
J Physiol 590.9 (2012) pp 2107–2119 2107

Th
e

Jo
u

rn
al

o
f

Ph
ys

io
lo

g
y

Left ventricular mechanics in humans with high aerobic
fitness: adaptation independent of structural remodelling,
arterial haemodynamics and heart rate
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Key points

• During cardiac contraction, left ventricular (LV) mechanics play an important role in equalising
transmural fibre stress and ensuring efficient ejection of blood.

• The factors responsible for altered LV mechanics in humans with high aerobic exercise capacity
are unknown but are believed to be related to changes in LV structure or heart rate.

• We performed a comprehensive assessment of LV mechanics and cardiovascular function at rest
and during dynamic exercise in individuals with moderate and high aerobic exercise capacity.

• Our novel data indicate that there is no direct association between altered LV mechanics in
humans with high aerobic fitness and classic indicators of cardiovascular adaptation.

• The findings provide evidence of a previously unknown type of physiological LV adaptation
that may have important implications for exercise training in various healthy and diseased
populations.

Abstract Individuals with high aerobic fitness have lower systolic left ventricular strain, rotation
and twist (‘left ventricular (LV) mechanics’) at rest, suggesting a beneficial reduction in LV
myofibre stress and more efficient systolic function. However, the mechanisms responsible for
this functional adaptation are not known and the influence of aerobic fitness on LV mechanics
during dynamic exercise has never been studied. We assessed LV mechanics, LV wall thickness
and dimensions, central augmentation index (AIx), aortic pulse wave velocity (aPWV), blood
pressure and heart rate in 28 males (age: 21 ± 2 years SD) with a consistent physical activity level
(no change >6 months). Individuals were examined at rest and during exercise (40% peak exercise
capacity) and separated post hoc into a moderate and high aerobic fitness group (V̇O2peak: 49 ± 5
and 63 ± 7 ml kg−1 min−1, respectively, P < 0.0001). At rest and during exercise, there were no
significant differences in gross LV structure, AIx, blood pressure or heart rate (P > 0.05). However,
for the same AIx, the high V̇O2peak group had significantly lower LV apical rotation (P = 0.002)
and LV twist (P = 0.003) while basal rotation and strain indices did not differ between groups
(P > 0.05). We conclude that young males with high aerobic fitness have lower LV apical rotation at
rest and during submaximal exercise that can occur without changes in gross LV structure, arterial
haemodynamics or heart rate. The findings suggest a previously unknown type of physiological
adaptation of the left ventricle that may have important implications for exercise training in older
individuals and patient populations in which exercise training has previously failed to show clear
benefits for LV function.
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Introduction

Regular exercise training results in physiological
adaptation of the left ventricle and a related improvement
in maximal aerobic fitness (V̇O2max), the latter being
strongly associated with a reduced risk of cardiovascular
morbidity and mortality (1986; Lee et al. 2000; Kodama
et al. 2009). Typically, training-induced left ventricular
(LV) adaptation is characterized by structural remodelling
and concomitant improvements in systolic and diastolic
function (Pluim et al. 2000; Scharhag et al. 2002; Hill
& Olson, 2008; Baggish & Wood, 2011; Spence et al.
2011); however, the interdependence of structural and
functional adaptation is not clear. For example, recent
studies have shown that novel indices of LV function
such as strain, rotation and twist (‘LV mechanics’) are
significantly reduced in individuals with high aerobic
fitness compared with sedentary controls despite a similar
relative wall thickness (Nottin et al. 2008). The purpose
of LV mechanics is to (1) minimise myofibre stress during
ventricular contraction and (2) maximize the efficiency
of LV ejection (Streeter et al. 1969; Beyar & Sideman,
1984, 1986; Vendelin et al. 2002). Accordingly, the pre-
viously observed reduction in resting LV strain and twist
resulting from endurance exercise training (Zocalo et al.
2007; Nottin et al. 2008) suggests that LV myofibres
of highly trained individuals experience less stress and
produce a more efficient ejection. While the existing data
clearly highlight the importance of assessing LV strain
and twist as markers of functional myocardial adaptation,
the influence of aerobic fitness on LV mechanics during
exercise and the factors responsible for the different LV
mechanics in highly fit individuals have not been studied.

Several factors have been postulated as being responsible
for the lower resting LV strain and twist in athletes
including structural LV remodelling, blood pressure and
heart rate (Zocalo et al. 2007; Nottin et al. 2008; Weiner
et al. 2010a). Equally, central arterial wave reflection and
stiffness as determined by augmentation index (AIx) and
aortic pulse wave velocity (aPWV, Sharman et al. 2005),
respectively, are likely to interact with LV mechanics,
yet this has never been examined. The simultaneous
assessment of LV mechanics and AIx in individuals with
different aerobic fitness would provide novel insight into

the role of coupling between the LV and arterial function
in the process of physiological LV adaptation. This may
be of particular importance for older individuals and
patient populations in which exercise training has pre-
viously failed to show clear benefits for cardiac function
(Gates et al. 2003; Fujimoto et al. 2010).

To determine the mechanisms responsible for altered
LV mechanics in individuals with high aerobic fitness, we
performed a comprehensive assessment of cardiovascular
function including LV strain, rotation and twist, AIx,
aPWV, LV wall thickness, LV dimensions, blood pressure
and heart rate at rest and during exercise in healthy
individuals across a wide range of fitness levels. We hypo-
thesised that in a young healthy population, individuals
with high aerobic fitness would have significantly lower LV
strain and twist at rest and during submaximal exercise and
that this would be associated with lower AIx and aPWV.

Methods

Ethical approval and study population

Following ethical approval from the Cardiff Metropolitan
University research ethics committee, 32 healthy,
non-smoking males provided verbal and written
informed consent to take part in the study. This study
conforms to the standards set by the latest revision
of the Declaration of Helsinki. Volunteers were not
enrolled if they were professional athletes, if they were
smoking or if they were currently taking any medication.
Study participants with a consistent level of physical
activity (no change >6 months) were recruited from a
student population. We aimed to examine healthy young
individuals across a wide range of aerobic fitness, for two
reasons, firstly to ensure a wide spread of data to examine
the relationships between LV mechanics and cardio-
vascular variables, and secondly to determine whether
high aerobic capacity is related to LV mechanics in a
general young population. Due to insufficient quality of
echocardiographic images and AIx data in four volunteers,
the final study group consisted of 28 participants. These
28 participants were split post hoc by the median into a
moderate and a high aerobic fitness group (Fig. 1).
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Experimental procedures

Participants attended the laboratory twice; for initial
testing of their peak oxygen consumption (V̇O2peak) and
on the experimental day for the assessment of cardiac
and arterial function. V̇O2peak was determined using a
standardised incremental exercise protocol performed
on an upright bicycle ergometer (Lode Excalibur,
Lode, Groningen, the Netherlands) until task failure.
Breath-by-breath V̇O2 was acquired throughout the
incremental exercise test (Oxycon Pro, Jaeger at Viasys
Healthcare, Warwick, UK). V̇O2peak was determined as
the highest 30 s average achieved during the test. On
the experimental day, participants were placed in the
left lateral position on a supine cycle ergometer tilted at
45 deg (Lode, Angio 2003). Following 10 min of rest in
this position, LV mechanics, AIx, aPWV, LV dimensions,
blood pressure and heart rate were recorded. Except for
aPWV, data collection was then repeated during the last
3 min of a 5 min bout of supine cycling exercise (intensity:
40% peak power output achieved during the V̇O2peak test;
cadence: fixed at 60 rpm).

Data collection and analysis

Conventional echocardiography. A specialist cardiac
sonographer who was blinded to participants’ V̇O2peak

acquired and analysed echocardiographic images for the
assessment of LV structure and function according to
current guidelines (Lang et al. 2006; Gorcsan & Tanaka,
2011). Three consecutive cardiac cycles were recorded
on a commercially available ultrasound system (Vividq,
GE Healthcare, Little Chalfont, UK) and saved for
offline analysis (EchoPAC, GE healthcare, v. 110.1.1). LV
parasternal long-axis views were analysed for end-diastolic
wall thicknesses and dimensions. To account for the

Figure 1. Gaussian distribution of V̇O2peak
In the study group (n = 28), V̇O2peak ranged from 38.7 to
79.7 ml kg−1 min−1 and was normally distributed (Shapiro–Wilk
test: P = 0.81). The frequency of distribution is shown in groups of
5 ml kg−1 min−1.

potential influence of body size on cardiac structure and
function, absolute LV wall thicknesses and diameters as
well as stroke volume were additionally allometrically
scaled to body surface area0.46 (BSA0.46) according to
Dewey et al. (2008). At rest and during exercise, stroke
volume was calculated using the Teichholz method. To
verify accuracy of these stroke volume results, in a
sub-group of 16 individuals (n = 7 moderate V̇O2peak; n = 9
high V̇O2peak), stroke volume was also assessed as the
product of LV outflow tract area and the time–velocity
integral obtained from a Doppler signal placed in the
LV outflow tract on an apical five-chamber view. There
were no differences in the results obtained by the two
methods; the data obtained using the velocity time integral
are reported in the tables and figures.

Speckle tracking echocardiography. For the assessment
of LV mechanics, parasternal short-axis images at the
base and apex were acquired at 80 frames per second.
Frame rate and imaging depth were kept constant during
within-subject acquisition. Three consecutive cardiac
cycles were recorded for off-line analysis (EchoPAC) of
basal and apical rotation, rotation velocities, strain and
strain rates. To adjust for inter- and intra-individual
variability of heart rate, raw data were normalised to
the percentage of systolic and diastolic duration using
cubic spline interpolation of systolic (from the peak
of the R-wave on the ECG to aortic valve closure)
and diastolic (aortic valve closure to peak R-wave) data
points (GraphPad Prism 5.00 for Windows; GraphPad
Software Inc., La Jolla, CA, USA). Frame-by-frame twist
and twist velocity values were obtained by subtracting
the apical rotation/rotation velocity data from the basal
rotation/rotation velocity data (Notomi et al. 2005;
Sengupta et al. 2006). To ensure standardisation of apical
data, apical short-axis images were checked for a consistent
ratio of end-diastolic wall thickness to diameter (WT/D,
see online Supplemental Material). The reliability of
echocardiographic speckle tracking data (acquisition and
analysis) for the present sonographer has been reported
previously (Stöhr et al. 2011a).

Blood pressure and heart rate. Systolic and diastolic
brachial blood pressure was obtained using standard
auscultation. Heart rate was recorded continuously from
a three-lead ECG inherent to the ultrasound (Vividq, GE
Healthcare).

Pulse wave analysis, augmentation index (AIx) and aortic
pulse wave velocity (aPWV). At rest and during exercise,
arterial pulse wave analysis was performed as pre-
viously described (Wilkinson et al. 1998a). Briefly, from
the pressure wave form obtained at the radial artery
(Colin CBM-7000, CMI, Komaki-City, Japan) a central
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2110 E. J. Stöhr and others J Physiol 590.9

Table 1. Baseline characteristics of the moderate and high aerobic fitness group

Moderate aerobic fitness High aerobic fitness P value

Age (years) 21 ± 2 21 ± 3 0.38
Height (cm) 185 ± 6 181 ± 7 0.14
Body mass (kg) 84.3 ± 12.6 75.1 ± 7.8 0.03
BSA (m2) 2.08 ± 0.17 1.94 ± 0.15 0.03
V̇O2peak (ml kg−1 min−1) 49 ± 5 63 ± 7 <0.0001
MAP (mmHg) 96 ± 11 100 ± 6 0.28
aPWV∗ (m s−1) 5.7 ± 0.9 4.9 ± 0.5 0.01
AIxHR75 (%) 0 ± 10 −7 ± 13 0.13
IVSd (cm) 1.0 ± 0.1 1.0 ± 0.1 0.89
IVSd index (cm/BSA0.46) 0.7 ± 0.1 0.7 ± 0.1 0.70
LVPWd (cm) 0.9 ± 0.2 0.9 ± 0.2 0.57
LVPWd index (cm/BSA0.46) 0.6 ± 0.1 0.7 ± 0.1 0.34
LVIDd (cm) 5.5 ± 0.4 5.4 ± 0.4 0.62
LVIDd index (cm/BSA0.46) 3.9 ± 0.2 4.0 ± 0.2 0.43
LVIDs (cm) 3.6 ± 0.4 3.5 ± 0.3 0.70
LVIDs index (cm/BSA0.46) 2.2 ± 0.3 2.3 ± 0.2 0.41

BP: blood pressure; BSA: body surface area; IVSd: inter-ventricular septum thickness at end-diastole; LVIDd/LVIDs: left ventricular
internal diameter at end-diastole/end-systole; LVPWd: left ventricular posterior wall thickness at end-diastole. MAP: mean arterial
pressure. aPWV∗: aortic pulse wave velocity adjusted for mean arterial pressure. AIxHR75: augmentation index normalised to a heart
rate of 75 bpm.

(ascending aortic) pressure waveform was generated
(SphygmoCor, Atcor Medical, Sydney, Australia) using
a validated transfer function (Pauca et al. 2001). AIx
was calculated as the difference between the second and
first systolic peaks on the central aortic pressure wave-
form and expressed as a percentage of pulse pressure.
The time to the reflected wave, Tr, was also obtained
from the same pressure waveform. AIx data are reported
as absolute values and normalised to a heart rate of
75 bpm. The ascending aortic waveform was also used
to estimate central end systolic pressure (ESP) at the point
of aortic valve closure (dicrotic notch). Current methods
used to obtain central aortic AIx and ESP have pre-
viously been validated, both at rest and during exercise
(Karamanoglu et al. 1993; Pauca et al. 2001; Sharman
et al. 2006). Additionally, we assessed aortic pulse wave
velocity (aPWV) at rest (SphygmoCor, Atcor Medical)
using manual applanation tonometry by sequentially
recording ECG-gated carotid and femoral artery wave-
forms as previously described in detail (Wilkinson et al.
1998b). The path length used for the determination of
aPWV was measured as the surface distance between
the supra-sternal notch and femoral pulse site minus the
distance between the supra-sternal notch and carotid pulse
site, using a tape measure. aPWV data were normalised to
the mean arterial pressure of the study group. All data
obtained for pulse wave analyses were calibrated to the
manually obtained brachial systolic and diastolic blood
pressures at rest and during exercise, respectively.

Statistical analysis

Differences in baseline characteristics between the
moderate and the high aerobic fitness group were assessed
using Student’s t test for independent samples. Significant
main effect of exercise or fitness level and their interaction
were identified with two-way ANOVA. Relationships were
determined using non-linear regression analysis based on
the equation Y = Y 0 × exp(kX). α was set a priori to 0.05.
All data are reported as means ± SD. Statistical analyses
were performed with GraphPad Prism.

Results

Baseline characteristics

There were no significant differences in age, height,
systolic and diastolic blood pressure, end-systolic pressure
or heart rate between the moderate and high V̇O2peak

groups at rest (P > 0.05, Table 1). Body mass and body
surface area (BSA) were significantly higher in the
moderate aerobic fitness group (P < 0.05). In addition,
there was no significant difference in stroke volume
(Teichholz’s method: 120 ± 26 and 118 ± 16 ml, moderate
and high V̇O2peak groups, respectively, P > 0.05), LV wall
thicknesses, dimensions or AIxHR75 (all P > 0.05). Mean
aPWV was significantly lower in highly fit individuals
(P < 0.01).

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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LV mechanics, AIx, blood pressure, heart rate and
stroke volume

AIx, blood pressure, heart rate and stroke volume did not
differ significantly between the groups at rest or during
exercise (P > 0.05, Fig. 2). Similarly, strain and rotation at
the LV base were not different between the moderate and
high V̇O2peak group (P > 0.05). In contrast, radial strain at
the LV apex tended to be greater in the high aerobic fitness
group (P = 0.09) and LV apical rotation was significantly
lower at rest and during exercise in the high V̇O2peak group
(P < 0.04), which resulted in a trend towards a reduced LV
twist (P = 0.09, Figs 3 and 4). No differences in systolic or
diastolic strain rates or rotation velocities were observed
between groups (P > 0.05, Table 2).

Regression analysis revealed that there was no
significant influence of aerobic fitness on the relationship
between apical rotation and aPWV, systolic blood pressure,
heart rate, body mass or BSA (Table 3). However, LV
rotation and twist correlated with AIx and when the
regression lines between AIx and LV mechanics were
compared between both groups, highly fit individuals had
a significantly lower apical rotation and twist for the same
AIx (P = 0.002 and P = 0.003, respectively, Fig. 5). Inter-

estingly, these differences were not present when LV strain
was correlated with AIx (Fig. 6).

Discussion

The primary aim of the present study was to determine
the factors responsible for altered LV strain, rotation
and twist (‘LV mechanics’) in individuals with high
aerobic fitness. There were three novel findings. In a
young, healthy population (1) LV apical rotation is
significantly lower at rest and during submaximal exercise
in individuals with high aerobic fitness, (2) for the
same AIx, highly fit individuals have a significantly
lower LV apical rotation and twist while the relationship
between AIx and strain (radial and circumferential) is
not influenced by aerobic fitness, and (3) the significant
difference in LV apical rotation between moderately and
highly fit individuals cannot be explained by AIx, aPWV,
LV wall thickness, systolic blood pressure or heart rate in
young healthy individuals. Thus, the present data show
for the first time that individuals with high aerobic fitness
have significant adaptations in LV mechanics that are
region (base vs. apex) and function specific (strain vs.

Figure 2. Cardiovascular responses at rest and during exercise in a moderate and high aerobic fitness
group
There were no significant differences in heart rate, systolic blood pressure, augmentation index (AIx) or stroke
volume index (SVI) between the moderate and high aerobic fitness groups, indicating that cardiovascular demand
and ventricular output were similar for both groups at rest and during exercise.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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twist), despite maintenance of gross LV structure, arterial
haemodynamics and heart rate. Together, these results
suggest a benefit of increased aerobic fitness upon LV
function that is not necessarily dependent on the marked
changes in cardiovascular function typically associated
with ‘athlete’s heart’ (Baggish & Wood, 2011). This novel
finding in a non-athletic population may have important
implications for exercise training in older individuals and
patient populations in which exercise training has pre-
viously failed to show clear benefits for LV function using
classical indices of cardiac structure and function.

Figure 3. Peak left ventricular (LV) rotation and twist at rest
and during cycling exercise
While exercise significantly increased LV mechanics to the same
extent in both groups (P < 0.0001), LV apical rotation was
significantly lower in the high aerobic fitness group at rest and
during submaximal exercise (P = 0.04), resulting in a trend towards a
decline in LV twist (P = 0.09). Note that the y-axis for LV basal
rotation data has been inversed to reflect the increase in basal
rotation during exercise.

Baseline characteristics

When assessing the influence of exercise training on
cardiovascular function, previous studies have often
compared sedentary individuals with competitive athletes.
These studies have provided important insight into
the full range of cardiovascular adaptation, from the
influence of bed rest at one end of the spectrum to
cardiovascular adaptation in ultra-endurance athletes at
the other (McGuire et al. 2001; George et al. 2011).
However, in the present investigation, we purposefully
chose to study a healthy young population with a normally
distributed level of aerobic fitness for two reasons,
firstly to ensure a wide spread of data to examine the
relationships between LV mechanics and other cardio-
vascular variables, and secondly, because only a few people
achieve elite sporting status, examining the adaptation
of LV mechanics across a wide range of fitness levels
will help to determine whether exercise training is of
benefit in a general young population. Given our choice
of population, it is not surprising that cardiac dimensions
were not significantly different between the two groups.
Although it is the common consensus that exercise training
can result in cardiac remodelling (Baggish et al. 2008;
Weiner et al. 2010a; Spence et al. 2011), some studies
have shown that even when comparing extreme ends
of a normal population, such as sedentary individuals
and elite athletes, the magnitude of cardiac remodelling
can be quite small, despite clear differences in V̇O2peak

(Scharhag et al. 2002). Therefore, we chose to use V̇O2peak

to classify individuals as moderately or highly fit. For
the aforementioned reasons, it is also not surprising that
heart rate, blood pressure and stroke volume did not
significantly differ between the moderate and high V̇O2peak

groups in the present study.
The significantly lower apical rotation at rest in the

highly fit group in this study agrees with the previous
findings of Nottin et al. (2008). In contrast, Weiner et al.
(2010a) showed an increase in apical rotation following
exercise training. Although the exact reasons for the
disparity in findings remains to be elucidated, the previous
studies differ in the time that LV mechanics would have had
to adapt. In our opinion, the elegant longitudinal study
by Weiner et al. (2010a) provides insight into the initial
adaptation of LV mechanics to exercise training following
a relatively short training period (90 days), which may
not reflect the final stage of structural and functional
remodelling. Support for this interpretation is provided
by the trend towards a difference in relative wall thickness
pre- and post-training reported by Weiner et al. (2010a)
whilst relative wall thickness was the same between groups
in the present study (see Supplemental Material).

With regard to the consistently elevated resting blood
pressure in all of our participants, this was likely to
have been caused by the position in which individuals

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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were assessed. To standardise data collection at rest and
during exercise, assessment of cardiovascular function was
performed in the left lateral position on the exercise bed.
This position probably caused an elevated postural muscle
tension resulting in a mild increase in blood pressure
from normal resting values. However, all participants
were assessed in the same position and, hence, blood
pressure was likely elevated to the same extent in all
individuals. Consequently, this should not have affected
the comparison of blood pressure between the moderate
and high aerobic fitness group.

Despite the significant baseline differences in aPWV
between moderately and highly fit individuals, there was
no association between aPWV and LV apical rotation.
Furthermore, the time to reflected arterial wave, Tr, was
not significantly different between the groups at rest
and during exercise, suggesting that aerobic fitness did
not influence central arterial stiffness (Sharman et al.
2005). In accordance with this, McEniery et al. (2005)
have previously shown that AIx may be a more sensitive
indicator of arterial function/stiffness than aPWV in
young individuals. In the present study, the similar AIx
and AIxHR75 between the two groups further indicate that
arterial stiffness was not significantly influenced by aerobic
fitness. Since stroke volume and end-systolic pressure
were also similar between the moderate and high V̇O2peak

group, it seems reasonable to conclude that central arterial
function was not responsible for the significant differences
in LV apical mechanics.

Dissociation of LV mechanics with other
cardiovascular indices

Despite the assessment of several indicators of cardiac
and vascular function that have previously been used
to evidence cardiac adaptation to exercise training, none
explained the chronic difference in LV apical mechanics
with aerobic fitness. Specifically, there were no significant
differences in AIx, Tr, LV wall thickness (including the
apical WT/D ratio), blood pressure, stroke volume or
heart rate; yet LV apical rotation was significantly lower
in the high compared with the moderate aerobic fitness
group. Furthermore, during exercise LV apical rotation
remained significantly lower while all other parameters
were the same between the moderate and high aerobic
fitness group. The identical response in LV mechanics
and cardiovascular indices at rest and during exercise
significantly strengthens the present finding that LV apical
rotation is indeed reduced in highly fit individuals without
concomitant adaptation in gross LV structure, arterial
haemodynamics or heart rate.

Figure 4. Peak left ventricular (LV) strain at rest and during cycling exercise
Similar to LV rotation, there were clear differences in the response between LV strain at the base and the apex.

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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Table 2. Systemic cardiovascular responses and peak left ventricular mechanics at rest and during exercise in a moderate and high
aerobic fitness group

Moderate aerobic fitness High aerobic fitness

Rest Exercise Rest Exercise P value interaction

Systemic cardiovascular responses
Heart rate (bpm) 58 ± 10 131 ± 11∗∗ 53 ± 12 133 ± 14∗∗ 0.19
Systolic BP (mmHg) 126 ± 13 196 ± 23∗∗ 120 ± 13 189 ± 26∗∗ 0.95
Diastolic BP (mmHg) 72 ± 8 77 ± 9 70 ± 11 79 ± 13 0.22
SV (ml) 82 ± 19 100 ± 22∗ 81 ± 13 90 ± 10∗ 0.33
SV index (ml/BSA0.46) 40 ± 9 49 ± 9∗ 42 ± 6 47 ± 6∗ 0.42
ESP (mmHg) 92 ± 9 123 ± 60∗ 90 ± 13 135 ± 77∗ 0.65
AIx (%) 9 ± 13 −13 ± 8∗∗ 3 ± 13 −15 ± 9∗∗ 0.37
CAP (mmHg) 2 ± 4 −8 ± 6∗∗ 1 ± 4 −9 ± 6∗∗ 0.94
Tr (ms) 169 ± 35 133 ± 5∗∗ 166 ± 33 130 ± 8∗∗ 0.95

Peak systolic mechanics
Twist velocity (deg s−1) 82 ± 23 154 ± 44∗∗ 75 ± 20 146 ± 40∗∗ 0.94
Basal rotation velocity (deg s−1) −57 ± 22 −95 ± 25∗∗ −49 ± 14 −98 ± 32∗∗ 0.26
Apical rotation velocity (deg s−1) 84 ± 36 143 ± 47∗∗ 54 ± 15 130 ± 34∗∗ 0.21
Basal circumferential SR (s−1) −0.82 ± 0.19 −1.10 ± 0.34∗∗ −0.78 ± 0.12 −1.20 ± 0.31∗∗ 0.46
Basal radial SR (s−1) 1.27 ± 0.32 1.70 ± 0.41∗∗ 1.28 ± 0.36 1.90 ± 0.85∗∗ 0.51
Apical circumferential SR (s−1) −1.30 ± 0.43 −2.81 ± 0.75∗∗ −1.19 ± 0.19 −2.69 ± 0.59∗∗ 0.98
Apical radial SR (s−1) 0.89 ± 0.41 1.64 ± 0.92∗∗ 0.97 ± 0.43 1.96 ± 0.78∗∗ 0.44

Peak diastolic mechanics
Untwisting velocity (deg s−1) −105 ± 21 −251 ± 48∗∗ −104 ± 25 −218 ± 80∗∗ 0.20
Basal rotation velocity (deg s−1) 46 ± 18 83 ± 24∗∗ 55 ± 21 92 ± 25∗∗ 0.91
Apical rotation velocity (deg s−1) −76 ± 20 −203 ± 55∗∗ −69 ± 20 −167 ± 66∗∗ 0.16
Basal circumferential SR (s−1) 1.36 ± 0.45 2.15 ± 0.51∗∗ 1.47 ± 0.34 2.21 ± 0.63∗∗ 0.80
Basal radial SR (s−1) −1.85 ± 0.60 −2.62 ± 0.53∗∗ −1.73 ± 0.56 −2.71 ± 1.27∗∗ 0.60
Apical circumferential SR (s−1) 2.25 ± 0.94 4.62 ± 1.05∗∗ 2.25 ± 0.52 3.96 ± 0.94∗∗ 0.11
Apical radial SR (s−1) −1.69 ± 0.92 −2.86 ± 0.60∗∗ −2.04 ± 0.98 −2.97 ± 0.78∗∗ 0.59

BP: blood pressure; SV: stroke volume; SVI: stroke volume index; ESP: end-systolic pressure; AIx: augmentation index; CAP: central
augmented pressure; Tr: time to reflected wave; SR: strain rate. Note: there were no significant differences between groups at rest or
during exercise. ∗P < 0.01 from rest within the same group; ∗∗P < 0.001 from rest within the same group.

Table 3. Comparison of the slope (k) and height (Y0) of regression lines between the moderate and high aerobic fitness group

Moderate aerobic fitness High aerobic fitness
Apical rotation Apical rotation k Y0

aPWV (m s−1) r2 < 0.001 r2 < 0.01 P = 0.91 P = 0.95
Systolic BP (mmHg) r2 = 0.14 r2 = 0.17 P = 0.96 P = 0.55
Heart rate (bpm) r2 = 0.11 r2 = 0.25 P = 0.75 P = 0.24
Body mass (kg) r2 = 0.02 r2 = 0.07 P = 0.80 P = 0.995
BSA (m2) r2 = 0.14 r2 = 0.17 P = 0.96 P = 0.55

Note that data for body mass, body surface area (BSA) and aortic pulse wave velocity (aPWV) are rest only while data for systolic blood
pressure (BP) and heart rate are rest and exercise combined.

In accordance with our hypothesis, LV mechanics
correlated well with AIx. However, upon closer inspection
of the data it becomes apparent that these relationships
cannot be reflective of a direct ‘cause-and-effect’ inter-
action. One observation was that the increase in LV
mechanics during exercise was greater than the reduction
in AIx as evidenced by the exponential shape of
relationships. This implies that during exercise AIx
plateaus prior to LV mechanics and, thus, strict inter-

dependence seems unlikely. Furthermore, the relationship
between apical rotation and AIx was very weak in
the moderate compared with the high V̇O2peak group.
Accordingly, the cross-talk between LV mechanics and
arterial wave reflection may be enhanced with high
aerobic fitness. Using longitudinal study designs, future
studies may want to explore the development of coupling
between LV apical rotation and AIx over the course of an
exercise training programme. Overall, the coupling of LV

C© 2012 The Authors. The Journal of Physiology C© 2012 The Physiological Society
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mechanics and arterial haemodynamics is an attractive
concept that may still hold true in other populations,
but the results from this study do not provide clear
evidence for such a direct interaction in healthy young
men.

Similar to AIx, blood pressure, heart rate and relative
wall thickness did not explain the chronically lowered
apical rotation in highly fit individuals. Whether regular
exercise training results in permanent changes in systolic
blood pressure in young individuals is currently not
clear. The present findings provide evidence that chronic
changes in systolic blood pressure do not explain the lower
LV apical rotation as BP was the same in the moderate
and high V̇O2peak group at rest and also during exercise.
Similarly, heart rate was the same in both groups at
rest and during exercise and, therefore, is also unlikely
to explain LV mechanical adaptation. Finally, the pre-
sent findings also agree with Nottin et al. (2008) who

showed that the different LV apical rotation in individuals
with high aerobic fitness is not related to remodelling
of the LV macrostructure as relative wall thickness was
maintained.

Potential mechanisms for differences in LV mechanics

Evidence exists that the LV apex is more responsive to
exercise training than the LV base (Zocalo et al. 2007;
Nottin et al. 2008; Weiner et al. 2010a). This observation
related to chronic LV adaptation, parallels the more
dynamic behaviour of the LV apex during acute physio-
logical challenges (Doucende et al. 2010; Stöhr et al.
2011c). The present results advance the previous under-
standing by showing that LV apical rotation is not only
lower at rest but also during exercise in individuals with
high aerobic fitness. Still, the underlying mechanisms for

Figure 5. Relationships between peak systolic left ventricular (LV) twist indices and central
augmentation index (AIx)
Central AIx and LV rotation and twist were inversely related in both the moderate and high V̇O2peak group. While
the slope of the regression lines did not differ between groups (k: P > 0.05), LV twist was significantly lower at a
given AIx in the high aerobic fitness group (Y0: P < 0.01). The lower LV twist was solely caused by a significantly
reduced apical rotation (Y0: P < 0.01), suggesting that LV apical function can adapt independently of the LV base.
Note that the Y-axis for basal rotation values was inversed to reflect the increase in rotation with reduced AIx.
Filled and open circles represent rest and exercise data, respectively.
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adaptation in LV apical rotation remain unclear. In recent
studies it was shown that acute changes in LV preload
and afterload impact differently on LV basal and apical
mechanics (Burns et al. 2010a,b; Weiner et al. 2010b; Stöhr
et al. 2011b). However, the acute response to enhanced LV
preload, which results in a significantly increased apical
rotation (Weiner et al. 2010b), is the direct opposite
of the chronic reduction observed in the present study.
Furthermore, in the present study we show that the lower
apical rotation in participants with high aerobic fitness
is paralleled by a greater radial strain. At present, few
data are available on the interplay between the different
components of LV mechanics and it is not clear why radial
strain may be greater in individuals with higher aerobic
fitness. Uncoupling of LV mechanics has been shown pre-
viously in response to ageing and acute physiological
stimuli (Lumens et al. 2006; Stöhr et al. 2011a) while
Nottin et al. (2008) reported a concomitant decrease in
both rotation and radial strain in elite cyclists. It is possible
that the significant reduction in radial strain in cyclists is

the result of remodelling caused by a marked and sustained
volume expansion of the LV. In contrast, the higher
radial strain in this study may represent a compensatory
mechanism to maintain LV stroke volume despite a
lower apical rotation, when LV volumes are similar
between individuals with high and moderate aerobic
fitness.

While the influence of repeated systemic stimuli such as
an increase in preload during exercise on LV mechanical
adaptation will need to be assessed in future studies, it is
also possible that more intrinsic myocardial mechanisms
could be involved in the observed LV adaptation. One
factor that may be related to the lower LV apical
rotation with high aerobic fitness is a change in the
LV microstructure and a subsequent re-arrangement of
oblique LV myofibres. Anatomical as well as mathematical
modelling studies have demonstrated that the oblique
fibre architecture is responsible for LV rotation and
twist (Taber et al. 1996; Sengupta et al. 2006). As
outlined above, changes in the absolute and relative wall

Figure 6. Relationships between peak systolic left ventricular (LV) radial and circumferential strain at
the LV base and apex and augmentation index (AIx)
Radial and circumferential strain showed only weak or no relationships with AIx and there were no differences
between groups (k and Y0: P > 0.05, respectively). Filled and open circles represent rest and exercise data,
respectively.
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thickness per se do not appear to be the cause for LV
mechanical adaptation. Indeed, myocardial adaptation is
possible without affecting relative LV wall thickness. For
example, exercise training significantly influences matrix
metalloproteinase 1, collagen volume fraction and micro-
RNAs (Xu et al. 2008; Baggish et al. 2011). Such molecular
alterations within the myocardium are likely to transform
LV mechanics, perhaps through a change in fibre function
or in the structural alignment between the subendocardial
and subepicardial fibres. Combining the assessment of
comprehensive LV mechanical function with indicators
of molecular remodelling would further advance the
current understanding of physiological adaptation of LV
mechanics.

Analogous to skeletal muscle, which shows rapid
adaptation in neural function to exercise training
(Vila-Cha et al. 2010), adaptation in myocardial mechanics
may also be influenced by alterations in neural
control. This could involve structural adaptation of the
components of the autonomic nervous system as well
as changes in function for example by altered delivery
or uptake of sympathetic and parasympathetic neuro-
transmitters. Interestingly, studies on the distribution and
density of sympathetic nerve endings and β-adrenergic
receptors have shown a heterogeneous pattern across the
LV base and apex (Mori et al. 1993; Kawano et al. 2003),
fitting the hypothesis of a neural origin to region-specific
LV mechanical adaptation. Since in vivo data on the
distribution and density of adrenoreceptors are extremely
difficult to obtain, future studies may be able to explore
differences in the electrical activation patterns between the
LV base and apex that may correspond to the adaptation
in LV mechanics observed in individuals with high aerobic
fitness.

Significance of findings and future directions

Typically, physiological LV remodelling and functional
adaptation to exercise training is identified by assessing LV
dimensions, wall thicknesses, compliance and alterations
in systolic and diastolic LV function such as transmitral
filling or longitudinal tissue velocities. These markers of
systolic and diastolic function reflect chronic alterations
in LV structure and functional outcome but they do not
provide any insight into the underpinning mechanics
performed by the LV to achieve a certain systolic ejection
or diastolic filling. The low number of studies examining
the physiological adaptation of LV mechanics is surprising
as LV mechanics undoubtedly play an essential role in
overall LV performance in pathology (Sengupta et al.
2006; Russel et al. 2009; Geyer et al. 2010; Gorcsan
& Tanaka, 2011). Knowledge of the adaptive potential
of LV mechanics to physiological stimuli may help to
understand changes observed in cardiovascular disease

and offer possibilities for treatment. The present study
contributes to a greater understanding of LV mechanics
by showing that healthy individuals with high aerobic
fitness have different LV mechanics despite similar arterial
haemodynamics and LV output, suggesting an improved
myocardial efficiency. This interpretation is in agreement
with Vendelin et al. (2002) who demonstrated that
LV mechanics are important for the optimisation of
ventricular myofibre stress and efficiency.

The regional and functional heterogeneity of LV
mechanical adaptation (LV base vs. apex and strain
vs. twist, respectively) demonstrates that myocardial
adaptation is complex and that some functional changes
may not be captured by the measurement of conventional
systolic and diastolic LV indices. Previous studies that
have elegantly examined the impact of exercise training
on cardiac function in ageing humans without assessing
LV mechanics have failed to identify clear benefits of
endurance training on cardiac function (Gates et al.
2003; Fujimoto et al. 2010). It is possible that LV apical
rotation may be a more sensitive indicator of myocardial
adaptation to exercise training. It must be noted, however,
that variability of normal baseline data is high and that
recognised ‘normal’ values in different patient populations
are still required. This precludes, at present, the use of LV
apical rotation per se as a diagnostic clinical marker of
cardiac performance. Furthermore, we acknowledge that
the present findings were obtained in healthy young males
and that other populations may demonstrate a different
interaction between aerobic fitness and LV mechanics.
Nonetheless, the novel findings in this study give rise
to the hypothesis that exercise training may enhance LV
mechanics without concomitant adaptations in classic
indices of cardiovascular structure and function.

Conclusions

In young males, high aerobic fitness is associated with
a significantly lower apical rotation at rest and during
sub-maximal exercise. Importantly, the differences in LV
mechanics between moderately and highly fit individuals
are present despite maintained markers of LV adaptation
that are classically associated with ‘athlete’s heart’. This
novel finding in non-athletic individuals has important
implications for exercise training in older individuals and
patient populations in which exercise training has pre-
viously failed to show clear benefits for LV function.
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