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Abstract
Background—Aging is accompanied by an alteration in myocardial contractility. However, its
noninvasive detection is difficult. The effect of chronic exercise on this decrease is unknown.
Murine models of senescence are increasingly used to test therapies in aging. We tested whether
strain rate imaging detected left ventricular (LV) systolic dysfunction in aging mice and was able
to assess a potential improvement after exercise.

Methods and Results—Young (3 weeks), adult (2 to 3 months), and old (6 to 18 months)
C57BL6 male mice underwent echocardiograms with strain rate imaging, either in sedentary
conditions or before, 2 weeks and 4 weeks after chronic swimming. Hemodynamic parameters of
LV function including maximal and end-systolic elastance were obtained before euthanizing. LV
fibrosis was measured using Sirius red staining. Conventional echocardiography was unable to
detect LV systolic dysfunction in old mice, whereas both systolic strain rate and load-independent
hemodynamic parameters such as preload recruitable stroke work and end-systolic elastance were
significantly decreased. Both strain rate and load-independent hemodynamic parameters
normalized after 4 weeks of exercise. Both endocardial and epicardial fibrosis were increased in
the LV of aging mice. Endocardial fibrosis decreased in exercised aged mice.

Conclusions—Strain rate noninvasively detects LV systolic dysfunction associated with aging
in mice, whereas conventional echocardiography does not. Chronic exercise normalizes LV
systolic function and decreases fibrosis in old mice. Strain rate imaging in mice may be a useful
tool to monitor the effect of new therapeutic strategies preventing the myocardial dysfunction
associated with aging.
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Alarge variety of cardiovascular alterations occurs as the mature mammal ages to
senescence,1 including structural remodeling and functional alterations of the left ventricle
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(LV).2 In several cross-sectional clinical studies, echocardiographic measurements have
shown an increase in the thickness of the LV myocardial walls and a subsequent increase in
LV mass with advancing age.3 In addition to these morphological changes, myocardial
function is progressively altered.1 The decline in cardiac performance with aging may result
from the diminution of the intrinsic contractile properties of the cardiac muscle related to
numerous factors, including the β-myosin heavy chain reexpression, the alteration in
excitation-contraction coupling responsible for the prolongation of the duration of
contraction and the lengthened relaxation time, the slower calcium transport by cardiac
sarcoplasmic reticulum and the impairment in mitochondrial function.1,4 As a consequence,
a loss of adaptive capacity is observed when mechanical stresses or acute ischemia are
imposed on the older heart.5,6 Interestingly, in a model of senescent rat as well in the elderly
patients, exercise training attenuates age-associated myocardial diastolic dysfunction7–10

and restores the cardiac protective effect of preconditioning otherwise lost during aging.11

However, no improvement in systolic function has yet been demonstrated in vivo with
exercise training.

Although the molecular changes associated with age are expected to affect the systolic
mechanics of the left ventricle, accurate noninvasive assessment of myocardial dysfunction
related to senescence remains difficult. Whereas alterations of LV filling are well
documented by transmitral velocity profile, echocardiographic parameters such as LV
ejection fraction at rest are not sensitive enough to identify the subtle changes in systolic
function induced by aging.1,12–14 Strain rate imaging provides new indexes of regional
myocardial function and may accurately detect subtle changes in cardiac contractility
otherwise undetectable by conventional echocardiography.15–18 Recently, strain rate
imaging has been validated in small animals.19,20 With the widespread use of genetically
modified mice in cardiovascular research, accurate characterization of cardiac anatomy and
function in mice throughout the lifespan is crucial. Therefore, the purpose of this study was
to test whether age-induced cardiac alterations could be noninvasively detected in mice by
strain rate imaging and to evaluate the effect of exercise training on age-associated systolic
myocardial dysfunction.

Methods
All experiments performed in this study conformed to the guiding principles in the care and
use of animals approved by the American Physiological Society. The protocol was approved
by the Massachusetts General Hospital Subcommittee on Research Animal Care.

Animals
Young (3 weeks old, n=19), adult (2 to 3 months old, n=37), and old (6 to 18 months old,
n=41) C57BL6 male mice were studied. Twenty adult and 21 old mice underwent 4 weeks
of physical training, consisting of 2 daily swimming sessions in a water tank maintained at
30°C to 32°C separated by a 6-hour break. Swimming sessions were supervised to avoid
floating and/or clinging of individual animals and increased by 10 minutes each day until 90
minutes sessions were reached. All mice underwent a baseline echocardiogram. The
exercised mice, 7 adult sedentary mice, and 8 sedentary old mice underwent
echocardiograms 2 and 4 weeks after the baseline echocardiogram.

Echocardiography
Mice were lightly sedated with an intraperitoneal injection of 80 mg/kg of ketamine.
Echocardiography was obtained using an echocardiogram equipped with a 13-MHz linear
transducer (Vivid 7, GE Medical Systems, Milwaukee, Wis). Wall thickness and LV
dimensions were obtained from an M-mode at the level of the papillary muscles, and LV
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mass, fractional shortening (FS), and relative wall thickness were calculated.21 Strain rate
imaging was performed as previously described.20,22 Strain rate curves were obtained from
a parasternal short-axis view at midventricular level, at a frame rate of 450 frames per
second and a depth of 1 cm.

Peak systolic radial strain rate (SR, s−1) was computed from a region of interest positioned
in the mid posterior wall and was measured over an axial distance of 0.6 mm. The temporal
smoothing filters were turned off for all measurements. Three consecutive cardiac cycles
were selected and the peak systolic velocities and peak SR were measured and averaged.
Strain rate imaging analysis was performed offline (EchoPac Software, GE Medical
Systems) by an observer (H.T.) blinded to the age of the animals.

Hemodynamic Measurements
Twenty-two control mice (10 adult and 12 old) and 23 exercise trained mice (10 adult and
13 old mice after completion of 4 physical training weeks) were anesthetized with
intraperitoneal injections of urethane (750 to 1000 mg/kg), etomidate (5 to 10 mg/kg), and
morphine (1 to 2 mg/kg). The jugular vein was cannulated and fluid supplementation (12.5%
human albumin at a constant rate of 10 μL/min) was provided. A 1.4-French high-fidelity
Millar conductance catheter (SPR-839, Millar Instruments, Houston, Tex) was inserted
through the LV apex to obtain steady-state and caval occlusion pressure-volume loops.22

PVAN software (Conductance Technologies, San Antonio, Tex, and Millar, Houston, Tex)
was used to analyze all pressure-volume loop data. The maximal rate of developed LV
pressure (LVdP/dtmax), the maximal value of the time-varying elastance (Emax), the end-
systolic volume elastance (Ees) and preload recruitable stroke work (PRSW) were measured
as previously described.23 In addition, the maximal rate of pressure decay (LVdP/dtmin), the
time constant of isovolumic relaxation (τ), and the ventricular-to-vascular coupling ratio
(arterial elastance to Ees ratio) were also measured.

Fibrosis Measurement
After the invasive measurements were performed, mice were euthanized, and the LV was
blotted, weighed, and frozen. Sections of 5-μm thick were obtained at midventricular level
and stained using Sirius red.24 Myocardial fibrosis was assessed in sedentary mice (4 young,
4 adult, and 5 old) and in exercise trained mice (6 adult and 7 old) both in the endocardium
and the epicardium as previously described.19 The area of collagen deposition indicated by
red staining was outlined and quantitated by an automated image analysis program (IP
Laboratory Spectrum, Signal Analytics, Vienna, Va), and the ratio of the area of collagen
deposition to the total field area was calculated and expressed as percent fibrosis. Staining
and digitizing were performed by a blinded observer (M.J.R.). Images were analyzed by an
independent blinded observer (M.S.C.).

Statistical Analysis
All data are reported as mean ± SEM. The echocardiographic and hemodynamic parameters
were correlated using simple regression. Comparison between the echocardiographic
parameters of young, adult, and old sedentary mice was performed using 1-way ANOVA.
To assess the effect of time, comparison between the echocardiographic parameters at
baseline and at 2 and 4 weeks was performed using ANOVA for repeated measurements in
each age group. The effect of exercise on echocardiographic variables according to age was
tested using ANOVA for repeated measurements. If the interaction of age and exercise was
significant, exercised animals were compared with sedentary animals for each of the age
groups using the t tests for the least squares means. Comparison of the hemodynamic
parameters and of the amount of fibrosis was undertaken by comparing all groups using 1-
way ANOVA. If the ANOVA was significant, the groups were compared using Student t
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tests.25 A probability value of <0.05 was considered as indicative of a statistically
significant difference.

The authors had full access to the data and take responsibility for its integrity. All authors
have read and agree to the manuscript as written.

Results
LV Size and Weight

Cardiac morphological changes that accompanied aging in sedentary mice included
increased diastolic wall thickness, LV mass, and relative wall thickness (Table 1). However,
LV mass to body weight ratio was decreased in adult and old mice compared with young
mice (Table 1).

After 4 weeks of exercise, LV mass, and LV mass to body weight ratio increased in old mice
compared with baseline values and sedentary animals (Table 2). Relative wall thickness
decreased in old mice after exercise because of LV dilatation (Table 2).

No significant changes in LV size and weight were observed in the sedentary adult and old
mice followed serially during 4 weeks (data not shown).

LV Systolic Function
Echocardiography—LV FS was similar between adult and old sedentary mice. However,
LV FS was greater in young mice compared with old mice (Table 1). No significant changes
in LV FS were observed in the sedentary adult and old mice followed serially (data not
shown).

Representative strain rate curves in young, adult, and old sedentary mice are shown in
Figure 1. Peak systolic strain rate progressively decreased with age, demonstrating an
impairment of systolic function with aging (Table 1; Figure 1). Interestingly, in old mice,
systolic SR peak was followed by a second positive peak, which may suggest a postsystolic
contraction.

With training, systolic function as evaluated by LV FS did not change in adult or old mice
(Table 2). However, a significant increase in systolic SR was noted in old mice after
training. Representative M-mode echocardiograms and SR curves in an old mouse, before
and after 4 weeks of exercise training are shown in Figure 2. After 4 weeks of physical
training, systolic SR in old mice was similar to SR in sedentary and exercised adult mice
(Table 2; Figures 2 and 3). No significant change in SR was noted in the sedentary adult and
old mice followed for 4 weeks (Figure 3).

Hemodynamic Measurements—Systolic function assessed by Emax, Ees, and preload
recruitable stroke work was significantly less in old sedentary mice compared with adult
sedentary mice (Table 3). Emax, Ees, and preload recruitable stroke work were greater in
exercised old mice compared with sedentary old mice (Table 3; Figure 2). Conversely, in
adult mice, Emax, Ees, and preload recruitable stroke work were similar in exercised and
sedentary animals. Interestingly, systolic SR correlated strongly with Emax (r=0.72;
P<0.0001) and Ees (r=0.74; P<0.0001; Figure 4).

The ratio of arterial elastance to ventricular elastance (arterial elastance/Ees) was
significantly increased in the old mice compared with adult mice in the sedentary groups
(P<0.02). This ratio decreased in exercised old mice and was similar to that of exercised
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adult mice (Table 3). Arterial elastance values were similar in old and adult mice both in
sedentary and exercised groups.

Diastolic function was similar between old and adult mice at high heart rates (approximately
650 beats per minute). To take into account the possible masking of a dysfunction in
relaxation at high heart rates, additional measurements of dP/dtmin were obtained in 5 adult
and 5 old mice at 2 heart rates, “low” (approximately 550 beats per minute) and “high”
(approximately 650 bpm). Whereas no significant change in dP/dtmin values was noted
between heart rates in adult mice, a significant decrease in dP/dtmin occurred with the lower
heart rate in old mice.

Myocardial Fibrosis
Representative views of the endocardial fibrosis of a sedentary adult and a sedentary old
mouse are shown in Figure 5A. Both endocardial and epicardial collagen deposition was
increased in sedentary old mice compared with adult and young mice (Figure 5A and 5B).
Exercise decreased endocardial fibrosis in old mice without affecting epicardial fibrosis
(Figure 5C and 5D).

Discussion
The present study demonstrates that systolic SR, an index of myocardial deformation
obtained noninvasively using ultrasound imaging, accurately detects LV systolic
dysfunction in old mice and its improvement after exercise, whereas conventional
echocardiographic parameters are similar in sedentary old and adult mice and do not change
after exercise.

Noninvasively identifying senescent heart dysfunction has become increasingly important
because of the augmentation of the aging population and the increased incidence of age-
related heart failure. Using papillary muscle preparations, aging has been associated to
functional, biochemical, and electric performance alterations of the heart.1 Cardiac
senescence is characterized by functional lowering of myocardial strength and contraction
speed,26,27 prolongation of the relaxation phase and stiffening of both myocytes and mural
connective tissue.28–30 Although these changes associated with age are expected to affect
LV systolic function, LV ejection fraction and FS at rest are preserved in aging
asymptomatic human subjects.14 Of note, exhaustive upright exercise unmasks systolic
myocardial dysfunction in healthy senescent subjects.14

The first goal of our study was to compare conventional indices of LV systolic function such
as LV FS and systolic strain rate in young, adult, and old mice. When we compared relative
extremes in age (3 weeks and 6 to 18 months), we found lower values in LV FS in old
versus young mice. Similar findings were reported in female rats by Boluyt et al,31 and the
authors concluded that a mild decrement in systolic function occurred with advanced age
and appeared to accelerate after 22 months of age. The same authors indicated that these
changes in FS were modest but were supported by the decline in the velocity of
circumferential shortening, an index less preload dependent than the FS.31

However, our data also demonstrated that LV FS values in old mice were within the normal
range and could not discriminate between old and adult mice. Conversely, systolic SR was
decreased in old mice, accurately identifying systolic myocardial dysfunction. Our findings
suggest that aging is associated with a decrease in regional contractile function without
obvious loss of the global LV pump function. This alteration is not detected by LV ejection
fraction measurement.

Derumeaux et al. Page 5

Circ Cardiovasc Imaging. Author manuscript; available in PMC 2013 August 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Furthermore, the load-dependency of LV ejection fraction limits its use as an accurate tool
for the evaluation of myocardial contractility. A reliable estimate of overall contractility is
the slope of the end-systolic pressure/end-systolic volume relationship (end-systolic volume
elastance, Ees) measured from pressure-volume loops.32,33 These in vivo assessments of
systolic function, however, are invasive and involve a terminal procedure. In the present
study, the alteration in systolic function detected noninvasively by SR in old mice was
confirmed by the decrease in parameters of LV systolic function obtained by invasive
hemodynamics, in particular Ees. Similarly, Yang et al23 were able to demonstrate a
decreased contractile function at rest in senescent mice using a conductance catheter inserted
in the LV to measure Ees.

Strain rate, the rate of deformation of the myocardium, reflects the local elastic deformation
properties of the myocardium and is relatively independent of overall cardiac motion and the
motion of adjacent myocardial segments. In large mammals, systolic strain rate correlates
with peak elastance, a load-independent index of myocardial contractility.34 In the mouse,
we found that systolic SR correlated closely with Emax and Ees, 2 fairly load-independent
indices of contractility.32,33

Previous studies have already shown the ability of strain rate to accurately quantify regional
contractile dysfunction in cardiomyopathy and ischemia before and independently of the
development of conventional echocardiographic abnormalities.17,18,22,35 Recent studies
have reported that tissue Doppler imaging is feasible, reproducible, and accurate in small
animal models such as rats19 and mice,20,22,36 and that murine systolic strain rate correlates
closely with dP/dtmax.20,36 Of note, changes in dP/dtmax in the present model of
physiological aging were small and did not reflect the changes in SR. These findings are
different than those observed in previous models of endotoxin shock, ischemia, or
doxorubicin-induced cardiomyopathy20,22,36 where greater variations of dP/dtmax were
observed and correlated with SR.

In the present study, the alteration in systolic function detected by SR and hemodynamic
measurements was associated with an increase in myocardial collagen content in endocardial
but also epicardial layers. Such an increase may participate in a loss of contractile function.
During the aging process, the extensive reparative process of fibrosis, which is associated
with myocyte loss and hypertrophy of remaining myocytes, has been implicated in
contractile dysfunction.37,38 Other factors are known to contribute to the alteration of
contractility detected in senescence such as prolonged calcium transients and diminished
calcium reuptake mechanisms4,8 and mitochondrial dysfunction.39

Surprisingly, we did not observe any dysfunction in myocardial relaxation in old mice. One
possible explanation for this finding is that we recorded hemodynamic parameters at heart
rates >650 beats per minute, to be within the physiological range of heart rate in awake mice
and avoid depression of myocardial contractility.40 Indeed, a decrease of contractility
parameters at slow heart rates is expected because of the powerful role of the force-
frequency relationship in mice.41,42 Moreover, high heart rates may also modify diastolic
parameters42 and mask underlying abnormalities by shortening the relaxation time. To
explore the possibility that high heart rate was masking differences in diastolic function
between adult and old mice, we obtained hemodynamic measurements of dP/dtmin in 5 adult
and 5 old mice at 2 heart rates, “low” (approximately 550 beats per minute) and “high”
(approximately 650 bpm). Whereas no significant change in dP/dtmin values was noted
between high and low heart rates in adult mice, a significant decrease in dP/dtmin occurred
with low heart rate in old mice, unmasking an underlying relaxation abnormality in the old
animals.
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The second goal of the study was to determine whether exercise training was able to reverse
these contractile abnormalities. In a broad variety of species, from rat to humans, chronic
exercise by swimming has been shown to increase left ventricular mass, to decrease resting
heart rate, to enhance rates of diastolic relaxation and to increase coronary capacitance.
Although experimental and clinical investigations have demonstrated an improvement in
diastolic function after training in senescent hearts, no study has addressed the effect of
exercise on systolic function.9,10 We report that 4 weeks of exercise training reversed the
age-related impairment in contractility as assessed by both systolic strain rate and invasive
hemodynamic parameters. This improvement in contractility was associated with a decrease
in endocardial fibrosis. The underlying mechanism for the improvement in contractility
function is probably multifactorial including modulation of collagen gene expression,43

refined calcium handling,8 increased myocardial catecholamine stores,44 and improvement
in myocardial metabolic enzyme activity45 and in mitochondrial function.46

This study has important clinical applications, suggesting that prolonged and sustained
endurance training preserves systolic LV function and may help to prevent heart failure in
the elderly.

In mice, strain rate imaging allows accurate quantification of contractile function. Strain rate
imaging is able to detect age-related contractile abnormalities and to assess restoration of
normal systolic function after chronic exercise. Strain rate may be a useful parameter in
murine models to serially follow-up the effects of aging on LV function and monitor the
effect of therapies on senescence related alterations of myocardial contractility.
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CLINICAL PERSPECTIVE

Aging may be associated with a decrease in cardiac function, including myocardial
contraction and relaxation, and the risk of cardiovascular morbidity is increased n the
aged heart. Our study aimed to demonstrate that chronic exercise training improves the
aging-induced decrease in myocardial function. However, both the impaired systolic
fucntion and the improvement in cardiac function by exercise training are difficult to
demonstrate using conventional assessment of myocardial function by left ventricular
ejection fraction.

In this study performed in mice, we demonstrated that systolic strain rate, an index of
myocardial deformation obtained noninvasively using ultrasound imaging, accurately
detects left ventricular systolic dysfunction in old mice and its improvement after
exercise, whereas conventional ultrasound parameters are similar in sedentary old and
adult mice, and do not change after exercise. In addition, we demonstrated that this
aging-related alteration in systolic function was associated with an increase in myocardial
collagen content in both endocardial and epicardial layers.

This exercise training-induced improvement of cardiac function is a beneficial adaptation
that may lessen morbidity in the aged heart. Specifically, endurance exercise could help
provide cardioprotection against cardiac insults in both young and old animals.
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Figure 1.
Representative strain rate time curve in young, adult, and old mice. SR (arrow) was
significantly decreased in old mice as compared with young and adult mice.
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Figure 2.
M-mode echocardiogram, strain rate time curve, and pressure-volume relationship in old
mice before and after 4 weeks of exercise. There was no change in LV shortening fraction
on M-mode echocardiogram. Both peak systolic strain rate and end-systolic elastance were
improved after training as compared with baseline.
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Figure 3.
SR obtained in control and exercised animals at baseline and at 2 and 4 weeks. SR was not
modified by exercise in adult mice but was significantly improved in old mice when
compared with values in old sedentary animals at the same time points. N=7 adult sedentary
mice, 8 old sedentary mice, 20 adult exercised mice, and 21 old exercised mice. *P<0.05.
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Figure 4.
Correlation between SR and Ees (left) and Emax (right). Systolic SR correlates closely with
Ees and Emax measured in both sedentary and exercised adult and old mice.
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Figure 5.
A, Representative endocardial fibrosis in sedentary adult and old mice (magnification ×100).
B, In sedentary animals, collagen deposition was significantly higher in old mice as
compared with young and adult mice in both endocardium and epicardium. *P<0.05 versus
adult and young mice. C and D, In old mice, exercise training significantly decreased the
collagen content in endocardium but not epicardium. *P<0.05 versus old sedentary mice.
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Table 1

Characteristics of the Groups at Baseline

Young n=19 Adult n=37 Old n=41 ANOVA

BW, g 11.8±0.4 26.4±0.5* 39.9±1.2†‡ 0.008

Heart rate, bpm 648±19 652±16 624±17 0.63

LVEDD, mm 2.8±0.6 3.2±0.7 3.1±0.6 0.06

LVESD, mm 1.1±0.6 1.4±0.4 1.5±0.6‡ 0.04

PWT, mm 0.7±0.02 0.9±0.02* 1±0.02†‡ <0.001

LV mass, mg 50±2 84±2* 107±5†‡ 0.0021

LV mass/BW, mg/g 4±0.2 3±0.1* 2.6±0.1†‡ 0.0008

RWT, % 47±2 55±1* 67±3†‡ 0.037

LV FS, % 62±1.3 55±1.5* 53±1.2‡ 0.012

SR, s−1 39±3 25±0.9* 18±0.5†‡ <0.0001

BW indicates body weight; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; PWT, end-diastolic
posterior wall thickness; RWT, relative wall thickness.

*
P<0.05, adult versus young.

†
P<0.05, old versus adult.

‡
P<0.05, old versus young.
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Table 2

Characteristics of the Exercise Groups Before and After 4 Weeks of Training

Adult (n=20) Old (n=21)

Baseline 2 Weeks 4 Weeks ANOVA Baseline 2 Weeks 4 Weeks ANOVA

BW, g 25±0.3 25±0.5 26±0.5 0.12 40±1.5 37±1 38±0.9* 0.034

Heart rate, bpm 598±28 632±32 628±25 0.63 617±22 621±28 603±21 0.06

LVEDD, mm 3.2±0.7 3.1±0.5 3.1±0.4 0.12 3±0.9 3.2±0.7 3.5±0.9* 0.012

LVESD, mm 1.5±0.6 1.4±0.6 1.4±0.4 0.75 1.5±0.9 1.6±0.69 1.8±0.9* <0.0001

PWT, mm 0.82±0.02 0.87±0.02 0.95±0.02 0.47 0.99±0.03 1.05±0.02 1.03±0.03 0.07

LV mass, mg 82±3 83±5 95±3 0.18 102±3 112±4 129±6* 0.01

LV Mass/BW, mg/g 3.3±0.09 3.3±0.2 3.6±0.3 0.54 2.4±0.8 3±0.4 3.4±0.5* 0.0003

RWT, % 51±2 55±6 61±9* 0.006 69±4 65±7 58±6* 0.006

LV FS, % 55±1 58±1 57±2 0.95 53±2 51±1 52±1 0.30

SR, s−1 26±1 30±2 29±0.8 0.29 19±0.6 25±1.5 29±1.2* <0.0001

BW indicates body weight; LVEDD, left ventricular end-diastolic diameter; LVESD, left ventricular end-systolic diameter; PWT, end-diastolic
posterior wall thickness; RWT, relative wall thickness.

*
P<0.05, 4 weeks versus baseline.
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