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Background: Whereas ventricular filling has been extensively studied and debated,
atrial filling is less well characterized. Therefore, the aim of this study was to
quantify atrial filling secured during ventricular diastole and systole, and to inves-
tigate whether atrial filling depends on heart rate (HR) and total heart volume
(THV).
Methods: Thirty-two athletes (16 women) and 32 normal subjects (16 women)
underwent cardiac magnetic resonance imaging. Cardiac volumes and atrioventric-
ular plane displacement (AVPD) were determined. Longitudinal and radial contri-
bution to stroke volume was calculated using planimetry and used to determine
diastolic and systolic atrial filling.
Results: Atrial filling during ventricular diastole was 29 � 10% of the total stroke
volume, and during ventricular systole atrial filling was 68 � 8% of the total
stroke volume. There were no differences between groups of different HR
(P = 0�70 and P = 0�41 for diastolic and systolic filling, respectively) or THV
(P = 0�44 and P = 0�46 for diastolic and systolic filling, respectively). Systolic
atrial filling was strongly correlated to longitudinal ventricular pumping
(R = 0�76, P<0�001).
Conclusion: This study demonstrated that in healthy humans at rest, approximately
30% of the total stroke volume enters the atria during ventricular diastole and
approximately 70% during systole, independent of heart rate (HR) or heart size.
The atria are filled through suction driven by ventricular longitudinal contraction
which aspirates blood from the pulmonary and caval veins. As 70% of the atrial
filling occurs during ventricular emptying, the heart volume remains relatively
constant over the cardiac cycle, which minimizes pulling on surrounding tissues
and therefore optimizes energy expenditure.

Introduction

Ventricular filling has been extensively studied and debated

(Katz, 1930; Brecher, 1958; Lundb€ack, 1986; Courtois et al.,

1988; Yellin et al., 1990; Shmuylovich et al., 2010; Yellin &

Nikolic, 2010), whereas atrial filling is less well characterized.

It has previously been shown that atrial filling is dependent

on HR and heart size (Brecher, 1954; Gauer, 1955; Appleton,

1997). However, these were all animal studies, and to the

best of our knowledge, the effects of heart size and HR on

atrial filling have not yet been studied in humans.

Hamilton and Rompf (Hamilton & Rompf, 1932) suggested

that the atria and ventricles fill reciprocally, and this has later

been confirmed in experimental studies (Hoffman & Ritman,

1985). The atrioventricular coupling has been attributed to

great importance for cardiac pumping efficiency. It is, how-

ever, not perfect as illustrated quantitatively by the total heart

volume variation (THVV) amounting to 5–11% over the car-

diac cycle in healthy subjects (Bowman & Kovacs, 2003;

Carlsson et al., 2004; Waters et al., 2005; Riordan & Kovacs,

2006). The volume of blood leaving the heart is larger than

the volume entering, causing the volume variation of the heart
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(THVV). As shown by Bowman and Kov�acs (Bowman & Kov-

acs, 2004), this ‘volume deficiency’ in the left ventricle is

restored during ventricular diastole by the left atrial conduit

volume from the pulmonary veins. Thus, by determining the

outer volume variation of the left ventricle, the left atrial fill-

ing volume during diastole can be estimated. If this is valid

also for the right heart, then THVV can be used as an estimate

of left and right atrial filling during ventricular diastole.

It has been postulated that the descent of the atrioventricu-

lar plane (AV-plane) drives atrial filling during ventricular sys-

tole when the ventricle contracts and pulls the AV-plane

towards the apex. When dP/dV is below zero, blood is aspi-

rated into the atria from the pulmonary and caval veins. Previ-

ously, the portion of ventricular stroke volume generated by

the AV-plane displacement (AVPD) has been calculated by

multiplying the AVPD by the epicardial border of the ventricle

(Carlsson et al., 2007b). The volume of blood leaving the

heart and the volume entering the heart due to this longitudi-

nal pumping is approximately the same (Hamilton & Rompf,

1932; Hoffman & Ritman, 1985; Lundb€ack, 1986), and there-

fore, atrial filling during systole may also be calculated as

AVPD multiplied by short-axis area.

Cardiac magnetic resonance imaging (CMR) is considered

gold standard for determining cardiac volumes (Bellenger

et al., 2000) and has been used in previous studies of cardiac

pumping mechanics (Bowman & Kovacs, 2004; Carlsson et al.,

2004, 2007a,b; Waters et al., 2005). The purpose of this study

was therefore to use CMR to quantify the volume of blood

entering the left and right atria during ventricular diastole and

systole, respectively, and to see whether these volumes and

hence the atrial filling depend on HR and heart size. A sec-

ondary aim was to investigate differences in these variables

between healthy elite athletes and normal control subjects.

Methods

This study follows the declaration of Helsinki and was

approved by the Regional Ethical Review Board in Lund, Swe-

den. All participants provided written informed consent.

Study population and design

Athletes with high exercise capacity (n = 32, 16 women) and

sedentary healthy subjects (n = 32, 16 women) were included

to ensure a wide range of total heart volume (THV) and rest-

ing HRs. Athletes and controls were matched for age and gen-

der. All subjects underwent CMR imaging at rest and a

maximal exercise test on ergometer cycle. Athletes were active

at elite level in soccer (12 men and 12 women) and handball

(four men and four women). Male soccer players trained

endurance training approximately 5–6 h week�1 and female

soccer players approximately 4–5 h week�1. Male handball

players trained endurance 3–5 h week�1 and female handball

players 2–3 h week�1. Normal subjects trained recreational

sports no more than 2 h week�1.

Cardiac magnetic resonance (CMR)

A 1�5T scanner (Philips Achieva CV, Philips, Best, the Nether-

lands) with a 5-channel cardiac coil was used to scan all subjects

in supine position. Images of the heart were acquired using a

steady-state free-precession (SSFP) sequence with retrospective

ECG triggering (repetition time, 2�8 ms; echo time, 1�4 ms; flip

angle, 60°; spatial resolution, 1�4 9 1�4 mm; temporal resolu-

tion, typically 30 ms; and slice thickness, 8 mm with no slice

gap). After defining the long-axis orientation of the heart,

short-axis images covering the entire heart from the base of the

atria to the apex of the ventricles were obtained. To measure

blood flow in the aorta, ECG-triggered phase-contrast sequences

were acquired (repetition time, 8�6 ms; echo time, 5�3 ms;

velocity encoding, 200 cm s�1; and slice thickness, 8 mm). The

measurement plane was positioned perpendicular to the vessel.

Heart rate was obtained from the ECG during image acquisition.

Volumetric measurements

All measurements were taken using Segment 1�8 (http://seg-

ment.heiberg.se) (Heiberg et al., 2010). Left ventricular mass

(LVM), end-diastolic volume (LVEDV), end-systolic volume

(LVESV) and stroke volume (LVSV) were measured in short-

axis images using manual outlining of the endocardial and

epicardial borders of the LVM. For validation, LVSV was also

determined by measuring aortic blood flow. Right ventricular

end-diastolic volume (RVEDV), end-systolic volume (RVESV)

and stroke volume (RVSV) were measured in short-axis

images by manual delineation of the right ventricular epicar-

dial border. The rationale for using the epicardial borders has

been described, validated and discussed in the previous studies

(Waters et al., 2005; Carlsson et al., 2007b; Ugander et al.,

2010). THV was manually delineated in short-axis images as

previously described (Carlsson et al., 2004).

Atrioventricular plane displacement was determined from

CMR long-axis images as previously described (Carlsson et al.,

2007a). The contribution of atrial contraction to the AVPD was

measured as the distance travelled by the AV-plane from ventric-

ular diastasis during diastole back to the end-diastolic point.

Atrial filling

Atrial filling during ventricular diastole was obtained from radial

pumping and was calculated as the total heart volume variation

(THVV = THVend-diastole � THVend-systole). Systolic atrial filling

was calculated from longitudinal pumping as AVPD multiplied by

short-axis area (AVPD * SA area). As internal control, the results

of diastolic and systolic filling were added, which should make up

for 100% of the total stroke volume (TSV) of the heart.

Exercise test with gas analysis

All athletes and 25 of 32 normal subjects underwent a maxi-

mal exercise test to establish the range of fitness in the study
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population. All tests were performed on an electronically

braked ergometer cycle (Siemens Ergomed 940, Upplands

V€asby, Sweden) with the gas analysis equipment Oxycon

Champion (Jaeger, Hochberg, Germany). Serial VO2 values

were obtained during the exercise test by calculating the aver-

age of all breaths taken during each 10-s period. Male athletes

started at a work rate of 90, 110 or 130 Watts (W) and

female athletes at 70, 90 or 110 W. All test protocols for ath-

letes then increased with 15 W per 30 s. The test protocol for

normal subjects was based on age, weight and self-rated fit-

ness level according to clinical praxis. Protocols were chosen

to yield exercise duration of ~8–12 min (Arena et al., 2007),

and the test continued until exhaustion or until test subjects

could not keep an even pace. Peak oxygen uptake (VO2 peak)

was defined as the highest value reached at the end of exer-

cise.

A 12-lead ECG was acquired before, during and after

exercise. Blood pressure was measured at rest in the supine

position, every 2 min during exercise on the ergometer cycle

sitting in an upright position, and in the supine position at

rest after exercise using a manual sphygmomanometer.

Statistics

To compare large and small, fast and slow hearts, the median

values of THV and HR were used as cut-off values. Median

value was used to avoid any effects of single extreme values

in THV or HR. All analyses were performed using PASW sta-

tistics 20 (IBM, Chicago, IL, USA), and a P-value<0�05 was

considered statistically significant. The Shapiro–Wilk W test

was used to test for normal distribution. As not all variables

were following normal distribution, the Mann–Whitney non-

parametric test was used for comparison between groups.

Nonparametric correlations (Spearman’s rho) were used to

assess relationships between variables.

Results

Study population

Subject characteristics for athletes and normal subjects are

shown in Table 1, and cardiac dimensions and VO2 peak are

presented in Table 2. Groups were also divided according to

Table 1 Subject characteristics.

Male Controls Female Controls Male Athletes Female Athletes

Age 26 � 4 25 � 3 26 � 5 23 � 4
Height (m) 1�80 � 0�06*** 1�70 � 0�07 1�83 � 0�05*** 1�70 � 0�05
Weight (kg) 77 � 9** 66 � 9 81 � 7*** 65 � 7
BSA (m2) 1�97 � 0�13*** 1�76 � 0�12 2�03 � 0�10*** 1�75 � 0�11
HR (bpm) 62 � 10 67 � 10 57 � 4 59 � 10

m, metre; kg, kilogram; BSA, body surface area; HR, resting heart rate; bpm, beats per minute.
*P<0�05 **P<0�01 ***P<0�001 when compared to women of similar fitness level.

Table 2 Peak oxygen uptake, cardiac volumes and left and right atrioventricular plane displacement determined from cardiac magnetic resonance
imaging.

Male Controls Female Controls Male Athletes Female Athletes

VO2 peak (ml min�1 kg�1) 45�1 � 6�1** 36�3 � 6�7 52�7 � 4�4** †† 47�0 � 7�7†††
THV (ml) 840 � 140* 740 � 140 1040 � 90* ††† 780 � 80
THVV (%) 7�9 � 2�5 6�7 � 2�0 8�4 � 3�0 7�8 � 3�2
LVEDV (ml) 190 � 30** 160 � 20 250 � 30*** ††† 180 � 20†

LVSV (ml) 110 � 20* 100 � 10 140 � 10*** †† 100 � 10
RVEDV (ml) 230 � 40*** 180 � 30 280 � 30*** ††† 200 � 30
RVSV (ml) 110 � 20* 100 � 10 130 � 20*** †† 100 � 20
CO/BSA (l min�1 m2) 3�6 � 0�5 3�8 � 0�7 3�9 � 0�4 3�4 � 0�6
LVAVPD (mm) 14�6 � 1�4* 16�0 � 1�8 16�9 � 1�9†† 15�9 � 2�1
RVAVPD (mm) 21�0 � 2�4 22�5 � 2�7 23�2 � 2�8† 21�5 � 2�7
Atrial contribution to LVAVPD (mm) 2�4 � 1�0 2�8 � 1�1 2�6 � 0�7 2�2 � 0�8
Atrial contribution to RVAVPD (mm) 5�7 � 1�6 5�9 � 1�4 6�7 � 1�4** 5�3 � 1�1

VO2peak, peak oxygen uptake; ml, millilitre; min, minute; kg, kilogram; mm, millimetre; THV, total heart volume; THVV, total heart volume var-
iation; LVEDV, left ventricular end-diastolic volume; LVSV, left ventricular stroke volume; RVEDV, right ventricular end-diastolic volume; RVSV,
right ventricular stroke volume; CO/BSA, cardiac index calculated as cardiac output/body surface area; LVAVPD, left ventricular atrioventricular
plane displacement; RVAVPD, right ventricular atrioventricular plane displacement.
*P<0�05 **P<0�01 ***P<0�001 when compared to women of similar fitness level.
†P<0�05 ††P<0�01 †††P<0�001 when compared to gender-matched control subjects.
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HR and THV. Median value for HR in the whole population

was 60 bpm, and this was therefore used as cut-off value

when comparing hearts of different HR. Median value for

THV was 818 ml.

Effects of total heart volume and heart rate

The part of the TSV secured by atrial filling during ventricular

diastole was determined from the THVV as previously described

(Bowman & Kovacs, 2004). For the whole population, diastolic

atrial filling contributed to 29 � 10% of the TSV. There were

no differences in diastolic atrial filling between groups of differ-

ent HR or THV: HR<60 bpm, 30 � 11%; HR>60 bpm, 29 �
10%; THV<818 ml, 28 � 12%; THV>818 ml, 31 � 10%,

P = 0�70 for HR and P = 0�44 for THV (Fig. 1a–d). This also

suggests that large and small hearts with varying HRs all have a

similar radial contribution to the TSV.

Systolic atrial filling was calculated from longitudinal pump-

ing as AVPD multiplied by short-axis area, and for the whole

population, systolic atrial filling was 68 � 8%. For hearts with

HR below 60 bpm, 69 � 8% of the TSV entered the atria dur-

ing ventricular systole. This was similar for hearts with HR

above 60 bpm (68 � 8%, P = 0�41). Furthermore, when

groups were divided for THV, there was no statistically signifi-

cant difference between small or large hearts (68 � 8% for

THV<818 ml and 69 � 8% for THV>818 ml, respectively,

P = 0�46) (Fig. 2a–d). The left and right ventricular longitudinal

contribution to stroke volume was 59 � 8% and 78 � 10%,

respectively, which reflects that the systolic filling is more

prominent in the right ventricle.

Relation between longitudinal pumping and atrial filling

To test the hypothesis that the longitudinal AV-plane move-

ment drives atrial filling, we compared the longitudinal con-

tribution to TSV calculated as AVPD*SA and the TSV minus

the radial contribution (TSV-THVV) (Fig. 3). This strong cor-

relation supports the hypothesis that atrial filling during ven-

tricular systole is driven by the descent of the AV-plane

(R = 0�76, P<0�0001). As internal control, the atrial filling

calculated from AVPD*SA and THVV was added, and together,

they should add up to 100% of the TSV. This analysis was

performed in the whole population, and a variation of

2�3 � 10�8% was found.

The athletes heart versus the normal heart

Atrial filling during ventricular diastole calculated from THVV

did not differ between athletes and normal controls (male ath-

letes, 32 � 11%; male controls, 30 � 10%; female athletes,

30 � 13%; and female controls, 30 � 13%). Furthermore,

there was no difference in atrial systolic filling and total longitu-

dinal pumping between groups (male athletes, 70 � 7%; male

controls, 66 � 6%; female athletes, 71 � 11%; and female

controls, 67 � 7%). When comparing the longitudinal pump-

ing for the left and right ventricle separately, male and female

(a) (b)

(c) (d)

Figure 1 Panel a and b: Correlation between diastolic atrial filling calculated from the total heart volume variation normalized for total stroke vol-
ume (diastolic filling/TSV) and total heart volume when controlled for heart rate. Panel c and d: Correlation between diastolic atrial filling and
heart rate when controlled for total heart volume. There were no correlations between variables indicating that small and large hearts with varying
heart rates have similar atrial filling volumes during ventricular diastole. HR = heart rate, THV = total heart volume, TSV = total stroke volume.
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athletes had a significantly higher longitudinal contribution to

LVSV when compared with male controls (P = 0�002).
The LV and RV short-axis areas were significantly larger in

male athletes when compared with male controls (LV

P<0�0001, RV P<0�05) and female athletes (LV and RV

P<0�0001). Female athletes had larger LV and RV short-axis

areas when compared with female controls (LV P<0�0001, RV
P<0�05), and male controls had larger LV and RV short-axis

areas when compared with female controls (LV and RV

P<0�001). A larger short-axis area for a given AVPD will yield

a larger longitudinal contribution.

Atrial contraction and AVPD

The contribution of atrial contraction to left ventricular atrio-

ventricular plane displacement (LVAVPD) and RVAVPD was

determined in all subjects (Table 2). Atrial contraction caused

15 � 5% of LVAVPD and 26 � 7% of RVAVPD. The right

atrial contribution to RVAVPD (%) was significantly higher

when compared with the left atrial contribution to LVAVPD

(P<0�001) for the whole population.

Inter-observer variability and validation

Twenty-four subjects were included in the inter-observer anal-

ysis. Inter-observer variability was 4�5 � 8�1 ml for LVEDV,

-0�2 � 8�1 ml for LVSV, 14�2 � 15�5 ml for RVEDV and

4�8 � 12�1 ml for RVSV. For LVAVPD, the inter-observer var-

iability was -0�7 � 1�3 mm and for RVAVPD 1�1 � 1�3 mm.

In 26 subjects, LVSV measured from aortic flow was com-

pared to LVSV measured using planimetry, and the difference

was found to be 5�4 � 7�8%.

(a) (b)

(c) (d)

Figure 2 Panel a and b: Correlation between systolic atrial filling calculated as atrioventricular plane displacement multiplied by short-axis area
normalized for total stroke volume (AVPD*SA/TSV) and total heart volume when controlled for heart rate. Panel c and d: Correlation between sys-
tolic atrial filling and heart rate when controlled for total heart volume. There were no correlations between variables indicating that small and
large hearts with varying heart rates have similar atrial filling also when normalized for total stroke volume. THV = total heart volume, TSV = total
stroke volume, HR = heart rate.

Figure 3 The relationship between longitudinal contribution to TSV
calculated as AVPD*SA and the TSV minus the radial contribution
(TSV-THVV) was assessed to test the hypothesis that the longitudinal
AV-plane movement drives atrial filling. This strong correlation sup-
ports the hypothesis that atrial filling during ventricular systole is dri-
ven by the descent of the AV-plane. THVV = total heart volume
variation, TSV = total stroke volume, AVDP = atrioventricular plane
displacement, SA = short-axis area.
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Discussion

Atrial filling during ventricular diastole was shown to secure

approximately 30% of the TSV, and approximately 70% was

secured during ventricular systole. In humans atrial filling dur-

ing diastole and systole was not affected by heart size or HR

although the THV and HR in the study population varied with

a factor of two.

Effects of heart rate and total heart volume

The early results by Gauer (Gauer, 1955) and Brecher (Bre-

cher, 1954) suggested a difference in atrial filling between

small and large hearts with varying HR. However, these were

animal studies, and in the study by Gauer, the differences in

THV were achieved under non-physiological conditions

where centrifugal forces were used to cause excessive blood

pooling and decrease venous return. In contrast, the present

study found no differences between hearts of different size in

atrial filling volumes during ventricular systole or diastole

when physiological conditions were maintained. Appleton

(Appleton, 1997) showed unchanged early systolic pulmo-

nary vein velocities at HR from 60 to 80 bpm, but signifi-

cantly increased velocities at 100 and 120 bpm. In the

present study, HR ranged from 42 to 92 bpm, which accord-

ing to the results by Appleton (Appleton, 1997) may be a

too small range or low frequencies to show differences in

atrial filling. However, the present results are in line with

previous studies (Chung et al., 2004; Chung & Kovacs, 2006)

showing that the duration, peak and velocity time integral of

the E-wave determined by echocardiography are essentially

HR independent. The atrial conduit volume, here measured as

THVV and defined as diastolic atrial filling, is a part of the

E-wave, and hence, if the E-wave is unaffected by increased

HR, atrial filling volumes during diastole may also be HR

independent. To further explore the effects of HR, future

studies of atrial filling should be performed during exercise

or pharmacological stress to obtain a larger range in HR in

the study population.

Ventricular contraction drives atrial filling

It has been postulated that atrial filling is driven by longitudi-

nal ventricular contraction (Hamilton & Rompf, 1932; Bow-

man & Kovacs, 2004; Carlsson et al., 2007a). To test this

hypothesis, longitudinal contribution to SV determined from

AVPD multiplied by short-axis area was plotted against the

TSV minus radial contribution to SV determined from THVV

(Fig. 3). A strong correlation was shown between variables,

supporting the hypothesis that the longitudinal movement of

the AV-plane causing ventricular ejection simultaneously con-

tributes to atrial filling during ventricular systole. When the

AV-plane is displaced apically during ventricular systole, dP/

dV is below zero and blood is aspirated into the atria from

the pulmonary and caval veins. Echocardiographic studies have

shown AVPD to increase during exercise (Slordahl et al., 2004;

Sundstedt et al., 2008), suggesting an increased longitudinal

contribution and a greater systolic atrial filling at higher HR.

A greater systolic atrial filling decreases the outer volume

change of the heart and synchronizes in- and outflow

(Lundb€ack, 1986), which may make the heart more energy

efficient.

Athletes heart versus the normal heart

There were no differences between athletes and normal sub-

jects for atrial filling or longitudinal and radial contribution

to SV, except for left ventricular longitudinal pumping in

men. Male athletes had a larger LVSV and a larger longitudi-

nal contribution to LVSV compared with normal subjects,

which is explained by the higher AVPD seen in this popula-

tion of male athletes. A higher AVPD at rest in athletes com-

pared with normal subjects was also shown by Carlh€all et al.

(Carlhall et al., 2001). However, for the female athletes of the

present study and in other previous studies (Slordahl et al.,

2004; Carlsson et al., 2007b), there were no differences in

AVPD between athletes and normal subjects at rest. Carlsson

et al. (Carlsson et al., 2012) showed that cardiac index (CO/

BSA) does not differ between athletes and normal subjects

and therefore, for a given HR the indexed SV is similar

between athletes and controls. These results are confirmed in

the present study, and due to the higher LVSV in male ath-

letes, cardiac index was slightly but not significantly increased

in this group.

Atrioventricular plane displacement

The mitral and tricuspid valves oscillate relative to the diastatic

volume (Shmuylovich et al., 2010), and therefore, the atrial

contribution to the AVPD was measured as the distance trav-

elled from ventricular diastasis to end-diastole. Atrial contribu-

tion to the AVPD and the total AVPD was shown to be larger

on the right side of the heart compared with the left, which

may be explained by differences in the myocardial wall of the

ventricles. One reason to the larger right atrial kick could be

that atrial muscle mass differs between the right and left side;

however, this is not likely. Three of the four cardiac chambers

are volume pumps, and only the LV is a combined volume

and pressure pump. This is reflected by the fibre orientation

of the ventricles where the right ventricle has mainly a longi-

tudinal fibre orientation causing longitudinal pumping whilst

the LV also has a thick middle layer forming a more circular

pattern (Sanchez-Quintana et al., 1996) contributing to radial

pumping. This difference in fibre orientation results in a lar-

ger displacement of the tricuspid valve compared with the

mitral valve and makes the RV the dominant volume pump.

Finally, the thick left ventricular wall contains more titin

which gives higher elastic recoil and a larger E-wave, thus

leaving less blood available for the A-wave on the left side

(Carlsson et al., 2011).
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Limitations

The results of the present study should be viewed in the light

of some limitations. The radial contribution to the TSV was

assumed to contribute to the major part of THVV, and there-

fore, THVV was used as an estimate of radial contribution to

TSV. However, the method to determine radial contribution

has previously been validated (Carlsson et al., 2007a), and

there were no significant differences between THVV and the

radial contribution to TSV. Blood flow was not measured in

the pulmonary and caval veins in the present study. This has

been done in a previous study (Carlsson et al., 2004) and

agrees with the results of this study. The present study was

performed using a protocol which allows for a quick and easy

estimation of atrial filling without the need of several flow

measurements that would increase the scanning time.

Conclusion

This study has demonstrated that in healthy humans at rest,

atrial filling during ventricular systole secures approximately

70% of the TSV, independent of HR or heart size or differ-

ences in fitness level. The atria are filled through suction dri-

ven by ventricular longitudinal contraction which aspirates

blood from the pulmonary and caval veins. As 70% of the

atrial filling occurs during ventricular emptying, the heart vol-

ume remains relatively constant over the cardiac cycle, which

minimizes pulling on surrounding tissues and optimizes

energy expenditure.
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