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Abstract Training induces changes in cardiac structure

and function which improves cardiac output (CO) and

oxygen delivery during exercise. It is unclear whether it is

cardiac structure or function which is of greatest importance

in determining maximal oxygen consumption (VO2max). In

55 subjects (15 non-athletes, 32 amateur and 8 elite ath-

letes), left and right ventricular (LV and RV) volumes and

mass were assessed by magnetic resonance imaging

(CMR). Comprehensive traditional and novel echocardio-

graphic measures included colour-coded Doppler echocar-

diography to assess myocardial velocities, strain and strain

rate at rest and maximal exercise in both ventricles. Mea-

sures of cardiac size and function were assessed as uni-

variate and multivariate predictors of VO2max. LV and RV

mass correlated strongly with VO2max (r = 0.79 and

r = 0.65, respectively, p \ 0.0001), as did LV and RV end-

diastolic volumes (r = 0.68 and r = 0.75, p \ 0.0001) and

heart rate reserve (r = 0.60, p \ 0.0001). Measures of

myocardial function were not predictive of VO2max with the

exception of RV diastolic velocities (r = 0.32 and r = 0.36

for rest and exercise, respectively, p \ 0.05). On multi-

variate analysis, only RV end-diastolic volume, LV mass

and heart rate reserve were independent predictors

(beta = 0.28, 0.45 and 0.27 respectively, p \ 0.0001) and

together explained 73% of the variance in VO2max. Mea-

sures of cardiac morphology are strongly associated with

VO2max in healthy adults and well-trained athletes. A

combination of ventricular volume, mass and heart rate

reserve explains much of the variance in VO2max, whilst

measures of myocardial function do not further strengthen

predictive models.
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Introduction

The supply and use of oxygen to working muscles con-

stitutes a major determinant of exercise capacity. Although

maximal oxygen consumption (VO2max) is determined by

several inter-dependent central and peripheral factors,

cardiac output explains as much as 70–85% of the variance

in VO2max (Bassett and Howley 2000; Ekblom and

Hermansen 1968). However, the degree to which cardiac

morphology and/or function enhance cardiac output during

exercise is incompletely defined.

Cardiac stroke volume is determined by two inter-related

factors—ventricular size and function. Habitual exercise

induces cardiac remodelling such that the volumes of all

four cardiac chambers are enlarged in well-trained athletes

(la Gerche et al. 2011; Pluim et al. 1998; Scharhag et al.

2002), thus providing a structural means by which cardiac

output may be enhanced. In addition, there is some evidence
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Department of Cardiovascular Medicine,

University Hospital, University of Leuven, Leuven, Belgium

A. J. Taylor

Alfred Hospital and Baker IDI Heart and Diabetes Institute,

Melbourne, Australia

123

Eur J Appl Physiol (2012) 112:2139–2147

DOI 10.1007/s00421-011-2184-9



indicating that physical training may improve diastolic and

systolic function thus enabling greater filling and emptying

of the left ventricle (Caso et al. 2002; Levine et al. 1991;

Zoncu et al. 2002). During exercise, enhancement of the

inotropic and lusitropic properties of the myocardium result

in augmentation of stroke volume (Rowland 2008). How-

ever, there is limited and conflicting evidence as to whether

exercise-induced augmentation in myocardial properties is

enhanced with athletic training (D’Andrea et al. 2001;

Vinereanu et al. 2002).

Multiple techniques are available for the assessment of

myocardial structure and function. Cardiac magnetic res-

onance imaging (CMR) provides the most accurate and

reproducible measures of cardiac volumes and mass

(Grothues et al. 2004), but has limited application in the

study of exercise due to its relatively poor temporal reso-

lution and exquisite sensitivity to movement artefacts. The

excellent temporal resolution of echocardiography, on the

other hand, enables evaluation of hemodynamics and

myocardial motion during exercise (la Gerche et al. 2009).

Tissue Doppler echocardiography can be employed to

evaluate the velocity of myocardial contraction and relax-

ation, whilst comparison of velocity gradients within a

region of myocardium can be used to determine deforma-

tion (strain) and deformation rate (strain rate), both at rest

and during exercise. These latter techniques offer advan-

tages in that they are less affected by the differences in

cardiac geometry which confound the assessment of

myocardial motion in athletes (Krieg et al. 2007; Pela et al.

2004).

We aimed to describe cardiac morphology and function

at rest and during exercise, utilising the strengths of mul-

tiple imaging techniques. Healthy athletic and non-athletic

subjects underwent comprehensive CMR, stress echocar-

diography and cardiopulmonary testing with the hypothesis

that variance in VO2max would be best predicted by a

combination of both structural and functional cardiac

measures.

Methods

Subjects

Fifty-five subjects volunteered to participate in the study.

Of these, 40 (36 male, 4 female) were endurance athletes (8

professional and 32 amateur) engaged in training

(16 ± 5 h/week for 10 ± 9 years) for triathlon (n = 24),

cycling (n = 10) or marathon (n = 6) competition. The

remaining 15 subjects (13 male, 2 female) were healthy

non-athletes engaged in some regular leisure exercise

activity (less than 3 h of mild to moderate intensity). All

subjects were free of cardiac risk factors or symptoms and

none were taking regular medications. Written informed

consent was obtained and the protocol was approved by the

St Vincent’s Hospital Human Research Ethics Committee.

Subjects underwent three testing sessions: cardiopul-

monary exercise testing, CMR and echocardiography. All

testing was completed within 1 week and each test was

separated by at least 24 h.

Cardiopulmonary testing

Cardiopulmonary testing for VO2max quantification was

performed on an upright cycle ergometer (ER900 and

Oxycon Alpha, Jaeger, Germany) using an incremental

protocol commencing at 50 W and increasing progres-

sively (12.5 W/min) until exhaustion. Breath-by-breath

analysis of the volume and concentration of expired

gases was achieved using an automated system with a

paramagnetic oxygen analyzer and an infrared carbon

dioxide analyzer following calibration against a stan-

dardized gas solution. Eight of the subjects had previ-

ously undergone VO2max testing but none within the

preceding 3 years. Subjects were encouraged to maximal

exercise and this was confirmed by exercise beyond

anaerobic threshold as determined using dual criteria for

gas exchange inflection points as per guideline recom-

mendations (Weisman 2003). Mean arterial pressure

(MAP) was measured throughout exercise via a 22G

radial artery catheter (Arrow Intl, Durham, NC, USA)

with continuous pressure transduction monitoring

(SpaceLabs, Inc. Redmond, Washington).

Cardiac morphology and function

Cardiac magnetic resonance imaging (CMR) was per-

formed on a 1.5-T scanner (Signa Excite, GE Healthcare,

WI, USA) using a dedicated cardiac coil and electrocar-

diographic gating with the subject lying supine. Our

methods for image acquisition, analysis and observer vari-

ability have been described previously (la Gerche et al.

2011). Briefly, cine imaging was used to obtain a contigu-

ous short axis stack (10 mm slice thickness, no gaps) cov-

ering the left and right ventricles (LV and RV, respectively)

during multiple inspiratory breath-holds. Endo- and epi-

cardial borders were manually traced to quantify volumes at

end-diastole and end-systole (EDV and ESV, respectively)

with the difference representing stroke volume (SV).

Ejection fraction (EF%) was calculated as SV/EDV. Myo-

cardial mass was determined from myocardial volumes

(epi-minus endocardial volumes) after multiplication by the

specific density of myocardium (1.05 g/cm3).

Real-time echocardiography was performed on a cycle

ergometer (Lode, Groningen, Netherlands) at rest and

during the same incremental exercise protocol as used for
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cardiopulmonary testing. The subject was semi-supine at

45� with approximately 30� of left-lateral tilt to enhance

image acquisition.

Echocardiographic measures were obtained using a

Vivid 7 Dimension echocardiograph (GE, Norway) and

stored for offline analysis (Echopac v.108, GE, Norway).

LV interventricular septal thickness (IVSd), posterior wall

thickness (LVPWd) and end-diastolic diameter (LVIDd)

were measured from M-mode images acquired from a

parasternal long-axis view and LV mass was determined by

the Devereux formula (Devereux 1987): LV mass (g) =

0.8 * {1.04[(IVSd ? LVPWd ? LVIDd)3 - (LVIDd)3]}

? 0.6 g. Atrial areas were analyzed from 2D 4-chamber

apical images. LV volumes were determined from a sin-

gle plane (4-chamber) to enable consistency between rest

and exercise measures. RV area in diastole (RVAd) and

systole (RVAs) was also analysed from the 4-chamber

and RV fractional area change (RVFAC) was calculated

as (RVAd–RVAs)/RVAd. During exercise, pulmonary

artery systolic pressure and stroke volume (SVDopp)

were obtained every 2 min. Systolic pulmonary artery

pressure (sPAP) was calculated from maximal tricuspid

regurgitant velocities with colloid-contrast enhancement

and mean pulmonary artery pressure (mPAP) was cal-

culated as 0.6 9 sPAP ? 2, as previously described

(Chemla et al. 2004). All cardiac dimensions, volumes

and areas were indexed to BSA. Both CMR and

echocardiographic measures of cardiac structure are

reported so that measures that have previously been

shown to correlate with VO2max could be compared

within the same population.

Myocardial velocities, strain and strain rate were

analyzed from colour-encoded tissue Doppler images

acquired at high frame rates ([120 frames/s). For the LV

a 10 9 4 mm region of interest (ROI) and for the RV a

10 9 3 mm ROI was placed in the base, mid and apical

walls. An off-set distance of 12 mm was used for strain

and strain rate of both ventricles. The ROI was manually

tracked throughout the cardiac cycle to follow myocar-

dial motion. Segments were excluded if there were

reverberation artefacts, drop out or deviation of inson-

ation angle [20%. The maximal strain for each segment

was recorded as was the maximal systolic and early

diastolic strain rate (SRs and SRe, respectively). Peak

strain and strain rate values quoted are the average of all

segmental values (i.e. ‘global values’), and results were

only included if all segments could be analysed. Velocity

time plots for the basal segment ROI were then analyzed

and the myocardial acceleration during isovolumic con-

traction (IVA), peak systolic velocity (s0) and early

diastolic velocity (e0) were recorded. An example of this

methodology at rest and exercise is demonstrated in

Fig. 1.

Statistical analysis

Baseline and peak exercise values were compared using a

paired t test. Multiple linear regression analyses using a

backward stepwise method were performed to identify

independent predictors of VO2max. A tolerance of[0.5 was

set to avoid further multicollinearity between univariate

predictors and only CMR measures of cardiac morphology

were included in the multivariate analysis because of their

strong correlation with corresponding echocardiographic

measures.

All values are expressed as mean ± SD and p \ 0.05

was considered significant. Statistical analysis was per-

formed using SPSS v.16.0 software.

Results

Baseline characteristics

The baseline demographics, physical characteristics and

cardiac dimensions of the cohort are provided in Table 1.

As reported in Table 2, exercise resulted in augmentation

of every measure of systolic and diastolic cardiac function.

However, although strain, strain rate and IVA were

obtained in all subjects at rest, they were not able to be

measured in 21 (38%), 23 (42%) and 18 (33%) of subjects

at peak exercise. In these cases, the increased respiratory

motion produced acoustic drop-out and reverberation

artefacts resulting in excessive noise in the deformation

curves of at least one myocardial segment.

Despite the augmentation in functional measures during

exercise, there were few correlations between measures of

myocardial function and VO2max (Table 3). Rest, peak

exercise and reserve (the difference between rest and peak)

values for myocardial velocity, IVA, strain and SR mea-

sures were assessed as univariate correlates with VO2max.

Only RV diastolic velocities, both at rest and peak exercise,

correlated significantly with VO2max.

On the other hand, resting CMR measures of cardiac

volumes and mass correlated strongly with VO2max

(accounting for between 37% and 63% of its variance),

whereas measures by M-mode echocardiography were less

predictive. As might be expected, peak exercise cardiac

index and peak stroke volume correlated with VO2max.

However, change in stroke volume during exercise was not

associated with VO2max (r = 0.009, p = 0.95). Resting

heart rate and HR reserve correlated with VO2max, the

former being an inverse relationship, but peak HR did not

(r = 0.138, p = 0.32). In contrast to the significant rela-

tionship between mPAP reserve (r = 0.44, p = 0.001),

there was no association between the change in systemic

mean BP (r = -0.13, p = 0.37) and VO2max.
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Fig. 1 Colour-coded Doppler imaging for assessment of myocardial

velocities strain and strain rate at rest and during exercise. The

methodology used for the RV is exemplified in this figure whilst

separate acquisitions were used for LV quantification so as to

optimise ventricular wall alignment. A region of interest was placed

in the base, mid and apical regions of the RV free wall and tracked

throughout the cardiac cycle. The peak values for each segment were

then averaged to provide ‘‘global’’ values except for myocardial

velocities where the basal values were used. Representative curves

from one athlete are provided (e peak strain, SRs and SRe peak

systolic and early diastolic strain rate, s0 and e0 peak systolic and early

diastolic myocardial velocities)
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A backward stepwise multivariate analysis was per-

formed to assess independent predictors of VO2max. Uni-

variate predictors of VO2max were included in the model,

whilst multicollinearity was avoided with a tolerance set at

[0.5. The included variables were age, gender, heart rate

reserve, resting biventricular end-diastolic and end-systolic

volumes, biventricular masses, peak cardiac index and

biventricular systolic/diastolic velocities. Of these, LV

mass, RV end-diastolic volume (both indexed to BSA) and

heart rate reserve remained significant independent pre-

dictors of VO2max, together explaining 73% of its variance

(p \ 0.0001) by the following formula:

VO2max (ml/kg/min) = 0.315 (LV mass/BSA) ? 0.208

(RVEDV/BSA) ? 0.208 (HR reserve) - 13.7

The correlation between each of these independent

predictors and VO2max is represented in Fig. 2.

When male subjects were considered separately, the

multivariate predictors were unchanged and the overall

strength of the model in predicting VO2max was unchanged

(r2 = 0.75, p \ 0.0001). In the small female cohort

(n = 6) there was an extremely strong correlation between

VO2max and LV mass (r2 = 0.93, p = 0.001) and no

additional factors strengthened the multivariate model.

Discussion

Using a combination of contemporary imaging techniques

at rest and during exercise, we demonstrate that much of

the variance in VO2max can be explained by resting cardiac

geometry. Left ventricular mass, right ventricular end-

diastolic volume and heart rate reserve were strong inde-

pendent predictors of VO2max in our cohort comprised of

healthy adults and endurance athletes. Whilst there was

Table 1 Baseline characteristics and cardiac measures

Mean Range

Age (years) 37 ± 8 22–61

Body surface area (BSA) (m2) 1.94 ± 0.14 1.59–2.38

VO2max (ml/kg/min) 51.4 ± 11.9 23.5–82.2

VO2peak (ml/min) 3,607 ± 925 1,669–5,792

Resting heart rate (bpm) 55 ± 9 38–76

Mean arterial blood pressure
(mmHg)

92.7 ± 6.6 76–103

Mean pulmonary artery pressure
(mmHg)

15.0 ± 2.3 10.7–21.6

Magnetic resonance imaging

LV end-diastolic volume/BSA
(ml/m2)

111 ± 19 69–156

RV end-diastolic volume/BSA
(ml/m2)

127 ± 23 76–172

LV end-systolic volume/BSA
(ml/m2)

45 ± 11 24–74

RV end-systolic volume/BSA
(ml/m2)

61 ± 15 26–94

LV stroke volume/BSA (ml/m2) 67 ± 12 41–94

RV stroke volume/BSA (ml/m2) 66 ± 11 40–95

LV ejection fraction (%) 60.2 ± 5.7 48.4–71.0

RV ejection fraction (%) 52.3 ± 5.3 43.4–68.6

LV mass/BSA (g/m2) 20.3 ± 6.8 39.2–108.2

RV mass/BSA (g/m2) 44.2 ± 12.1 8.8–36.7

2D and M-mode echocardiography

LV interventricular septum/BSA
(mm/m2)

5.4 ± 0.8 4.0–7.2

LV posterior wall/BSA (mm/m2) 5.5 ± 0.7 4.0–7.0

LV end-diastolic diameter/BSA
(mm/m2)

28.6 ± 3.6 20.1–42.0

LV end-systolic diameter/BSA
(mm/m2)

18.6 ± 2.7 12.2–26.3

Left atrial area/BSA (cm2/m2) 11.2 ± 2.1 6.6–15.8

Right atrial area/BSA (cm2/m2) 11.3 ± 2.7 4.3–18.5

Table 2 Comparison of resting and peak exercise measures of

myocardial function

Rest Peak exercise p value

Heart rate (bpm) 55 ± 9 177 ± 12 \0.0001

Mean BP (mmHg) 92.7 ± 6.6 120.5 ± 9.7 \0.0001

Mean PAP (mmHg) 15.0 ± 2.3 36.3 ± 7.7 \0.0001

Serum lactate (mmol/l) 1.1 ± 1.0 9.0 ± 3.1 \0.0001

Single-plane 2D echo measures

LV EDV (ml) 121 ± 26 127 ± 34 0.480

RV area, end-diastole

(cm2)

25.1 ± 5.0 24.6 ± 5.2 0.344

LV ESV (ml) 54 ± 16 28 ± 19 \0.0001

RV area, end-systole

(cm2)

12.1 ± 2.6 9.2 ± 2.9 \0.0001

LV EF (%) 59.1 ± 5.0 78.4 ± 12.1 \0.0001

RV fractional area

change (%)

51.7 ± 6.3 62.3 ± 9.1 \0.0001

Myocardial velocities

LV s0 (cm/s) 6.4 ± 1.4 13.2 ± 2.6 \0.0001

LV e0 (cm/s) 8.9 ± 1.9 18.7 ± 4.0 \0.0001

LV IVA (cm/s2)a 1.1 ± 0.6 3.2 ± 1.3 \0.0001

RV s0 (cm/s) 11.1 ± 2.0 20.2 ± 4.0 \0.0001

RV e0 (cm/s) 11.1 ± 2.8 32.3 ± 6.2 \0.0001

RV IVA (cm/s2)a 1.7 ± 0.7 6.0 ± 2.5 \0.0001

Myocardial deformation

LV strain (%)a -20.5 ± 3.9 -24.3 ± 9.0 0.027

LV SRs (s-1)a -1.3 ± 0.3 -2.5 ± 0.7 \0.0001

LV SRe (s-1)a 1.6 ± 0.3 3.2 ± 1.0 \0.0001

RV strain (%)a -24.0 ± 5.2 -31.4 ± 7.5 \0.0001

RV SRs (s-1)a -1.6 ± 0.5 -3.2 ± 0.9 \0.0001

RV SRe (s-1)a 2.2 ± 0.5 5.9 ± 1.9 \0.0001

BP systemic blood pressure, PAP mean pulmonary arterial pressure,

s0 peak systolic myocardial velocity, e0 peak diastolic myocardial

velocity, IVA isovolumic acceleration, SRs peak systolic strain rate,

SRe peak diastolic strain rate
a The important limitation that these measures were unable to be

obtained in approximately one-third of patients at peak exercise

(see text)
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some association between VO2max and measures of myo-

cardial function at rest and during exercise, these were not

predictive after correction for measures of cardiac

geometry. Thus, this study suggests that the major cardiac

adaptation enabling greater oxygen consumption during

exercise is an increase in cardiac volumes and mass, i.e.

structural rather than functional remodelling.

Resting cardiac volumes and mass are strong predictors

of VO2max

Previous studies have sought to investigate the relation

between cardiac performance and VO2 using selective

measures from a single imaging modality. As a result, it is

difficult to compare the strong correlations reported

between VO2 and CMR-derived cardiac volumes with the

more modest correlations derived by echocardiography.

The superior spatial resolution and the fact that imaging is

independent of angle and body habitus constraints make

CMR imaging the ‘‘gold standard’’ non-invasive means of

determining cardiac volumes and mass. Structural mea-

sures by CMR are accurate (Longmore et al. 1985; Sech-

tem et al. 1987), reproducible (Grothues et al. 2004, 2002)

and are able to improve power and accuracy of research

investigations as compared with echocardiographic mea-

sures (Bellenger et al. 2000). Consistent with this premise,

Steding et al. (2010) reported a very strong independent

association between VO2 and cardiac morphology

(r2 = 0.74) using the CMR measure of total cardiac vol-

ume (including all ventricular, atrial and wall volumes) in a

cohort of healthy adults including trained athletes. In

contrast, correlations between VO2 and echocardiographic

measures have been less impressive. M-mode estimates of

LV mass and dimensions (indexed to BSA) have been

reported to explain between 9 and 17% of the variance in

VO2max in one study (Kneffel et al. 2007) and 39% in a

second (Vinereanu et al. 2002). The resulting question is

whether this marked variation in results is due to differ-

ences in the respective study populations or the accuracy of

the cardiac measures. By performing both echocardio-

graphic and CMR measures in the same population, our

Table 3 Significant univariate and multivariate predictors of VO2max

Variable Univariate Multivariate

Beta p value Beta p value

Resting measures

CMR volume measures

LV end-diastolic volume 0.678 \0.0001

LV end-systolic volume 0.607 \0.0001

LV stroke volume 0.604 \0.0001

LV ejection fraction -0.275 0.046

LV mass 0.794 \0.0001 0.448 0.001

RV end-diastolic volume 0.745 \0.0001 0.284 0.021

RV end-systolic volume 0.759 \0.0001

RV stroke volume 0.614 \0.0001

RV ejection fraction -0.576 \0.0001

RV mass 0.647 \0.0001

M-mode echo measures

IV septal thickness 0.523 \0.0001

LV mass 0.385 0.004

LV diastolic dimension 0.351 0.010

Doppler echo velocity and deformation measures

RV diastolic myocardial

velocity

0.319 0.019

Exercise measures

Resting heart rate -0.591 \0.0001

Heart rate reserve 0.602 \0.0001 0.271 0.003

Mean pulmonary artery

pressure reserve

0.441 0.001

Peak stroke volume 0.599 \0.0001

Peak cardiac index 0.591 \0.0001

Cardiac index reserve 0.561 \0.0001

RV diastolic myocardial

velocity

0.363 0.010

Fig. 2 Left ventricular mass, right ventricular end-diastolic volume, and heart rate reserve are independent predictors of VO2max. Linear

regressions of LV mass (a), RV end-diastolic volume (b) and heart rate reserve (c)
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results suggest that the strength of the relationship between

maximal oxygen consumption and resting cardiac mor-

phology is highly dependent upon the imaging modality

used. For example, LV mass explained only 15% of the

variance in VO2max (p = 0.004) when assessed by

M-mode echocardiography as compared with 63% of var-

iance by CMR (p \ 0.0001). However, comparisons

between methodologies should be tempered by the con-

straints that the cardiac measures and VO2 were not per-

formed simultaneously and the subjects’ body positioning

differed for each test. These limitations, whilst perhaps not

so important for cardiac mass, may be expected to affect

cardiac volumes and may confound the separation of

structure and function. As compared with upright posture,

supine positioning will improve venous return such that

end-diastolic volumes may reflect both cardiac size and

diastolic compliance. This may also explain the (slightly)

better correlation with RV end-diastolic volumes given that

this chamber is particularly affected by venous filling

pressures and is particularly a compliant.

Measures of cardiac function do not independently

predict VO2max in healthy subjects

There is conflicting evidence as to the extent to which

differences in cardiac function contribute to enhanced

cardiac output during exercise. In studies in which athletes

have been compared with non-athletes, some investigators

have reported enhanced measures of systolic and diastolic

myocardial function in trained subjects (Caso et al. 2002;

Zoncu et al. 2002), whilst others have described unchanged

(Caso et al. 2000; Pela et al. 2004; Schmidt-Trucksass et al.

2001), or even reduced function (Nottin et al. 2008;

Richand et al. 2007) relative to untrained subjects. In our

current study, we assessed athletic conditioning as a con-

tinuum. The Gaussian distribution of VO2max results over a

relatively broad range provide some justification for this

strategy as compared with dichotomised data. Our results

do not support the premise that athletic conditioning is

associated with enhanced myocardial function. The only

functional measures that correlated with VO2max were

resting and peak-exercise RV early diastolic velocity, and

these measures were no longer significant after accounting

for ventricular volumes. It may be that the increase in

myocardial velocities is directly influenced by cardiac size

as has been suggested previously in athletic (Pela et al.

2004) and non-athletic (Holland et al. 2009) cohorts. Strain

and strain rate are expressed relative to ventricular length

and may, therefore, be less dependent on geometry

(Oxborough et al. 2009) and this assertion is supported by

the data presented here. We report an association between

greater diastolic myocardial velocities of the RV free wall

and higher VO2max, but not with strain or strain rate—

essentially providing the same result as statistically

accounting for the effect of cardiac geometry on RV

velocities in the multivariate model. Of note, we analyzed

myocardial deformation by Doppler methods as opposed to

two dimensional strain and SR quantification (‘speckle

tracking’) given that the inferior frame rates for this latter

technique greatly limit its application during exercise.

Resting measures may be a poor surrogate for myocar-

dial function during exercise. Although, it is clear that

systolic and diastolic myocardial velocities increase with

exercise (D’Andrea et al. 2001), there is some contention

as to whether this occurs to a greater extent in well-trained

athletes. Carlsson et al. (2011) recently demonstrated that

systolic LV velocities increased to a greater extent in elite

athletes than in a non-athletic control group in contrast to a

larger earlier study in which only diastolic velocities were

enhanced in athletes (Vinereanu et al. 2002). Our current

study has the potential to expand upon these findings by

including measures of strain and strain rate and including

an assessment of both ventricles. All functional measures

augmented with exercise, but neither peak exercise values

nor the reserve (change from baseline) improved the pre-

diction of VO2max. Like Vinereanu et al. (2002), we found

that early diastolic velocities correlated with VO2max but, in

contrast, they found that these differences persisted even

after accounting for cardiac M-mode echocardiographic

estimates of LV dimensions. Our current results contend

that more accurate CMR measures of cardiac mass and

volumes explain a greater proportion of the variance in

VO2max such that any incremental information gained from

myocardial velocities is no longer apparent.

Future refinements in imaging techniques are likely to

improve the degree to which we can assess differences in

myocardial function during exercise. It may be premature

to conclude that differences in myocardial function do not

predict cardiac performance during exercise. There are a

number of limitations in our methodology which first need

to be considered. As mentioned above, the fact that cardiac

measures were performed supine (CMR) and semi-supine

(echocardiography) creates a significant confounder. The

increased venous return may augment diastolic filling

parameters and systolic recoil. Thus a more supine posture

may serve to augment resting measures of function and

thus attenuate the response to exercise. However, it is

notable that resting, peak and reserve measures of cardiac

function were all only weakly associated with VO2max, if at

all. Secondly, echocardiographic estimates of cardiac

function are imperfect, especially during exercise. Our

study represents the most comprehensive real-time

assessment of biventricular function during exercise to

date. We reported peak-exercise strain and strain rate

measures because cardiac deformation is more closely

related to intrinsic myocardial properties, but one could
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argue that they contributed little to this study. Strain rate

analysis was not possible in approximately one-third of

subjects at peak exercise but refinements of these tech-

niques may provide more accurate and reliable assessments

in the future. Thus our data do not prove that cardiac

function is unimportant, but rather that current echocar-

diographic techniques are unable to detect individual var-

iation with sufficient accuracy to predict cardiac

performance. It is also critical to note that the range of

cardiac function in this healthy cohort is far less than would

be expected in cohorts with exercise intolerance or known

cardiac disease. Exercise echocardiography may be

expected to be more important and predictive in these

populations.

Within healthy cohorts, it may be expected that future

improvements in the assessment of cardiac function are

unlikely to provide large incremental gains in the predic-

tion of overall cardiac performance and VO2max. We

demonstrate that a combination of resting measures of

cardiac structure and heart rate reserve explain 73% of the

variance in VO2max. This is approximately the amount of

variance that has been attributed to cardiac factors with the

remainder determined by factors such as variation in blood

volume and diffusive O2 transport within the working

muscles (Bassett and Howley 2000). These important

determinants of VO2max were not assessed in this study.

At rest, cardiac output is similar amongst healthy indi-

viduals, regardless of training state and this is achieved by

divergent changes in stroke volume and heart rate. Thus,

training augments stroke volume and affects a reduction in

heart rate at rest. Our data is consistent with orthodox

opinion that differences in heart rate reserve are largely due

to differences in resting heart rate whereas maximal heart

rate is not greatly influenced by physical training (Levine

2008). On multivariate analysis, heart rate reserve remains

a significant and independent predictor of VO2max after

accounting for differences in cardiac morphology. Thus,

athletic conditioning results in a greater relative increase in

heart rate which combines with larger stroke volumes to

produce greater cardiac outputs and VO2max.

Given our finding that resting cardiac morphology is a

major determinant of VO2max, it is intriguing to speculate

as to what factors may determine the increases in cardiac

mass and volumes. However, this study was not an inter-

ventional study and it is not possible to determine how

much of the variation in cardiac size results from genetic

and developmental influences and how much change can

result from training. Also, cardiac remodelling is deter-

mined by a complex interplay of local wall stress, genetics,

peripheral circulatory changes and neurohormonal regula-

tion. This study does not provide an insight into which of

these are of greatest importance.

The results of this study may have direct clinical

utility in the assessment of athletes in whom cardiac

enlargement and low-normal systolic function may be

confused with a cardiomyopathic process. For example,

Abergel et al. (2004) demonstrated that cardiac enlarge-

ment and reduced resting measures of systolic function

were evident in elite Tour de France cyclists and that

these measures became progressively more ‘‘abnormal’’

over 3 years of continued competition. Debate as to

whether this represents further physiological adaptation

as opposed to cumulative damage to muscle function

may be addressed by considering whether changes in

cardiac dimensions were accompanied by improvements

in VO2max, as our results would predict. Our results

support the utility of VO2max testing in the evaluation of

athletes in whom differentiation from a dilated cardio-

myopathy is difficult, although this hypothesis remains to

be tested.

Limitations

There was a considerable gender imbalance in the recruited

cohort. However, sex was not a significant factor in the

multivariate analysis and the overall results did not change

significantly if the male-only cohort was considered.

Conclusions regarding the female cohort, on the other

hand, need to be tempered by the small numbers involved

in this sub-group analysis. The strong correlation between

VO2max and LV mass that was found in this group requires

validation in a larger cohort.

Conclusion

In a cohort comprised of healthy trained and untrained

individuals, much of the variance in VO2max could be

explained by three measures: ventricular size, mass and

heart rate reserve, suggesting that the extent of structural

remodelling may be a major modifiable factor affecting

athletic performance. In contrast, contemporary measures

of cardiac function performed at rest and during exercise,

did not provide further improvements in the prediction of

VO2max.
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