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Abstract The purpose of this study was to evaluate
normal values for regional and global myocardial wall
motion parameters in young and elderly individuals,
as detected by navigator gated high temporal resolu-
tion tissue phase mapping. Radial, longitudinal and
circumferential ventricular wall motion, as well as
ventricular torsion and longitudinal strain rates, were
assessed in two age groups of volunteers, 23±3 (n=14)
and 66±7 years old (n=9), respectively. All subjects
were healthy, non-smokers without known cardiac

disease. An increased global left ventricular (LV) torsion
rate (peak systolic torsion rate 20.6±2.0 versus 14.5±
1.0°/s/cm, peak diastolic torsion rate −25.2±1.8
versus −14.1±1.3°/s/cm) and a decrease in longitudinal
LV motion (peak systolic values at mid-ventricle 5.9±
0.5 versus 8.5±0.8 cm/s, peak diastolic values −10.7±
0.7 versus −15.2±0.9 cm/s) in the older age group were
the most prominent findings. Lower peak diastolic radial
velocities with a longer time-to-peak values, most pro-
nounced at the apex, are consistent with reduced diastolic
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function with ageing. Lower peak clockwise and
counter-clockwise velocities at all LV levels revealed
limitations in resting LV rotational motions in the older
group. Significant changes in the undulating pattern of
the rotational motions of the left ventricle were also
observed. The results demonstrate distinct changes in
regional and global myocardial wall motion in elderly
individuals. Increased LV torsion rate and reduced LV
longitudinal motion were particularly prominent in the
older group. These parameters may have a role in the
assessment of global LV contractility and help differen-
tiate age-related changes from cardiac disease.

Keywords Ventricular wall motion . Cardiac magnetic
resonance . Phase contrast velocity mapping

Introduction

Ageing is related to structural and functional alterations
in the heart. Whilst cardiac reserve and diastolic filling
decrease over time, an increase in left ventricular ejection
fraction has been reported in older individuals (Nikitin et
al. 2006). The mechanism for these changes remains
incompletely understood, even though the alterations in
left ventricular physiology with ageing may partially
explain the reduced cardiac reserve in response to dis-
ease, pharmacological interventions and surgical proce-
dures (Nikitin et al. 2006). Moreover, understanding the
physiological remodelling of the left ventricle with age-
ing may prove important to help differentiate age-related
changes from cardiovascular disease. Left ventricular
systolic contraction results from a complex interplay of
cardiomyocyte aggregates orientated in different direc-
tions along and within the heart muscle wall. Cardiac
magnetic resonance (MR) studies using navigator gated
tissue phase mapping (TPM) techniques have helped our
understanding of the complex longitudinal and circum-
ferential motion patterns of the left ventricle (Codreanu
et al. 2010). The goal of this study was to evaluate
normal values for regional and global myocardial wall
motion parameters in young and elderly individuals as
detected by TPM.

Methods

Regional ventricular wall motion was assessed in two
age groups of healthy volunteers, with an average age of

23±3 and 66±7 years old, respectively. The younger
age group included 14 healthy subjects (all males),
while the older age group included 9 subjects (6 males,
3 females). All subjects were healthy, non-smokers and
underwent a medical assessment prior to acceptance in
the study to exclude a history of cardiovascular and
metabolic disease. All volunteers had normal ventricular
dimensions and ejection fractions, normal LV mass and
wall thickness, without evidence of resting left ventricular
wall motion abnormalities. The study was conducted
according to the principles of the Declaration of
Helsinki and was approved by a local Oxfordshire
Clinical Research Ethics Committee. Each subject pro-
vided written informed consent.

Cardiac MR examinations were performed using a
1.5-Tesla Siemens Sonata clinical scanner (Erlangen,
Germany). Cine images for navigator gated high tem-
poral resolution TPM were acquired using a black
blood prepared segmented k-space gradient echo se-
quence (Jung et al. 2006a, b) with a temporal resolution
of 13.8 ms (TR=6.9 ms, flip angle=15°, bandwidth=
650 Hz/pixel, FOV=400×300 mm, matrix=256×96),
as previously described (Codreanu et al. 2010, 2011a, b).
Three equidistant short-axis positions along the left ven-
tricle were obtained. The basal slice was positioned par-
allel to the base of the heart and distal to the left
ventricular (LV) outflow tract. Basal, mid-ventricular
and apical slices were positioned 15 to 20 mm apart,
depending on the heart size. Depending on the navigator
efficiency of the respiratory gating, each short axis
acquisition took approximately 3–5 min.

TPM analysis was performed with customized
software (Matlab, version 6.5; Mathworks, Natick,
MA, USA). The endocardial and epicardial borders
were contoured manually for base, mid-ventricle and
apex in each phase of the cardiac cycle, excluding
papillary muscles. End systole for each slice was deter-
mined as the time point corresponding to the smallest
LV cavity. The cardiac phases were subsequently calcu-
lated and normalized for the entire group based on their
average duration during a cardiac cycle (Codreanu et al.
2010, 2011a, b). Global ventricular velocity time
courses for radial, circumferential and longitudinal mo-
tion were calculated for each group by averaging over
the entire segmentation mask. Time-to-peak ventricular
velocities were calculated. In addition, graphical repre-
sentations of all ventricular velocities during a cardiac
cycle for individual LV segments were obtained. Global
ventricular torsion and strain rates were also determined.
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The variables were tested for normal distribution and,
after the assumption was met, a pooled t test was used to
compare the values between the two groups. Otherwise,
a non-parametric (Mann–Whitney) test was used. A p
value of less than 0.05 was considered significant. The
reproducibility of the measurements using navigator
gated TPM was evaluated in a previous study, with
repeated MR scans in a group of healthy volunteers
performed 3 weeks apart (Codreanu et al. 2010). The
method showed high reproducibility and a coefficient of
variation for repeated values between 9.3 % and 11.4 %
for calculated parameters.

Results

Radial motion

The peak systolic and diastolic radial velocities at the
LV base, mid-ventricle and apex, as well as their corre-
sponding peak times in both age groups, are provided in
Table 1. Graphical representation of radial velocities for

individual LV segments as well as average values for LV
base, mid-ventricle and apex is shown in Fig. 1. Positive
values reflect LV segmental motion towards the centre
of the ventricle, whilst negative values reflect an out-
ward motion.

There was no difference in peak systolic radial veloc-
ities noted at the LV base and mid-ventricle between the
two study groups. At the LVapex, however, a paradoxical
increase in peak systolic radial velocities was apparent in
the older age group. This difference increased from the
endocardium (3.6 cm/s in the younger age group versus
3.8 cm/s in the older age group) towards the epicardium
(2.6 cm/s in the younger age group versus 3.2 cm/s in the
older age group, p value=0.02). There were no differ-
ences in time-to-peak systolic velocities (Table 1).
Contrary to peak systolic values, peak diastolic radial
velocities at the LVapexweremuch higher in the younger
age group, the difference increasing towards the endocar-
dial layer (−6.9 cm/s versus −5.2 cm/s, p value=0.01).

The time-to-peak diastolic radial velocities were
longer in the older age group, reaching statistical sig-
nificance at the mid-ventricle and apex (Table 1). The

Table 1 Peak radial velocities and time-to-peak values in the younger and older age groups

LV level and myocardial layer 23±3 years 66±7 years p value 23±3 years 66±7 years p value

Peak systolic radial velocity (cm/s) Time-to-peak values (% of ES)

LV base Epicardial 3.0±0.2 3.1±0.2 0.90 40.7±1.6 42.7±2.6 0.51

Transmural 3.5±0.2 3.5±0.2 0.91 39.7±1.2 42.6±2.6 0.39

Endocardial 4.0±0.2 4.0±0.2 0.96 39.6±1.2 43.6±2.6 0.28

Mid-ventricle Epicardial 3.2±0.1 3.2±0.3 0.98 38.9±1.3 39.7±1.4 0.70

Transmural 3.7±0.1 3.5±0.3 0.68 39.7±2.4 42.7±2.1 0.39

Endocardial 4.2±0.1 4.0±0.3 0.41 39.7±1.7 44.7±1.5 0.13

LV apex Epicardial 2.6±0.2 3.2±0.2 0.02 37.7±1.9 38.6±1.9 0.77

Transmural 3.1±0.2 3.5±0.2 0.13 38.7±1.4 39.1±1.7 0.85

Endocardial 3.6±0.2 3.8±0.2 0.55 38.5±0.9 40.1±1.4 0.36

Peak diastolic radial velocity (cm/s) Time-to-peak values (% of ED)

LV base Epicardial −4.5±0.3 −4.4±0.4 0.96 15.6±1.5 19.1±1.8 0.16

Transmural −5.5±0.3 −5.5±0.4 0.91 15.7±1.5 18.8±1.9 0.22

Endocardial −6.6±0.4 −6.6±0.5 0.88 15.6±1.5 18.8±1.7 0.19

Mid-ventricle Epicardial −4.6±0.2 −4.3±0.2 0.41 19.8±1.0 23.2±1.2 0.06

Transmural −5.6±0.3 −5.2±0.2 0.29 19.0±1.1 23.5±1.1 0.02

Endocardial −6.6±0.3 −6.1±0.3 0.17 18.8±1.1 23.5±1.1 0.01

LV apex Epicardial −4.9±0.3 −4.2±0.3 0.14 19.3±1.7 27.4±1.4 <0.01

Transmural −5.8±0.4 −4.7±0.3 0.04 19.0±1.6 27.4±1.4 <0.01

Endocardial −6.9±0.5 −5.2±0.4 0.01 19.0±1.6 27.4±1.4 <0.01

All values are presented as mean±SEM
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difference substantially increased towards the LVapex
(19 % of end-diastole in younger age group versus
27.4 % of end-diastole in older age group), showing a
clear delay in LV radial expansion in older subjects.
This delay in radial expansion can be seen in Fig. 1
(dotted graphs, shifted diastolic portion). Segmental
graphs similarly showed a shift of the diastolic portion
of the radial velocity curves in most ventricular seg-
ments, confirming a delay in LV radial expansion in
older subjects (Fig. 1). Higher peak systolic values
were noted in the older group in segments 14 (apical
septal) and 16 (apical lateral), indicating a higher
lateral (versus antero-posterior) contractility of the
ventricular apex with increasing age.

Longitudinal motion

Peak longitudinal velocities with corresponding times-to-
peak values for main LV slices are presented in Table 2,
while the graphical display for individual LV segments
andmain LV slices are provided in Fig. 2. Positive values
demonstrate downward motion along the longitudinal
LVaxis (i.e. towards the apex), and negative values show
upwardmotion (i.e. towards the base). Both peak systolic
and diastolic longitudinal velocities were significantly

lower in the older age group, but the difference decreased
towards the apex (Table 2). The time-to-peak diastolic
values were longer in older subjects (Table 2), reaching
statistical significance at the mid-ventricle (20.6 % ver-
sus 24.4 % of end-diastole, p value=0.04) and LV apex
(14.2 % versus 23.0 % of end-diastole, p value<0.01).

Segmental longitudinal velocity graphs similarly
showed lower peak systolic and diastolic longitudinal
velocities in most individual LV segments in the older
age group. A shift in the diastolic portion of the
longitudinal graphs was also noted, showing a delay
of the longitudinal recoil motion in diastole and a
longer time required for reaching peak diastolic longi-
tudinal velocities in older subjects.

Rotational motion

Peak clockwise and counter-clockwise circumferential
velocities in both age groups are displayed in Table 3.
Positive values indicate clockwise rotation, and negative
values reflect counter-clockwise rotation as viewed
from the apex. Circumferential velocity graphs for indi-
vidual LV segments as well as average values for the LV
base, mid-ventricle and apex are shown in Fig. 3. Both
peak clockwise and counter-clockwise velocities were

Fig. 1 Radial velocity graphs for individual left ventricular
segments during a cardiac cycle. The graphs represent average
myocardial velocities for the two groups of volunteers (solid
line, younger age group; dotted line, older age group). Positive
values reflect inward motion toward the centre of the ventricle,
while negative values show outward expansion. Average veloc-
ities for basal, mid and apical slices are shown in bold outline.
The arrows show peak systolic (a) and peak diastolic (b) radial

velocities. The right lower montage displays left ventricular
short axis images of the base, mid ventricle and apex, divided
into 16 segments according to American Heart Association
segmentation model. ED end diastole, ES end systole, LV left
ventricle, 1 isovolumetric contraction, 2 rapid ejection, 3 re-
duced ejection, 4 isovolumetric relaxation, 5 rapid filling, 6
diastasis, 7 atrial systole
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much lower at all ventricular levels in the older age
group (Table 3). In addition, an altered pattern of ven-
tricular motion was noted with increasing age. Thus, in
younger subjects, the peak counter-clockwise velocity at
the LV base was represented by the initial wave of
counter-clockwise rotation of the entire ventricle at the
beginning of systole (Fig. 4, arrow a), whilst in the older
age group, it was represented by a recoil wave of ven-
tricular untwisting in diastole (Fig. 4, arrow b). This
representation of peak counter-clockwise velocities by
different waves was also reflected in substantially differ-
ent time-to-peak values (20.6%of end-systole in younger
subjects and 118.1 % of end-systole in older subjects,
Table 3). The time-to-peak counter-clockwise velocities
were longer in the older age group, the difference being
statistically significant at all LV levels (Table 3).

Segmental circumferential velocity graphs showed
lower amplitudes of rotational motion with lower peak
clockwise and counter-clockwise velocities in all LV
segments with increasing age. An altered pattern of
rotational motion was also observed in all segments
(Figs. 3 and 4).

Global ventricular torsion rate and longitudinal strain
rate

Peak ventricular torsion rates and peak longitudinal
strain rates in both age groups are provided in Table 4.
An increase in peak systolic torsion rate from 14.5 to
20.6°/cm/s (p value<0.01) and in peak diastolic tor-
sion rate from −14.1 to −25.2°/cm/s (p value<0.01)
was noted in older subjects. Graphical display of
the global ventricular torsion rate and its variation
during a cardiac cycle for both age groups is pro-
vided in Fig. 5. No statistical significance between
longitudinal strain rates were noted in the two age
groups (Table 4).

Discussion

The results obtained using cardiac MR TPM dem-
onstrated significant differences in radial, circum-
ferential and longitudinal motions of the left ventricle in
young and elderly individuals. These alterations may

Table 2 Peak longitudinal velocities and time-to-peak values in the younger and older age groups

LV level and myocardial layer 23±3 years 66±7 years p value 23±3 years 66±7 years p value

Peak systolic longitudinal velocity (cm/s) Time-to-peak values (% of ES)

LV base Epicardial 10.7±0.9 7.8±1.0 0.05 26.7±0.6 26.0±1.2 0.61

Transmural 10.9±0.9 7.9±0.9 0.04 26.6±0.5 25.5±1.1 0.33

Endocardial 11.0±0.9 8.0±0.9 0.04 26.6±0.5 25.0±0.9 0.12

Mid-ventricle Epicardial 8.6±0.9 6.0±0.6 0.03 26.3±0.6 25.1±1.2 0.32

Transmural 8.5±0.8 5.9±0.5 0.02 26.6±0.5 25.7±1.3 0.46

Endocardial 8.4±0.8 5.8±0.5 0.01 27.2±0.6 25.7±1.3 0.22

LV apex Epicardial 5.1±0.5 3.9±0.6 0.07 23.2±0.6 25.8±1.5 0.18

Transmural 4.9±0.5 3.7±0.6 0.08 22.8±0.8 25.8±1.5 0.13

Endocardial 4.8±0.5 3.5±0.7 0.07 22.5±1.0 25.8±1.5 0.13

Peak diastolic longitudinal velocity (cm/s) Time-to-peak values (% of ED)

LV base Epicardial −17.7±0.3 −13.6±1.1 <0.01 17.5±1.7 20.9±0.8 0.16

Transmural −18.3±0.4 −14.1±1.1 <0.01 17.3±1.6 20.6±0.8 0.17

Endocardial −19.0±0.4 −14.7±1.2 <0.01 17.3±1.6 20.1±0.7 0.23

Mid-ventricle Epicardial −14.8±0.8 −10.6±0.7 <0.01 19.1±1.3 24.4±0.8 <0.01

Transmural −15.2±0.9 −10.7±0.7 <0.01 20.6±1.6 24.4±0.8 0.04

Endocardial −15.8±1.1 −10.7±0.7 <0.01 20.4±1.5 24.1±0.8 0.04

LV apex Epicardial −9.0±1.3 −7.0±0.6 0.22 14.2±1.0 23.0±2.0 <0.01

Transmural −9.1±1.2 −6.9±0.8 0.15 14.2±1.0 23.0±2.0 <0.01

Endocardial −9.2±1.2 −6.8±0.7 0.11 13.4±1.1 20.7±2.2 <0.01

All values are presented as mean±SEM

AGE (2014) 36:231–241 235



Table 3 Peak circumferential velocities and time-to-peak values in the younger and older age groups

LV level and myocardial layer 23±3 years 66±7 years p value 23±3 years 66±7 years p value

Peak clockwise velocity (cm/s) Time-to-peak values (% of ES)

LV base Epicardial 3.8±0.3 2.6±0.3 <0.01 50.7±2.2 47.5±1.1 0.33

Transmural 3.7±0.3 2.5±0.3 <0.01 50.1±2.1 47.5±1.1 0.41

Endocardial 3.7±0.3 2.5±0.3 <0.01 50.0±2.3 46.3±1.1 0.27

Mid-ventricle Epicardial 2.9±0.3 2.0±0.2 0.04 Data were inconsistent due to 3 separate peaks located at
about 50–100–150 % of end systole (Fig. 3, arrows b)Transmural 2.6±0.3 2.0±0.3 0.09

Endocardial 2.5±0.3 2.2±0.3 0.20

LV apex Epicardial 3.2±0.3 2.3±0.3 0.02 111.1±3.4 109.9±4.6 0.84

Transmural 3.2±0.2 2.2±0.2 <0.01 110.7±2.4 109.9±4.7 0.86

Endocardial 3.2±0.2 2.2±0.2 <0.01 110.4±2.4 111.4±5.1 0.84

Peak counter-clockwise velocity (cm/s) Time-to-peak values (% of ES)

LV base Epicardial −4.8±0.5 −3.3±0.4 0.03 20.6±0.5 117.6±1.5 <0.01

Transmural −4.6±0.4 −3.3±0.4 0.04 20.6±0.5 118.1±1.5 <0.01

Endocardial −4.4±0.4 −3.4±0.3 0.08 20.6±0.5 118.6±1.7 <0.01

Mid-ventricle Epicardial −5.0±0.5 −3.5±0.4 0.04 20.8±0.7 25.3±1.9 0.05

Transmural −4.8±0.4 −3.5±0.3 0.04 20.8±0.7 25.3±1.9 0.05

Endocardial −4.6±0.4 −3.5±0.3 0.05 20.3±0.6 25.3±1.9 0.03

LV apex Epicardial −5.1±0.4 −3.8±0.4 0.03 22.3±0.8 26.2±1.1 0.02

Transmural −4.8±0.4 −3.7±0.4 0.05 23.6±0.8 26.2±1.1 0.05

Endocardial −4.4±0.4 −3.7±0.4 0.11 23.7±1.1 26.7±1.4 0.14

All values are presented as mean±SEM

Fig. 2 Longitudinal velocity graphs for individual left ventric-
ular segments during a cardiac cycle. The graphs represent
average myocardial velocities for the two groups of volunteers
(solid line, younger age group; dotted line, older age group).
Positive values correspond to downward motion along the ven-
tricular longitudinal axis (i.e. toward the apex), while negative
values reflect upward displacement (i.e. toward the base). Aver-
age velocities for basal, mid and apical slices are shown in bold

outline. The arrows show peak systolic (a) and peak diastolic
(b) longitudinal velocities. The right lower montage displays
left ventricular short axis images of the base, mid ventricle and
apex, divided into 16 segments according to American Heart
Association segmentation model. ED end diastole, ES end sys-
tole, LV left ventricle, 1 isovolumetric contraction, 2 rapid
ejection, 3 reduced ejection, 4 isovolumetric relaxation, 5 rapid
filling, 6 diastasis, 7 atrial systole
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help explain the reduced diastolic function and aug-
mented ejection fraction seen with ageing.

Radial motion

Concomitant changes in ventricular wall thickness oc-
curring with radial motion are expected to cause the

endocardial layer to travel a relatively higher distance
towards the virtual centre of the left ventricle compared
to the epicardial layer (Fig. 6). This likely accounts for
higher systolic and diastolic radial velocities recorded at
the endocardial compared to epicardial layer in both age
groups (Table 1). The increase in peak systolic radial
velocities at the LV apex in the older age group may

Fig. 3 Circumferential velocity graphs for individual left ven-
tricular segments during a cardiac cycle. The graphs represent
average myocardial velocities for the two groups of volunteers
(solid line, younger age group; dotted line, older age group).
Positive values correspond to clockwise rotation of the left
ventricle as viewed from the apex, while negative values reflect
counter-clockwise motion. Average velocities for basal, mid and
apical slices are shown in bold outline. The right lower montage

displays left ventricular short axis images of the base, mid
ventricle and apex, divided into 16 segments according to
American Heart Association segmentation model. The arrows
show peak counter-clockwise (a) and peak clockwise (b) veloc-
ities. ED end diastole, ES end systole, LV left ventricle, 1
isovolumetric contraction, 2 rapid ejection, 3 reduced ejection,
4 isovolumetric relaxation, 5 rapid filling, 6 diastasis, 7 atrial
systole

Fig. 4 Changes in the rotational motion pattern of the left
ventricular (LV) apex and base in the two age groups. Positive
values correspond to clockwise rotation as viewed from the
apex, while negative values reflect counter-clockwise motion.
The graphs represent average myocardial velocities for the two
groups of volunteers. Solid line shows rotational motion of the
LV base, while dotted line shows rotational motion of the LV

apex. The arrows point towards the peak counter-clockwise
velocity of the ventricular base, which in younger subjects was
represented by the initial wave of counter-clockwise rotation of
the entire ventricle at the commencement of systole (a, solid
graph), whilst in the older age group, it was represented by a
recoil wave of ventricular untwisting in diastole (b, solid graph).
ED end diastole, ES end systole
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appear paradoxical, though the findings are in agree-
ment with previously reported increases in LV ejection
fraction with ageing (Bauer et al. 1988; Klein et al.
1999; Nikitin et al. 2006). The lower peak diastolic
radial velocities, with a longer time-to-peak values
(Table 1), most pronounced at the apex, are consistent
with reduced diastolic function with ageing. The pro-
gressive reduction of myocardial relaxation with ageing
was firstly described by experimental studies (Kaufman
et al. 1990) and subsequently confirmed by invasive
(Hirota 1980) and non-invasive reports in humans

(Spirito et al. 1986; Sagie et al. 1993). Similar changes,
showing significantly delayed and reduced myocardial
relaxation in older healthy individuals, have been
reported using MR tagging (Oxenham et al. 2003; Foll
et al. 2009). The findings may reflect a reduction of
myocardial compliance with increasing age (Bauer et al.
1988), commonly attributed to ultrastructural modifica-
tion of cardiomyocytes, involving calcium cellular
transport by the sarcoplasmic reticulum (Kaufman et
al. 1990). Shifted curves on the radial velocity graphs
in diastole (Fig. 1) are also consistent with delayed
radial expansion and reduced myocardial compliance
in the older age group. Further studies are needed to
provide a mechanism for these changes, though age-
related decrease in Ca2+ uptake by the sarcoplasmic
reticulum (Pugh and Wei 2001) and an increase in
myocardial stiffness (Villari et al. 1997) are potential

Table 4 Peak torsion rate and peak longitudinal strain rate in
the two age groups

Young age,
23±3 years

Older age,
66±7 years

p
value

Peak systolic torsion rate
(degrees/s/cm)

14.5±1.0 20.6±2.0 <0.01

Peak diastolic torsion rate
(degrees/s/cm)

−14.1±1.3 −25.2±1.8 <0.01

Peak systolic longitudinal
strain rate (s−1)

−2.0±0.2 −1.8±0.2 0.50

Peak diastolic longitudinal
strain rate (s−1)

3.3±0.3 2.7±0.2 0.11

All values are presented as mean±SEM and are compared using
paired t test

Fig. 5 Changes in global left ventricular (LV) torsion rate in the
two age groups. The graphs represent average values for the two
groups of volunteers (solid line, younger age group; dashed line,
older age group). Systolic torsion, expressed in positive values,
results from a clockwise rotation of LV base and a simultaneous
counter-clockwise rotation of the LV apex, while torsion rate
represents the speed at which the twisting motion occurs. Sub-
sequent recoil of twist deformation following ventricular repo-
larization is associated with a clockwise rotation of LVapex and
a simultaneous counter-clockwise rotation of the LV base (re-
versed motions), translating into negative values of torsion rate.
The arrows show peak systolic (a) and peak diastolic (b) torsion
rates. ED end diastole, ES end systole, 1 isovolumetric contrac-
tion, 2 rapid ejection, 3 reduced ejection, 4 isovolumetric relax-
ation, 5 rapid filling, 6 diastasis, 7 atrial systole

Fig. 6 Schematic representation of radial and rotational LV
motions during systole: (A) beginning of systole and (B) mid
systole. The endocardial points are expected to travel a higher
distance per time unit during their radial motion due to concom-
itant changes in LV wall thickness (upper panel), while the
epicardial points are expected to travel a higher distance per
time unit during their circumferential motion due to a higher
rotational orbit (lower panel). This may explain the higher
systolic and diastolic radial velocities, but slightly lower rota-
tional velocities for the endocardial compared to epicardial layer
noted in both age groups (Tables 1 and 3). Of note is that at the
beginning of systole, the entire LV rotates counter-clockwise as
viewed from the apex (A, lower panel). Subsequently, the LV
apex continues its counter-clockwise motion, while the LV base
rotates in an opposite (clockwise) direction, resulting in LV
twisting (B, lower panel)
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hypotheses to explain why myocardial relaxation is
slower in the elderly.

Longitudinal motion

A significant difference between the two age groups was
found in ventricular longitudinal motion, suggesting
longitudinal velocities may be a sensitive marker for
the evaluation of myocardial contractility with ageing.
The velocity of the downward displacement of the left
ventricle along the longitudinal LV axis during systole,
when the entire ventricle is pushed in an opposite direc-
tion to the ejected blood, is expected to be proportional
to the overall force of ejection, including the force of
radial motion and LV twisting. Subsequently, this di-
rectly affects the force of the recoil motion in diastole,
i.e. peak diastolic longitudinal velocity, when the entire
ventricle is being pulled back to its initial location by the
stretched great vessels and elastic structures that attach
the heart to mediastinum. Consequently, peak diastolic
longitudinal velocity may serve as a measure of global
ventricular contractility, the resultant recoil in diastole
being proportional to the sum of all applied forces
during systole (Codreanu et al. 2010). These findings
are consistent with previous studies reporting similar
differences in longitudinal LV motion in older patients
as well as in patients who might have higher risk of
developing heart failure with normal ejection fraction
(Nikitin et al. 2006; Innelli et al. 2008; Tan et al. 2009).

The age-dependent deterioration in longitudinal
systolic function, observed in healthy subjects, has also
been ascribed to the smaller left ventricular volumes
and higher wall thickness occurring with ageing
(Nikitin et al. 2006). Since the LV apex shows little
motion along the longitudinal axis due to concomitant LV
shortening/twisting in systole and elongation/untwisting
in diastole (Codreanu et al. 2010), the biggest difference
in longitudinal motion can be expected at the LV base
(Table 2).

Rotational motion

The lower peak clockwise and counter-clockwise ve-
locities involving all ventricular segments in the older
age group showed limitations in LV rotational motions
in the elderly. These findings were confirmed by much
lower amplitudes of rotational motion on all circum-
ferential velocity graphs. Of particular note, the peak
counter-clockwise velocity at the LV base in younger

subjects was represented by an initial wave of counter-
clockwise rotation of the entire ventricle at the com-
mencement of systole (Fig. 4, arrow a), whilst in the
older age group, it was represented by a recoil wave of
ventricular untwisting in diastole (Fig. 4, arrow b). LV
apical rotation in the older age group was affected
even to a higher degree, altering also the undulating
pattern of recoil motions in diastole. These changes
translated into an overall altered pattern of rotational
motions of the LV apex and base against each other,
affecting both ventricular twisting and untwisting, as
shown in Fig. 4. Since the rotational motion for the
epicardial layer occurs at a slightly higher orbit com-
pared to endocardial layer, the epicardial points are
expected to travel a relatively higher distance per time
unit during their circumferential movement (Fig. 6).
This likely accounts for the slightly higher rotational
velocities recorded at the epicardial compared to en-
docardial layer in both age groups (Table 3).

Global torsion and longitudinal strain rates

The higher peak systolic and diastolic torsion rates
obtained in the older age group are in agreement with
previous tissue Doppler, speckle-tracking echocardi-
ography (Nakai et al. 2006; Takeuchi et al. 2006; van
Dalen et al. 2008) and cardiac MR tagging studies
(Matter et al. 1996; Fonseca et al. 2003; Oxenham et
al. 2003). Greater peak torsional shear strains and
greater ventricular torsion rates in the older group are
frequently explained by an increase in concentric hy-
pertrophy (mass-to-volume ratio) since LV torsion is
known to be increased with hypertrophy (Young et al.
1994; Stuber et al. 1999; Fonseca et al. 2003). Another
cause for the augmented LV torsion with ageing is
commonly attributed to subendocardial underperfusion,
which results from an increased LV end diastolic pres-
sure or subendocardial fibrosis. This, in turn, diminishes
the counteractive motion of the subendocardial fibres
against the subepicardial fibres (Lumens et al. 2006).
The slightly lower values for longitudinal strain rates in
the older age group (Table 4) are consistent with reports
of systolic and diastolic longitudinal strain rates decreas-
ing with age (Fonseca et al. 2003; Kuznetsova et al.
2008; Zghal et al. 2011). In the current study, however,
the difference did not reach statistical significance
(p values of 0.11 and 0.50). Peak rates of relaxation for
both circumferential and longitudinal strains have been
inversely correlated with systolic and diastolic blood
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pressure values and with the ratio of LV mass to end
diastolic volume (EDV), suggesting that relaxation rates
are influenced by concentric hypertrophy (Fonseca et al.
2003). Consequently, it has been suggested that reduced
relaxation rate is directly related to the reduced diastolic
function observed in the normal ageing process
(Fonseca et al. 2003).

Overall, our findings are in agreement with recent
results obtained using TPM technique by Foll et al.
(2009). Additional correlations with gender, LV geom-
etry, global function, heart rate or blood pressure have
already been reported by Foll et al. (2009) and were
beyond the scope of this study.

Study limitations

Only two age groups were included in this one time
point study. A longitudinal study examining the same
patients over an extended period of time is required to
definitively examine age-related changes in cardiac
physiology. The cardiac phases were calculated and
normalized for the entire group based on their average
duration during systole and diastole and not on the
timing of cardiac valves closure and opening, which
was not recorded. The phases are provided for general
orientation and even when slightly displaced would not
affect data interpretation.

Conclusions

Navigator gated TPM has allowed a detailed assess-
ment of baseline parameters reflecting global and re-
gional ventricular wall motion in young and elderly
individuals. An increased global LV torsion rate and a
significant decrease in longitudinal motion were the
most prominent findings in elderly individuals. A par-
adoxical increase in peak radial velocities at the LV
apex is consistent with prior reports of increased ejec-
tion fraction with ageing. Decreased circumferential
velocities and an altered pattern of rotational motion
are suggestive of limitations in LV twisting and
untwisting with increasing age. Our data suggest that
longitudinal motion may represent a sensitive param-
eter in evaluating global LV contractility, which is
consistent with prior reports that the effect of ageing
on left ventricular longitudinal myocardial function
may precede the age-related effects on LV chamber
systolic function (Innelli et al. 2008). These results

highlight the importance of understanding normal age-
related changes in LV motion, and these cardiac MR
parameters may be important to help differentiate the
effect of ageing from cardiac pathology.
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