LV mass was automatically
alculated using epi- and endocardial contours.9 Papillary
uscles were excluded from LV volume and included in
V mass.

Analysis of LA and LV volumes: From LA data sets,
inimum LA volume, maximum LA volume, LA volume at

iastasis, and LA volume before atrial contraction were
etermined (Figure 2). LV end-diastolic and LV end-sys-
olic volumes were determined from the end-diastolic and
nd-systolic LV contours. Also, LV mass–volume ratio was
alculated by dividing LV end-diastolic mass by LV end-
iastolic volume. The latter may serve as a marker for
iastolic function.10 From LA and LV volumes, LA reser-
oir volume, LA passive emptying volume, LA active emp-
ying volume, LA ejection function, conduit volume, LV
jection fraction, and LV stroke volume were calculated
Table 1).

Total left-sided cardiac volume was calculated at end-
iastole and end-systole (Table 1), and maximum deviation
rom the constant volume state of the left heart was derived

n 2-chamber view in end-systole. (B-F) Dotted lines indicate cut lines of
(B, C) Pulmonary veins denoted by asterisks and excluded from left atrial
e annulus delineates the left atrial and left ventricular border. Ao � aorta;
ary trunk; RA � right atrium; RAA � right atrial appendage; RV � right
cines o
mages.
ral valv
pulmon
rom these volumes. Also, end-diastolic and end-systolic
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atios of LA/LV volume ratios and the extent to which LA
assive emptying, LA active emptying, and conduit volume
ontribute to filling of the left ventricle were calculated by
ividing these volumes by LV end-diastolic volume and
ultiplying by 100%. Volumes were normalized to body

urface area. Of note, in some reports, the decrease in LA
olume during early diastole was called LA reservoir vol-
me.5,11 In the present study, we used the term LA reservoir
olume to describe the increase in LA volume during sys-
ole when the left atrium serves as a reservoir for blood from
he pulmonary veins.

Statistical analysis: Based on previous studies of LA
olumes and function with CMR imaging, a sample size for
ach group of 17 subjects was calculated to have a power of
0% to detect a 25% change in LA volume, with a 2-sided
of 0.05. We assumed that 10% of acquired data sets were

ot analyzable. To maintain power of 80%, the sample size
f each age group was set at 20 subjects. Normally distrib-
ted continuous variables were presented as mean � SD. A
imple log transformation was performed when variables
ere not normally distributed, determined using a Kolmog-
rov-Smirnov test of normality. An independent unpaired
tudent’s t test was used to compare LA and LV volumes
nd function and total left-sided cardiac volumes between
he 2 age groups. Pearson’s correlation test was used to
dentify correlations of LA function and LA/LV ratio with
V mass–volume ratio. Partial correlation was used to con-

rol correlations for gender. Analysis was performed using
PSS (SPSS Inc., Chicago, Illinois) for Windows 12.0.1
Microsoft Corp., Redmond, Washington). Results were

able 2
aseline characteristics

ariable Age Group (yrs)

20–40
(n � 19)

40–65
(n � 19)

ean age (yrs) 29 � 5 51 � 6*
an-woman ratio 11/8 10/9
ody mass index (kg/m2) 22.6 � 1.7 23.9 � 2.8
ystolic blood pressure (mm Hg) 124 � 10 121 � 14
iastolic blood pressure (mm Hg) 72 � 6 70 � 8
eart rate (beats/min) 71 � 11 69 � 9
ardiac index (L/m2) 4.8 � 0.7 3.6 � 0.6

* p �0.001 versus baseline.

able 1
alculation of left atrial (LA) and left ventricular (LV) volumes and func

A and LV volumes and function

A reservoir volume
A passive emptying volume
A active emptying volume
A ejection function
onduit volume ejection fraction
V ejection fraction
V stroke volume
otal left-sided cardiac volume
aximum deviation from the constant volume state
onsidered statistically significant for p values �0.05. m
esults

total of 40 subjects were recruited, 20 in the younger
roup (11 men; mean age 29 � 5 years) and 20 in the older
roup (12 men; mean age 51 � 6 years). In both groups, 1
ata set was not analyzable because of heart rates that
xceeded limits. Thus, 19 subjects in each age group were
nalyzed. Body mass index, blood pressure, and heart rate
ere similar between groups (Table 2). Minimum LA vol-
me was larger in the older group (22 � 4.4 vs 18 �
.5 ml/m2; p �0.01), and maximum LA volume tended to
e larger in the older group (50 � 6.7 vs 47 � 9.3 ml/m2;
igure 3). LA passive emptying volume was smaller
p �0.05) and LA active emptying volume was larger
p �0.05) in the older group, whereas LA ejection function
emained unchanged (Table 3). Also, conduit volume was
maller in the older group (p �0.05). LV end-diastolic and
nd-systolic volumes were smaller in the older group (83 �
2 vs 96 � 15 ml/m2; p �0.05; and 33 � 7.0 vs 40 �
ml/m2; p �0.05, respectively; Figure 3), whereas LV mass
as similar. As a result, LV mass–volume ratio was signif-

cantly larger in the older group in men (0.7 � 0.14 vs 0.6 �
.07 g/ml; p �0.05), but not in women (0.5 � 0.08 vs 0.5 �
.05 g/ml; Figure 3). Partial correlation showed that LV
ass–volume ratio positively correlated with age (r � 0.35,
�0.05) when controlling for gender. With bivariate cor-

elation analysis, LA passive emptying volume correlated
ith LV mass–volume ratio (r � �0.41, p �0.05) and

onduit volume correlated with LV ejection fraction (r �
.35, p �0.05).

Total left-sided cardiac volumes were similar in both age
roups; however, total left-sided cardiac volumes of the
lder group tended to be smaller (end-diastolic volumes
05 � 13 vs 115 � 18 ml/m2; end-systolic volumes 83 �
2.1 vs 86 � 14.3 ml/m2; p � NS). However, maximum
eviation from the constant state of the left heart was
maller in the older group (12 � 2.9 vs 15 � 4.5 ml/m2;
�0.05; Figure 3), in line with the smaller conduit volume.
atios of LA/LV volumes in end-diastole and end-systole
ere larger in the older group (p �0.001) and correlated
ith LV mass–volume ratio (r � 0.42, p �0.01).
In both groups, conduit volume contributed most to LV

lling (47 � 11.6% in the younger group, 43 � 6.6% in the
lder group; p � NS; Figure 3). Although passive emptying
olume was smaller in the older group, the contribution of
A passive emptying to filling of the left ventricle was

Equation

Maximum LA volume � minimum LA volume
Maximum LA volume � middiastolic LA plateau volume
LA volume before contraction � minimum LA volume
(LA active emptying volume/LA volume before contraction)� 100%
LV stroke volume � LA reservoir volume
(LV stroke volume/LV end-diastolic volume)� 100%
LV end-diastolic volume � LV end-systolic volume
LA � LV volume
End-diastolic � end-systolic total left-sided cardiac volume
tion
aintained (31 � 5.5% vs 34 � 8.6%; p � NS). The

wenwanzhou
Highlight

wenwanzhou
Highlight



c
l
1

D

T
L

L
m
a
i
c
u

w
l
d
t
i
o
d
p
c
p
t
m
p
i
a
t
n
p
e

T
L
t

V

L
L
L
L
C
L
L
L
L
E
E

F
(
c
a
f
e

125Miscellaneous/Aging Effects on Left Atrioventricular Coupling
ontribution of LA active emptying volume to filling of the
eft ventricle was larger in the older group (27 � 5.9% vs
9 � 5.2%; p �0.001; Figure 3).

iscussion

his is the first study to show that age-dependent changes in

able 3
eft atrial (LA) and left ventricular (LV) volumes and function indexed

o body surface area

ariable Age Group (yrs)

20–40
(n � 19)

40–65
(n � 19)

A reservoir volume (ml/m2) 29 � 6.7 28 � 3.7
A passive emptying volume (ml/m2) 19 � 4.8 15 � 3.0*
A active emptying volume (ml/m2) 11 � 3.9 13 � 3.1*
A ejection function (%) 37 � 7.3 38 � 5.8
onduit volume (ml/m2) 27 � 9.0 21 � 5.1*
V stroke volume (ml/m2) 57 � 10 50 � 6.5*
V ejection fraction (%) 59 � 5.0 60 � 5.1
V mass (g/m2) 59 � 15 53 � 12
V mass-volume ratio 0.6 � 0.09 0.6 � 0.11
nd-diastolic left atrium/LV ratio 0.2 � 0.03 0.3 � 0.06†

nd-systolic left atrium/LV ratio 1.2 � 0.31 1.6 � 0.29†

* p �0.05 versus age group 20 to 40 years.
† p �0.001 versus age group 20 to 40 years.

igure 3. Effect of age on volume, function. and LV mass–volume ratio. (A
B) LV volumes are significantly lower in the older group. (C) LV ma
ontribution of passive emptying and conduit tend to be lower in the o
trium to filling of the left ventricle. LVED � LV volume at end-dias
rom the constant state of the left heart; TLHED � total left-sided c
nd-systole,. �p �0.05; †p �0.001.
A volume and function are strongly related to changes in e
V volume and LV mass–volume ratio, the latter being a
arker of diastolic function.10 The age-dependent alter-

tions in LA volumes and function found in this CMR
maging study complied with results from previous echo-
ardiographic studies of age-dependent changes in LA vol-
me and function.1,3,12

We found that although total left-sided cardiac volume
as preserved, the ratio between LA and LV volumes was

arger in the older group because of increased LA and
ecreased LV volumes. These changes can be explained by
he observed increase in LV mass–volume ratio, which is
n line with the age-dependent myocardial alterations that
ccur on a cellular level; the number of cardiomyocytes
ecreases and remaining cardiomyocytes become hypertro-
hied.13,14 The hypertrophy of the remaining cardiomyo-
ytes and increase in LV mass–volume ratio is probably a
hysiologic response of the heart to increased vascular af-
erload caused by arterial stiffening.15 The increased LV

ass–volume ratio subsequently results in decreased com-
liance of the left ventricle,10 which may lead to a gradual
ncrease in LA pressure. In response, the left atrium may
dapt by dilation, thereby restoring both LA pressure and
otal left-sided cardiac volume. Although serial simulta-
eous measurements of both LA and LV volumes and
ressures are necessary to verify this hypothesis, it may
xplain why LA pressures were found to be normal in the

um LA volumes and LA volumes at diastasis are larger in the older group.
me ratio is larger in men in the older group, but not women. (D) The
oup, resulting in increased contribution of active emptying of the left
ES � LV volume at end-systole, MAX DEV � maximum deviation

volume at end-diastole, TLHES � total left-sided cardiac volume at
) Minim
ss–volu
lder gr

tole; LV
ardiac
lderly, as reported by Prasad et al.16
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In addition, our results showed that aging affected left
trioventricular coupling throughout the entire cardiac cy-
le. During systole, the amount of blood injected into the
orta was larger than the amount that entered the left atrium,
ielding a volumetric deficit in total left-sided cardiac vol-
me (Figure 2). In the elder population, the maximum
eviation in the constant volume state of the heart decreased
ecause of smaller LV volumes. The smaller LV volume
esulted in smaller motion of the mitral valve annulus plane
n early diastole and thereby contributed to smaller LA
assive emptying volume and smaller E wave on mitral
alve inflow pattern in the elder population, which reflected
smaller amount of blood flowing from the left atrium into

he left ventricle.17–19 Also in early diastole, blood flowed
imultaneously from the pulmonary veins into the left
trium, reflected by the D wave on pulmonary venous flow
attern, and restored total left-sided cardiac volume and
enerated conduit volume (Figure 2), as previously reported
y Bowman and Kovacs.11 In the older group, we found that
oth LA passive emptying and conduit volume decreased,
hich led to increased importance of LA contraction to
lling of the left ventricle, implying that diastolic properties
f the left ventricle decreased. Although we did not measure
V distensibility in this study, this in is line with the

ncreased LV mass–volume ratio found in the older group.
Conduit volume was the net result of diastolic properties

f the left ventircle, such as elastic recoil and LV distensi-
ility, and existing pressure gradient between the pulmo-
ary veins and LV cavity. In this study, conduit volume was
ot strongly affected by LV mass–volume ratio in the pres-
nce of presumed normal pulmonary venous pressures.
owever, when a pathologic increase in LV mass–volume

atio occurred, as in patients with hypertrophic cardiomy-
pathy, aortic stenosis, or hypertensive heart disease, con-
uit volume may have increasingly become dependent on
he existing pressure gradient between the pulmonary veins
nd LV cavity. Then conduit volume may have decreased
nd thus LV filling increasingly became dependent on LA
ontraction. This may have led to increased exercise intol-
rance and symptomatic atrial fibrillation. However, to con-
rm this, LA and LV volumes and function must be eval-
ated under physiologic exercise conditions.

Absolute maximum LA volume was not strongly af-
ected by aging, in line with previous reports.3,4 When
athophysiologic changes of the heart occurred and, in
articular, if LV filling was severely impaired, absolute
aximum LA volume increased and as such was a strong

rognostic marker for adverse outcome.20–22

Maximum age in our population was 63 years. Many
ardiac diseases occur in older populations. Therefore, ad-
itional research is necessary to obtain reference CMR
alues of ratios of LA/LV volumes and total left-sided
ardiac volumes in older age groups. This study was pow-
red to identify differences in LA and LV volumes; how-
ver, a limited sample size may have caused type 2 errors in
he evaluation of function. No invasive or other noninvasive
iastolic parameters were used to investigate the role of
ltered diastolic LV function on age-dependent alterations
n LA and LV volumes and total left-sided cardiac volumes.

Because of tomographic qualities of CMR imaging, no

eometric assumptions were required to measure LA vol-
mes and allowed inclusion of the LA appendage into the
olume measurement. As a result, the “true” LA volumes
sed in this study were larger than the reference values
btained using echocardiography and showed that changes
n LA volumes and function were age dependent and related
o changes in LV volumes and LV mass–volume ratio.
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