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Abstract

Heart disease is the leading cause of hospitalization and death worldwide, severely affecting health care costs. Aging is a significant risk factor for
heart disease, and the senescent heart is characterized by structural and functional changes including diastolic and systolic dysfunction as well
as left ventricular (LV) dyssynchrony. Speckle tracking—based strain echocardiography (STE) has been shown as a noninvasive, reproducible,
and highly sensitive methodology to evaluate LV function in both animal models and humans. Herein, we describe the efficiency of this
technique as a comprehensive and sensitive method for the detection of age-related cardiac dysfunction in mice. Compared with conventional
echocardiographic measurements, radial and longitudinal strain, and reverse longitudinal strain were able to detect subtle changes in systolic
and diastolic cardiac function in mice at an earlier time point during aging. Additionally, the data show a gradual and consistent decrease
with age in regional contractility throughout the entire LV, in both radial and longitudinal axes. Furthermore, we observed that LV segmental
dyssynchrony in longitudinal axis reliably differentiated between aged and young mice. Therefore, we propose the use of echocardiographic
strain as a highly sensitive and accurate technology enabling and evaluating the effect of new treatments to fight age-induced cardiac disease.
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suffer from cardiac diseases such as coronary artery disease, chronic
heart failure, arrhythmias, diabetic cardiomyopathy, and hyperten-
sive heart disease (3), showing how age itself is a significant and

The elderly population is rapidly growing worldwide. In the United
States and western countries, this phenomenon is the result of both
an increase in the birth rate post World War II (Baby Boomer gen-
eration) and the drastically longer life expectancies currently seen critical cardiovascular disease risk factor.

in the population (1,2). As a result, there will be a doubling of the The senescent heart is characterized by structural and functional

older population (265 years) from the years 2010 to 2040, with the
number of elderly people increasing from 40 million in 2010 to 81
million in 2040 (1). An increase in the life expectancy of the popula-
tion will have a progressively large impact on health care costs for
chronic diseases, including cardiovascular diseases. In fact, despite
the improvements in diagnosis and treatment, elderly patients still

changes including diastolic and systolic dysfunction, left ventricular
(LV) hypertrophy, increased fibrotic remodeling, reduced inotropic
reserve, and diminished exercise capacity (4-7). These modifications
lead to a gradual decline in function and make the aging heart more sus-
ceptible to stress and cardiac disease. Therefore, there is an urgent need
to identify structural and functional deficiencies in the aged heart before
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they become symptomatic and also develop new therapies to counter-
act or at least delay cardiac aging. The murine model of physiological
cardiac aging shows structural and functional changes that are similar
to those observed in the human heart (6). Accordingly, the aged mouse
has become a valuable tool in understanding the molecular processes
modulating aging, as well as identifying novel therapeutic targets (8,9).

Echocardiography (ECHO) has been used in basic and translational
research for several years to study models of heart disease, including
age-related cardiac dysfunction (9-11). In the last decade, speckle track-
ing-based echocardiography (STE) has emerged as an interesting and
promising tool for the evaluation of myocardial function and dyssyn-
chrony both in humans and animal models, moving beyond the standard
echocardiographic measurements (12-20). Few studies have evaluated
STE in cardiac aging and have only focused on circumferential strain
and suggesting its advantages over standard ECHO. However, the real
potential of STE for the evaluation of senescence-induced cardiac dys-
function warrants further investigation (21,22).

In this study, we propose STE as an efficient and noninvasive
methodology for the evaluation of LV systolic and diastolic function
as well as dyssynchrony in a mouse model of physiological aging.
In fact, STE is able to identify subtle changes in LV global/regional
strain, relaxation, and synchronicity during aging at earlier stages
compared with conventional ECHO.

Methods

Experimental Animals

All animal procedures were performed in accordance with the guide-
lines of the Institutional Animal Care and Use Committee of Temple
University School of Medicine. Forty-three C57BL/6 male mice were
studied longitudinally for 20 months. ECHO was performed at 6-, 12-,
15-, and 20-month age. During the study, four mice reached humane
endpoints and had to be euthanized, which included three mice before
the 15-month time point and one mouse before the 20-month time point.

Conventional ECHO

To assess cardiac structure and function, transthoracic ECHO was
performed using a VisualSonics Vevo 2100 system (VisualSonics,
Toronto, ON) with a MS400 (30-MHz centerline frequency) probe,
as previously described (19,23). In brief, mice were anesthetized
with isoflurane (Zoetis IsoFlo, Kalamazoo, MI; induction 3.0% and
maintenance 1-3%) and hair was removed from the chest (from the
neckline to mid-chest level). Then, mice were placed in a supine pos-
ition on a heated table (core temperature was maintained at 37°C)
with embedded ECG leads. Anesthesia was maintained with 1%-3%
isoflurane throughout the procedure.

B- and M-mode images were acquired from a parasternal short-
axis view to evaluate LV end-diastolic diameter (LVEDD), end-
systolic diameter (LVESD), end-diastolic (LVAW;d) and end-systolic
(LVAWs) anterior wall thickness, end-diastolic (LVPW;d) and end-
systolic (LVPW;s) posterior wall thickness, LV mass (LV Mass AW,
1.053 x ((LVID;d + LVPW:d + IVS;d)* — LVID;d?), fractional short-
ening (FS), and ejection fraction (EF).

Diastolic function was evaluated using conventional ECHO
coupled with tissue Doppler and pulsed wave Doppler techniques.
From an apical long-axis view, transmitral inflow velocities were
recorded by setting the sample volume in the mitral orifice close to
the tip of the mitral leaflets. From the pulsed wave Doppler spectral
waveforms, we measured the peak early- and late-diastolic trans-
mitral velocities (E and A waves) to obtain the E/A ratio; E-wave

deceleration time and isovolumetric relaxation time (IVRT). From
the tissue Doppler spectral waveforms, we measured E (early-dias-
tolic myocardial relaxation velocity) and calculated E/E’ ratio.

Echocardiographic Speckle Tracking-Based Strain
Imaging

STE analyses were performed on parasternal long-axis B-mode loops
using a VisualSonics Vevo 2100 system (VisualSonics), as previously
described (12,13,19,24-26). Image depth, width, and gain settings
were optimized to improve image quality. B-mode loops with a frame
rate 2200 frame/second were utilized for STE. All images were digi-
tally stored in cine loops consisting of 300 frames. All images were
acquired and then analyzed using the Vevo Strain Software (Vevo
LAB 1.7.1) under their coded numbers in a blinded fashion, then the
code was broken, and statistical analysis was performed. Strain, which
evaluates changes in length relative to the initial length (strain = final
length [L)/initial length [LO0]), was calculated either in the radial axis
(from the center of the ventricle cavity outward) or longitudinal axis
(from the apex to the base; Figure 2A). The strain rate (SR), which is
the rate of change of this deformation over time (SR = strain/time),
was also measured. Global (calculated with Vevo Strain Software and
referred to as global in the text and figures) and regional (six seg-
ments: basal, mid, and apical anterior; basal, mid, and apical poster-
ior) LV endocardial longitudinal and radial strain (peak strain %), as
well as SR were evaluated (Figure 2B). Regional LV endocardial longi-
tudinal and radial strain/SR were reported as apical versus mid versus
basal segments and as anterior (average of basal, mid, and apical) ver-
sus posterior (average of basal, mid, and apical). Parasternal long-axis
B-mode videos showing vector diagrams for direction and magnitude
of endocardial deformation were recorded. EF,__ ,cardiac output, and
three-dimensional regional endocardial radial strain images (over six
LV segments) of four consecutive cardiac cycles (Figure 2D and E)
were obtained with Vevo Strain Software.

To measure longitudinal and radial strain/SR during early LV fill-
ing, the “reverse peak” algorithm of the Vevo Strain Software was
utilized (14). We reported these parameters as reverse radial/longi-
tudinal strain/SR.

LV dyssynchrony was determined from longitudinal strain using
three different methods: (a) maximum time-to-peak (T2P) delay
between the earliest and the latest segment, (b) time-to-peak variation,
defined as the standard deviation (STD) of T2P over all six segments,
(c) STD of [T2P/RR interval] for each segment (13,15,25). Of note, RR
interval was obtained with Vevo Strain Software. Echocardiographic
images of poor quality were excluded from analyses.

Statistical Analysis

For echocardiographic parameters with repeated measures, linear
mixed-effects models were used to determine predicted mean values
at each assessment point (6,12, 15, and 20 months) and to test group
differences. In each linear mixed-effects model, time was included as
fixed effects. Statistical analyses were performed using SAS 9.4 (SAS
Institute, Cary, NC). A p value of <.05 was used to determine signifi-
cance for all statistical tests.

Results

Echocardiographic Evaluation of LV Systolic
Function

To assess LV changes in systolic function during aging, mice were stud-
ied using conventional ECHO and STE at 6-, 12-, 15-, and 20-month
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Figure 1. Evaluation of left ventricular systolic and diastolic function
with conventional echocardiography. Echocardiographic assessments
were performed in each animal at 6-, 12-, 15-, and 20-month age. (A-C)
representative echo tracings from young (6-month-old, upper panels) and old
(20-month-old, lower panel) mice. (A) Representative parasternal short-axis
M-mode echocardiograms. (B-C) Diastolic function was determined using
echocardiography coupled with tissue Doppler (TDI) (B) and pulsed wave
Doppler (PW) (C) techniques. Fractional shortening (FS) (D), left ventricular
end-diastolic diameter (LVEDD) (E), isovolumetric relaxation time (IVRT)
(F) and E/A ratio (G) were measured. n = 15 to 43 mice per group. Data are
presented as mean + SEM. Note: SEM is not shown on the graph if the
error bar is shorter than the size of the symbol. *p <.05 versus 6 months,
**p <.01 versus 6 months, ****p <.0001 versus 6 months. Linear mixed-
effects models were used to test group differences versus 6-month time point.

age. Figure 1A shows representative M-mode images obtained
from parasternal short-axis view in young (6-month-old) and aged
(20-month-old) mice. Global LV systolic function, reflected by EF and
FS, was reduced in aged mice (20-month-old) when compared with
young mice (6-month-old; p < .05; Figure 1D and Supplementary
Table 1). No differences were found between 12- and 20-month-
old mice, and 6-month-old mice. LV end-diastolic diameter, LV end-
systolic diameter, and LV Mass AW significantly increased over time,
indicating LV remodeling and hypertrophy (6-months vs other time
points, p < .0001; Figure 1E and Supplementary Table 1). Next,

advanced measures of cardiac contractility such as EF radial and

longitudinal myocardial strain, and SR were perforri;éd using par-
asternal long-axis views. A significant decline in EF, . was already
observed at 12 months, which was 8 months earlier when com-
pared with conventional EF and FS derived from short-axis images
(Figure 2C and Supplementary Table 1). Consistent with this finding,
radial and longitudinal strain deteriorated over time, starting at as
early as 12 months and further declining throughout the rest of the
study (Figure 2H and K and Supplementary Table 1). Representative
three-dimensional radial strain diagrams, and radial and longitudi-
nal curves from young (6-month-old) and old (20-month-old) mice
are shown in Figure 2D-G. Videos of two-dimensional parasternal
long-axis loops with vector diagrams, showing direction and mag-
nitude of endocardial deformation, clearly demonstrate differences
between young (6-month-old) (Supplementary Video 1) and old
(20-month-old) mice (Supplementary Video 2). Radial and longi-
tudinal SR consistently decreased gradually with aging and were
reduced in old mice compared with young mice (respectively p <
.0001 and p < 1; Supplementary Figure 1A and B, and Supplementary
Table 1). STE allows for further quantification of regional LV func-
tion. Interestingly, myocardial performance gradually and uniformly
decreased in all LV segments starting from 12-month age in mice
(Figure 2I, J, L, and M). Radial and longitudinal strains were sig-
nificantly impaired in old mice compared with young mice in apical,

c EFsirain

A dd k%
50

6mo  12mo  15mo  20mo

D Radial Strain 6 months E_Radial Strain 20 months

H Radial Strain I Radial Strain J Radial Strain
“ Global 40 Regional 407  anterior vs posterior
30:
30 * e EE
Fkdk y e o # ded -
=20 g =0 % =20 PO
O apical gk
10 101 4 mid 191 o anterior
 basal O posterior
6mo  12mo 15mo  20mo 6mo  12mo  15mo  20mo 6mo  12mo  15mo  20mo
K Longitudinal Strain L Longitudinal Strain M Longitudinal Strain
Global Regional anterior vs posterior
6mo  12mo  15mo  20mo 6mo  12mo  15mo  20mo 6mo  12mo  15mo  20mo
<O apical o
3 post
= mid O anterior
-0 piedede T gesesen -0 -10 ok
¥ o/"*(;m/o‘\-o < < dedede FEREE Ak
20 20 20 ﬁ
T ks
o e

Figure 2

Figure 2. Evaluation of left ventricular systolic function with speckle tracking—
based strain echocardiography. Echocardiographic assessments were
performed in each animal at 6-, 12-, 15-, and 20-month age. Left ventricular (LV)
function involves myocardial deformation along the radial and longitudinal
axes: representative picture in (A).The LV is divided by Vevo Software into six
regional segments: representative picture in (B). Ejection fraction (EF, . ) as
measured by speckle tracking—based strain echocardiography in (C). Three-
dimensional LV radial strain deformation shows contraction (orange/positive
values) or relaxation (blue/negative values) over six LV segments during four
consecutive cardiac cycles for young (6-month-old) and old (20-month-old)
groups (D and E, respectively). Note that LV radial strain deformation has
a different scale for young and old mice, as preset by the Vevo Software.
To facilitate images’ interpretation and comparison of two groups, we have
added a red line. Representative LV radial (F) and longitudinal (G) strain
curves (six LV segment) and time-to-peak are shown for young and old
groups. Note that to facilitate curves interpretation, maximum and minimum
radial and longitudinal strain values for young and old mice have been
indicated with yellow boxes. Radial (H) and longitudinal (K) strain global
(average of six LV segments) have been measured. Regional (apical, middle,
and basal zone) radial (I) and longitudinal (L) strain have been evaluated.
Radial (J) and longitudinal (M) strain have been estimated for anterior and
posterior walls. n = 36 to 43 mice per group. Data are presented as mean +
SEM. Note: SEM is not shown on the graph if the error bar is shorter than
the size of the symbol. *p <.05 versus 6 months, **p <.01 versus 6 months,
***p <.001 versus 6-months, ****p <.0001 versus 6 months; *p <.05 versus
posterior, ##p <.0001 versus posterior. Specific colors for the asterisks have
been used in each graph. Linear mixed-effects models were used to test
group differences versus 6-month time point or posterior wall.

mid, and basal segments (Figure 21 and L). Interestingly, LV defor-
mation of the anterior and posterior walls was consistently reduced
with age in both radial and longitudinal axes (Figure 2] and M).
Longitudinal strain values in the anterior wall were significantly bet-
ter compared with the posterior wall, and this pattern was consistent
over time (Figure 2M). Furthermore, aging led to a gradual decrease
in cardiac output measured by STE (Supplementary Table 1).
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Echocardiographic Evaluation of LV Diastolic

Function

LV diastolic function during aging was assessed with conventional
ECHO and STE in 6-, 12-, 15-, and 20-month-old mice. LV diastolic
function was evaluated with standard ECHO using tissue Doppler
and pulsed wave Doppler techniques, as shown in Figure 1B and C.
IVRT was significantly prolonged, and deceleration time was reduced
in old mice compared with young mice (p < .01), indicating impaired
LV relaxation (Figure 1F and Supplementary Table 2). E/A ratiowas
significantly increased in old mice compared with young mice, indi-
cative of more advanced stages of diastolic dysfunction (grade III-IV;
p <.0001) (Figure 1G and Supplementary Table 2) Surprisingly, E/E’
ratio, a surrogate for LV end-diastolic filling pressures, was reduced
in aged mice in our model (Supplementary Table 2).

Reverse longitudinal strain, which reflects myocardial deform-
ation in diastole, was progressively decreased over time (Figure 3B
and Supplementary Table 2). Old (20-month-old) mice showed
overt impairment in reverse longitudinal strain compared with
young (6-month-old) mice (p < .01) (Figure 3B and Supplementary
Table 2). On the contrary, reverse radial strain as well as reverse lon-
gitudinal SR and reverse radial SR were unchanged in old compared
with young mice (Figure 3A, Supplementary Figure 1C and D, and
Supplementary Table 2).

Echocardiographic Evaluation of LV Dyssynchrony

Age-related LV dyssynchrony was assessed with STE in 6-, 12-,
15-, and 20-month-old mice. Aging resulted in significant LV dys-
synchrony regardless of the method used for evaluation. Aged
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Figure 3: Evaluation of left ventricular diastolic function and dyssynchrony
with speckle tracking-based strain echocardiography. Echocardiographic
assessments were performed in each animal at 6-, 12-, 15-, and 20-month
age. LV diastolic function was assessed: reverse radial (A) and longitudinal
(B) strain global (average of six LV segments) have been measured. LV
dyssynchrony has been assessed: radial and longitudinal strain maximum
(Max) time-to-peak (T2P) delay (C and F, respectively), standard deviation
(STD) of T2P (D and G, respectively) and STD of T2P/RR ratio (respectively E
and H) have been measured. n = 34 to 43 mice per group. Data are presented
as mean + SEM. Note: SEM is not shown on the graph if the error bar is
shorter than the size of the symbol. *p <.05 versus 6 month, **p <.01 versus
6 months, ns = p >.05. Linear mixed-effects models were used to test group
differences.

mice showed a significant increase in longitudinal strain maxi-
mum T2P delay (p < .01), STD (T2P; p < .01), and STD [T2P/RR]
(p < .05; Figure 3F-H and Supplementary Table 2). Interestingly,
all these parameters showed early age-related changes at 15 months
(Figure 3F-H and Supplementary Table 2). Radial strain maximum
T2P delay and STD (T2P) did not differ between old and young
mice, while STD [T2P/RR] was increased in older animals, suggest-
ing that radial dyssynchrony is less affected by aging (Figure 3C-E
and Supplementary Table 2). Radial and longitudinal SR maximum
T2P delay, STD (T2P), and STD [T2P/RR] were unchanged in old
mice compared with young mice (Supplementary Figure 2).

Discussion

Heart disease is the leading cause of hospitalization and death in the
United States and western countries (3). Although aging has been
underestimated for some time, it is one of the most important risk
factors for the development of heart disease, as its incidence and
prevalence increase considerably with age (27). Even without the
presence of other major risk factors, cardiac aging leads to struc-
tural and functional changes. Age-related LV remodeling includes LV
hypertrophy and fibrosis; however, the most prominent molecular
changes are impaired Ca?* transient/reuptake, f-adrenergic signal-
ing, and mitochondrial dysfunction (6,7,28-30). All these alterations
make the heart more vulnerable to several local and systemic stress-
ors (myocardial infarction, hypertension, diabetes, valvulopathies,
chemotherapies, etc.) and contribute to increased mortality in the
older population. Consequently, there is an unmet need to find novel
diagnostic tools and new treatments in order to properly detect and
prevent the development of age-related cardiac dysfunction and
ultimately improve the quality of life for the elderly.

The purpose of this study was to provide a comparison between
conventional echocardiographic measurements and STE analysis to
understand whether age-related changes in LV systolic and diastolic
function could be detected earlier and more accurately with STE,
as previously described in other mouse models and human patients
(12,13,20,25,31,32). Furthermore, we assessed whether LV regional
contractility and synchronicity were impaired in our mouse model of
physiological aging, similar to what has been reported in humans (17).
Thus, we followed 43 animals longitudinally for a 20-month period.

We reported that LV FS and EF measured via conventional
ECHO were reduced in old mice (20-month-old) compared with
young mice (6-month-old); however, these changes are probably
nonrelevant from a clinical perspective. Interestingly, most rodent
studies report FS and/or EF obtained from parasternal short-axis
images, which is not recommended (33). In humans, the EF is calcu-
lated based on end-diastolic and end-systolic volumes obtained from
apical four-chamber and two-chamber views using the Simpson’s
biplane method or three-dimensional ECHO. EF has historically
been the most important and utilized clinical measure for the evalu-
ation of systolic function (both in patients and animal models of
cardiac disease). However, in more recent years, the role of EF has
been under evaluation because it is dependent on preload and after-
load and is rather a measure of LV remodeling and capacitance than
contractility (34,35). Several studies in patients with cardiac disease
have shown that despite normal EF, myocardial systolic performance
measured by strain was impaired. In fact, STE measurements pro-
vide more significant information regarding contractility and have
less variability compared with EF (35). For instance, in patients with
heart failure with preserved ejection fraction, systolic function was
considered to be normal until STE revealed subtle impairments (36).
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Therefore, we utilized STE in order to adequately assess myocar-

dial contractility. EF calculated from a parasternal long-axis view)

as well as global radial and longitudinal strain values began deterio-
rating at 12-month age. Compared with FS or EF derived from con-
ventional short-axis views, STE was able to detect subtle impairments
in myocardial contractility at much earlier time points. Moreover, we
found that myocardial contractility in apical, mid, and basal segments
deteriorated with age to a similar extent, reflected by radial and longi-
tudinal strain values. Interestingly, longitudinal strain values were sig-
nificantly better in the anterior wall compared with the posterior wall
at each time point. Our findings demonstrated the superiority and
higher sensitivity of STE in detecting subtle age-dependent changes
in LV global and regional systolic function compared with conven-
tional ECHO, as shown in other murine models of cardiac disease
(myocardial infarction, pressure overload, chemotherapy-induced
cardiotoxicity, and diabetic cardiomyopathy) (12,13,25,26,37,38).
Koch colleagues (20) showed that circumferential strain and radial
displacement were unchanged during aging in mice. These results are
not in line with data from healthy older individuals (impaired longi-
tudinal, radial, and circumferential strain when compared with young
and middle-aged adults) and were limited by the retrospective nature
of the study, a parasternal short-axis approach, and the evaluation of
mice that had not aged enough (16-month-old) (16,21). Derumeaux
colleagues instead analyzed only the radial SR in parasternal long
axis and interestingly reported that this parameter correlates with
the maximal value of the time-varying elastance and end-systolic
volume elastance, two well-established load-independent indices of
contractility (22). Furthermore, STE allows for early detection of LV
dysfunction and predicts clinical outcomes and responses to treat-
ment (eg, cardiac resynchronization therapy) in patients with heart
disease (heart failure with preserved ejection fraction, suspected cor-
onary artery disease, and valve disease) (35,36,39,40). Although it is
thought that systolic function is usually not impaired during healthy
aging, there is now a growing body of evidence that challenges this
concept, and therefore, this issue may need to be re-evaluated. In
this regard, Crendal colleagues showed that longitudinal strain was
impaired in older subjects compared with young healthy subjects,
while EF was unaltered (17).

Diastolic function is instead widely recognized to be compro-
mised during aging, especially in the early active relaxation phase
(41). Criteria for echocardiographic evaluation of LV diastolic func-
tion is well established and validated in humans; however the same
methods are controversial when applied to rodent studies due to the
animals having high HR and small heart size (14,42). Performing
diastolic evaluation can be tricky and multiple echo-derived indices,
such as E/A ratio, E/E’ ratio, deceleration time, IVRT, and the left
atrial size, should be taken into account (14,42-44). We found that
E/A ratio and IVRT significantly increased in aged mice compared
with young mice, while deceleration time became shorter. These
results are consistent with a restrictive-like phenotype in humans.
However, we were not able to consistently measure E/A ratios in all
animals due to fusion of E and A waves at a higher HR, as previ-
ously described by others (14). These technical difficulties can par-
tially explain the variability in E/A ratio values in aged mice reported
by several authors (44,45). The E/E’ ratio was reduced in aged mice
compared with young mice, which is different than data collected
from elderly patients (43). Koch colleagues instead found that E/E’
ratio was similar in young and aged mice (21). Therefore, the E/E/
ratio is not a reliable parameter for the evaluation of diastolic func-
tion during aging in mice, consistent with the findings of a recent
report in murine volume overload and heart failure with preserved

ejection fraction models (14). Reverse longitudinal SR has been
shown to mirror the impairment of LV relaxation in both patients
and animal models of diastolic dysfunction (14,46). We found global
reverse longitudinal strain to occur early (12 months) and gradually
decrease with age. On the contrary, global reverse radial strain was
not different between young (6-month-old) and aged (20-month-old)
mice. This is an interesting finding because due to variation of myo-
cardial fiber orientation at different levels of the LV wall, longitu-
dinal strain is most representative of myocardial deformation at the
level of the endocardium, while radial strain mainly represents mid-
myocardial layers (12). Therefore, our data suggest that relaxation
is predominantly impaired in subendocardial layers. Furthermore,
observed prolongation of IVRT in aged mice indicates that active
relaxation (thick—thin filament dissociation, ATP-dependent Ca?*
reuptake) in early diastole is impaired, where approximately 80% of
LV filling is achieved (47). This finding is consistent with previously
reported reductions in sarco/endoplasmic reticulum Ca?*-ATPase
activity during normal aging (7).

In recent years, intraventricular dyssynchrony has been shown to
be an important prognostic factor in patients with heart disease (48).
This parameter, which is quantified with STE, allows for predicting
the response to cardiac resynchronization therapy in heart failure
patients (40,48). Several mouse models of cardiac dysfunction, such
as pressure overload, myocardial infarction, or dilated cardiomyop-
athy, are associated with a dyssynchronous profile, which interferes
with appropriate contractile function (13,15,26). Recent studies
using magnetic resonance imaging or longitudinal strain maximum
delay have shown that LV dyssynchrony is altered across the life-
span of healthy subjects (17,49,50). In our study, LV dyssynchrony
in longitudinal axis reliably differentiated between aged (15- and
20- month-old) and young (6-month-old) mice. This result was con-
firmed through three different methodologies (see Methods section).
Radial strain dyssynchrony was altered in old compared with young
mice only in the STD [T2P/RR] formula, suggesting that subendo-
cardial layers are more susceptible to dyssynchrony, which is in line
with what we observed in reverse longitudinal strain. Impaired age-
related LV mechanical synchronicity can be explained at least in part
by increased fibrosis and lipid content in aged hearts (17,51).

Our work is the first to show noninvasive comprehensive profil-
ing of LV contractility, relaxation, and synchronicity in mice during
normal aging. STE is highly sensitive and provides insight regard-
ing early changes in LV function during aging, whereas conven-
tional ECHO is unable to detect such subtle changes. Our results in
mice are in line with data published by Crendal colleagues, which
described an increase in myocardial dysfunction and dyssynchrony
(both evaluated with STE) in healthy males throughout their lifespan
(17). Our approach may be a useful and accurate methodology to
serially monitor the effects on LV function of pharmaceutical drugs,
dietary treatments, gene-therapy, gene-editing (eg, via CRISPR-
Cas9), or micro RNA-targeting therapies in the murine model of
aging (9,27,52,53). This is crucial as the elderly population signifi-
cantly increases, and we must urgently identify new treatments to
counteract or curb senescence-related cardiac dysfunction (1,2,52).

Limitations

STE requires high-quality images at high frame rates (>200/sec). For
this purpose, our study utilized a highly qualified and trained echo-
cardiographer for acquiring and analyzing the images. An inherent
limitation of software-based analysis is the variation in algorithms
between different vendors, which also limits the ability to compare
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results derived from different programs (25). Future studies are
required to establish complete standardization of strain measure-
ments in animal models of diseases like physiological aging. Another
limitation of our study is the lack of a female group. We are aware
that gender is an important biological factor in the pathophysiology
of the cardiovascular system; however, we did not include female
mice in our study as we were focused on the evaluation of the effect
of age, rather than sex on cardiac function throughout the lifespan.
Anesthetics (isoflurane in our study) can potentially affect cardiac
function via direct effects or by reducing the HR because cardiac
function in mice is associated with HR. However, several studies
have shown that HR in our reported range yields reliable and con-
sistent measurements (25,54). In our study, we observed statistical
differences in HR at 12- and 15-month time points compared with
6 months (both in conventional ECHO and STE) but saw no differ-
ences between 20-month and 6-month time points. However, higher
HRs did not cause an increase in inotropy, and we do not believe
that these small differences are of clinical relevance and do not affect
our results. In fact, although we observed a slight increase in the HRs
of 15- and 20-month-old mice compared with 6-month-old mice,
these changes were concomitant with impaired STE parameters
rather than an improvement.
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Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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