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Abstract

This study was a retrospective, cross-sectional analysis of exercise performance and left
ventricular (LV) morphology in 70 women to examine whether women who have performed
regular, lifelong endurance exercise acquire the same beneficial adaptations in cardiovascular
structure and function and exercise performance that have been reported previously in men. Three
groups of women were examined: 1) 35 older (>60 years) untrained women (o/der untrained, OU),
2) 13 older women who had consistently performed 4 or more endurance exercise sessions weekly
for at least 25 years (older trained, OT) , and 3) 22 middle-aged (range 35-59 years) untrained
women (middle-age untrained, MU) as a reference control for the appropriate age-related changes.
Oxygen uptake (VO5) and cardiovascular function [cardiac output (Q); stroke volume (SV)]
(acetylene rebreathing) were examined at rest, steady-state submaximal exercise, and maximal
exercise (maximal oxygen uptake, VO,max). Blood volume (CO rebreathing) and LV mass
(cardiac MRI), plus invasive measures of static and dynamic chamber compliance were also
examined. VO,max (p <0.001) and maximal exercise Q and SV were larger in older trained
women compared to the two untrained groups (~17% and ~27% for Q and SV respectively versus
MU; ~40% and ~38% versus OU, all p <0.001). Blood volume (ml.kg™1) and LV mass index
(9.m?) were larger in OT versus OU (~11% and ~16% respectively, both p < 0.015) Static LV
chamber compliance was greater in OT compared to both untrained groups (median (25 - 75%):
MU: 0.065(0.049 - 0.080); OU: 0.085(0.061 - 0.138); OT: 0.047(0.031 - 0.054), p < 0.053).
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Collectively, these findings indicate that lifetime endurance exercise appears to be extremely
effective at preserving or even enhancing cardiovascular structure and function with advanced age
in women.

Keywords

women,; aging; lifelong exercise; exercise capacity; left ventricular function; cardiovascular
function

INTRODUCTION

Healthy aging is associated with a progressive decline in maximal exercise capacity as
indicated by maximal oxygen uptake (VO,max) (Astrand et al., 1973; Fleg et al., 2005).
There is considerable epidemiological evidence that demonstrates that a low VO,max
increases the risk of functional disability and loss of independence, as well as
cardiovascular-related and all-cause mortality in men and women (Blair et al., 1989;
Paterson et al., 2004); thus, exercise capacity represents an important health-related risk
factor with aging (Ross et al., 2016).

Our laboratory (Carrick-Ranson et al., 2014) and several others (Ogawa et al., 1992; Seals et
al., 1994; Schulman et al., 1996; Hagberg et al., 1998; McCole et al., 1999; Gates et al.,
2003; Dogra et al., 2012) have reported a substantially higher VO,max in late middle-aged
and older (>50 years) adults who have performed vigorous and sustained endurance exercise
compared to age-similar untrained controls. This higher exercise capacity results from a
larger maximal cardiac output (Q) due primarily to a larger stroke volume (Ogawa et al.,
1992; Seals et al., 1994; Schulman et al., 1996; McCole et al., 1999, 2000; Dogra et al.,
2012; Carrick-Ranson et al., 2014). The primary mechanism that underpins the superior
exercise stroke volume in trained older adults is enhanced left ventricular (LV) diastolic
filling (Seals et al., 1994; Schulman et al., 1996; Hagberg et al., 1998; Wiebe et al., 1999).
Increased cardiac size and eccentric remodeling, a larger blood volume and greater LV
chamber compliance are important training-related adaptations that collectively enhance the
recruitment of the Frank-Starling mechanism during exercise in endurance trained
individuals (Levine, 1993).

The majority of the beneficial effects of lifelong endurance exercise on cardiovascular
function has largely been established in men (Hagberg et al., 1985; Fleg et al., 1994; Seals et
al., 1994; Schulman et al., 1996; Hagberg et al., 1998) or mixed cohorts of men and women
(Arbab-Zadeh et al., 2004; Shibata et al., 2008; Shibata & Levine, 2012b; Bhella et al.,
2014; Carrick-Ranson et al., 2014; Hieda et al., 2018; Shibata et al., 2018), with relatively
fewer studies focused on women only (Stevenson et al., 1994; McCole et al., 1999; Wiebe et
al., 1999; McCole et al., 2000; Dogra et al., 2012). Given the evidence to suggest distinct
sex-related differences in the type and magnitude of functional and structural cardiovascular
adaptations to endurance exercise training (Spina et al., 1993; Spina et al., 1996; Howden et
al., 2015), there is a need for a comprehensive description of the cardiovascular adaptations
in women who have performed lifelong endurance exercise.
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Accordingly, the purpose of the current study was to examine in women the effect of
lifelong endurance training on LV structure and function at rest and during upright exercise.
We hypothesized that VO,max, exercise stroke volume, LV mass and blood volume would
be significantly larger and LV chamber compliance more “youthful” in women who had
performed lifelong exercise compared to older untrained women and would reflect those
observed in the middle-aged untrained women.

METHODS
Ethical Approval

All participants signed an informed consent approved by the institutional review boards of
the University of Texas Southwestern and Texas Health Resources Presbyterian Hospital of
Dallas and performed in accordance with the Dec/laration of Helsinki.

Participants Recruitment and Screening

This current study is a retrospective, cross-sectional analysis of 70 women previously
recruited for several studies examining the effect of healthy aging and endurance exercise
training on LV compliance in our laboratory including baseline data from a randomized
control trial (http://www.clinicaltrials.gov identifier: NCT01014572)(Fujimoto et al., 2012;
Fujimoto et al., 2013; Bhella et al., 2014). Participants were recruited from three primary
sources; the Dallas Heart Study (Victor et al., 2004), the Cooper Center Longitudinal Study
(Chen et al., 2010), and a random sample of employees of Texas Health Resources, the third
largest employer in the Dallas-Fort Worth metroplex and a diverse health care company.

These women included: 1) 22 early-to-late middle-aged (35-59 years) untrained women
(middle-age untrainea), 2) 35 older (>60 years) untrained women (Older untrainea), and 3)
13 older women who had performed at least 4 weekly endurance exercise sessions (for at
least 30 minutes per session) for most of their adult lives (>25 years) (Older trained).
Untrained middle-aged and older women were performing < 3 exercise session weekly.
Eight of the older trained women had performed near daily exercise and were competitive
Masters athletes, while the remaining five were “committed” (4-5 sessions per week) but not
competitive lifelong exercisers (Bhella et al., 2014; Carrick-Ranson et al., 2014). The
middle-aged untrained group were included to demonstrate the “healthy” age-related
changes in exercise capacity and cardiovascular variables, while the selection of the lifelong
exercise cohort was based on our previous works that demonstrated that 4-to-7 exercise
sessions over 25 years resulted in a significant improvement in exercise capacity,
cardiovascular function during exercise and LV chamber compliance in a mixed group of
men and women (Bhella et al., 2014; Carrick-Ranson et al., 2014). The recruitment process
for both untrained and trained women have been described in previous reports (Arbab-Zadeh
et al., 2004; Fujimoto et al., 2012; Fujimoto et al., 2013; Bhella et al., 2014).

All participants were rigorously screened for comorbidities and were excluded for any of the
following: obesity (BMI < 30 kg/m?), taking cardiovascular medications, chronic lung
disease, regular cigarette smoking within the previous 10 years, untreated thyroid disorders,
diabetes mellitus, systemic arterial hypertension (24-hour blood pressure >140/90 mmHg),
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ECG changes suggestive of ischemic coronary artery disease or left bundle-branch block,
atrial flutter/fibrillation, atrioventricular block greater than first degree, or structural heart
disease by an exercise stress test and echocardiogram.

Assessment of 24-hour blood pressures

24-hour blood pressures were measured with a clinical ambulatory blood pressure monitor
that uses a microphone over the brachial artery to detect Korotkoff sounds gated to the ECG
to minimize noise (Accutracker Il or Oscar 2, Suntech Medical Instruments, Morrisville,
NC). These devices have been validated according to the international protocols for the
validation of blood pressures measuring devices (Taylor et al., 1993; Jones et al., 2004). For
24-hour monitoring, each participant chose their bedtime and wake time, and measurements
were made every 30 minutes during the scheduled wake period and every 60 minutes during
the scheduled sleep period. Actual bedtime and wake times were confirmed prior to analysis.

Assessment of Exercise LV Function

Oxygen uptake (VO5), hemodynamics, and blood pressures were assessed at the following
standardized treadmill conditions as previously reported (Carrick-Ranson et al., 2014;
Carrick-Ranson et al., 2016): 1) quiet rest, 2) low-intensity (~30-45% of VO,max) steady-
state submaximal exercise, 3) moderate-intensity (~60-75% of VO,max) steady-state
submaximal exercise, and 4 maximal exercise. Two older trained participants were tested on
an upright cycle because of orthopedic concerns. Gas fractions were analyzed by mass
spectrometry and ventilatory volumes by a Tissot spirometer, as previously reported (Arbab-
Zadeh et al., 2004). VO,max was defined as the highest VO, at exhaustive exercise
measured from at least a 30-second Douglas bag. Q was measured during exercise with the
acetylene rebreathing method (Triebwasser et al., 1977), which has been validated
previously in this laboratory (Jarvis et al., 2007). Heart rate was measured via a 12-lead
ECG, and stroke volume was calculated as Q/heart rate, while systemic arteriovenous
oxygen content difference (a-vDO,) was calculated from the Fick equation [a-vDO, =
VO,/Q]. As body size and composition influences the size of cardiovascular variables
(Carrick-Ranson et al., 2012), stroke volume was scaled relative to body surface area (BSA)
(ml.m2) and fat-free mass (FFM; SV-FFM). We have previously reported typical error of
measurement expressed as a coefficient of variation (%) for test-retest reproducibility in our
laboratory for VO,max and maximal Q, stroke volume and heart rate are 4.4%, 11.1%,
11.9% and 3.5% respectively (Carrick-Ranson et al., 2014). Maximal cardiac power (CPO),
a global index of ventricular pump function, was calculated using the formula: CPO = Q x
mean arterial pressure (MAP) x K; in which Kis the conversion factor into watts (Cooke et
al., 1998).

Resting and exercise blood pressures were measured on the left arm by ECG gated
electrosphygmomanometry (Tango, SunTech Medical, NC, United States of America). Pre-
exercise standing resting BP was collected with the participant’s left arm hanging relaxed.
During exercise, the arm was allowed to swing freely during measurement. All participants
were instructed not to hang onto and/or tightly grip the treadmill handrail during the
measurement of exercise blood pressure.
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Systemic vascular resistance (SVR) was calculated as: MAP/Q x 80, where 80 is a
conversion factor to dyn-s-cm™= (Hagberg et al., 1983). Effective arterial elastance (Ea), an
index of total arterial load on the LV, was estimated as ESP/stroke volume, in which ESP
represents end-systolic blood pressure, by multiplying brachial systolic blood pressure by
0.9 (Chen et al., 2001). Ea was scaled relative to BSA, as previously reported (Redfield et
al., 2005), while systemic arterial compliance (SAC) was estimated by Sl/pulse pressure
(Chemla et al., 1998).

Invasive Assessment of LV Function and Compliance

The assessment of LV chamber compliance in these participants has been previously
described (Arbab-Zadeh et al., 2004; Fujimoto et al., 2012; Fujimoto et al., 2013; Bhella et
al., 2014). Briefly, a 6Fr balloon-tipped fluid-filled catheter (Edwards Lifesciences,
California) was placed using fluoroscopic guidance through an antecubital vein into the
pulmonary artery. The catheter was connected to a pressure transducer with the zero-
reference point set 5.0 cm below the sternal angle. Resting supine measures (baseline 1)
were collected, and then LV filling was decreased using lower body negative pressure
(LBNP) of —15 mmHg and =30 mmHg. Mean pulmonary capillary wedge pressure (PCWP)
and LV end-diastolic volume (LVEDV) were collected after 5 minutes of each level of
LBNP. After release of LBNP and confirmed return to hemodynamic baseline (baseline 2),
LV filling was then increased through a rapid infusion of warm (37°C) isotonic saline
solution at 200 ml per minute to achieve total volume infusion of 10-15 ml/kg and 20-30
ml/kg.

Echocardiographic images were digitally acquired using an iE33 (Philips, Netherlands) and
ATL HDI5000 (Advanced Technology Laboratories, Bothell, Washington) and were
measured offline in Xcelera cardiovascular image management system (Philips,
Netherlands). LVEDV was determined using a modified Simpson’s method (Arbab-Zadeh et
al., 2004) and scaled relative to BSA (LVEDVI). As LV volumes by echocardiography have
been reported to underestimate those by MRI (Jenkins et al., 2007), a correction factor was
determined as the ratio of LVEDV by echocardiography at baseline 1 to that by cardiac MRI
(described below) for each participant. For those participants in which an MRI assessment
was not performed, a mean group correction factor was used. This individual correction
factor was used to correct LV volumes by echocardiography during loading and unloading
conditions to limit errors due to foreshortening or suboptimal echo images.

Frank-Starling (stroke volume/PCWP) and the preload-recruitable stroke work (PRSW =
[stroke volume x MAP]/LVEDV) relationships were constructed for the assessment of
global systolic LV function. For LV diastolic function assessment, the pressure-volume
(PCWP/LVEDVI) relationship was constructed. For the present study, we characterized two
different but related properties of the heart during diastole: 7) static stiffness or overall
chamber stiffness (or its inverse compliance) referred to as the stiffness constant, S, of the
exponential equation describing the pressure-volume curve (see below); and 2) dynamic
compliance is defined as the instantaneous change in LV filling pressure relative to the
change in LVEDVI (AmmHg/Aml/m?2). To characterize the LV pressure-volume relationship,
we modelled each individual in the present experiment according to the equation (Mirsky,
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1984): P = Poo (expa(V~W)- 1), where P is PCWP, Po is pressure asymptote of the curve,
V is LVEDV index and V4 is equilibrium volume or the volume at which 2= 0 mmHg
pressure as previously cited in our laboratory (Fujimoto et al., 2012; Fujimoto et al., 2013;
Bhella et al., 2014). The averages of the individual LV stiffness constants for all participants
within each group are reported. In addition, myocardial pressure-volume curves were also
calculated using the difference between PCWP and right atrial (RA) pressure (PCWP - RA)
as an index of transmural filling pressure (Belenkie et al., 2002) to assess the contribution of
pericardial constraint.

Assessment of LV Mass

Cardiac MRI was performed on a 1.5-T Philips NT MRI scanner. Short-axis, gradient-echo,
cine MRI sequences were obtained to calculate LV mass (LVM), which was computed as the
difference between epicardial and endocardial areas multiplied by the density of heart
muscle, 1.05 g/ml (Arbab-Zadeh et al., 2004). For LV volume determination, the endocardial
border of each slice was identified manually at end-diastole and end-systole respectively. LV
volumes were calculated by use of the Simpson rule technique as previously described
(Peshock et al., 1996). LV mass and LVEDV were scaled to BSA and FFM as previously
reported (Whalley et al., 2004; Bhella et al., 2014) and the LV mass-to-volume ratio was
used as a global indication of LV remodeling. Cardiac MRI was not performed in two
middle-aged untrained and an older trained woman due to claustrophobia.

Assessment of Body Composition

Body density and composition were determined by underwater weighing with correction for
residual lung volume (Wilmore & Behnke, 1969). Each participant performed at least three
adequate measurements defined as a definite plateau in underwater weight, and the mean
value was calculated. In a small number of participants (middle-age untrained women (n=1)
and trained older women (n=2)) who could not tolerate being underwater, a seven-site
skinfold measurement was used to determine body fat percentage.

Assessment of Blood Volume and Plasma Volume

Total blood volume (BV) was determined using a modified carbon monoxide rebreathing
method (Burge & Skinner, 1995) as previously described (Carrick-Ranson et al., 2014). We
have previously reported a typical error of measurement expressed as a coefficient of
variation (%) for test-retest reproducibility for hemoglobin mass is ~3% for repeated
measures (Gore et al., 2006). BV was not assessed in six trained older women (all master
athletes) as this method was not routinely performed at the time of study recruitment. BV
and plasma volume were scaled to total body mass and FFM as previously described by our
laboratory and others (Davy & Seals, 1994; Stevenson et al., 1994; Carrick-Ranson et al.,
2012).

Statistical Analysis

A 1-way analysis of variance (ANOVA) was used to determine group differences in
participant characteristics, LV structure and function and BV variables and for parametric
data Bonferroni’s t-test post hoc testing was used when the ANOVA resulted in a p <0.05
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result. Non-parametric data were analyzed via Kruskal-Wallis ANOVA on ranks, with
Dunn’s post hoc testing. Repeated-measures (RM) ANOVAs were used to determine group
differences in exercise metabolic and hemodynamics variables. When the main group effect
achieved p < 0.05, Bonferroni post hoc tests were performed to examine group differences at
the different experimental conditions. All statistical analyses were performed using
SigmaStat (Systat Software) and p <0.05 was considered statistically significant. Data are
presented as means + SD or median (25% - 75%) in Tables 1-5 and means + SD in Figs 1-4.

Participants Characteristics and Maximal Exercise Capacity

Older trained women were lighter, had a smaller BSA, and were leaner, but had similar
FFM. 24-hour systolic blood pressure was higher in the older untrained women, though this
result was variable with an ANOVA p value of 0.057 while diastolic blood pressure was not
different among groups (ANOVA p =0.673) (Table 1).

Resting and Exercise Metabolic and Hemodynamics Variables

Rest: VO, and Q in absolute levels were not significantly different among groups (ANOVA
p =0.169); however, the older trained women had a lower heart rate and a larger absolute and
scaled stroke volume (versus middle-aged and older untrained all p < 0.050; ANOVA p <
0.006). CPO was not significantly different among groups (ANOVA p =0.111). Ea was lower
in older trained compared to age-similar untrained women (p <0.001), while SAC was
higher with sedentary aging (older untrained versus middle-age untrained p =0.008; ANOVA
p < 0.006). MAP and SVR were unaltered with aging or lifelong endurance exercise
(ANOVA p = 0.406) (Table 2).

Exercise: VO,max relative to total body mass and FFM was higher in older trained women
compared to the untrained older (~58% and ~34% respectively, p <0.001) and middle-age
women (~31% and ~19% respectively, p <0.015) (ANOVA p <0.001; Table 3). The mean
group AQ /AVO, relation during incremental exercise was basically superimposable among
groups (Fig. 1A; Middle-aged untrained5.8+1.0 L.L™Y; Older untrained5.7+0.9 L.L™1;
Older trained 6.3+0.9 L.L™1; ANOVA p =0.235).

At maximal exercise, Q was larger in the older trained compared to older (~40%, p <0.001)
and middle-aged (~17%, p <0.001) untrained women (RM ANOVA group main effectp
<0.001; Fig, 1A). Likewise, CPO at maximal exercise was significantly higher in trained
older women compared to the untrained groups (p <0.001 versus middle-aged and older
untrained; RM ANOVA group main effectp <0.001). Irrespective of unit, stroke volume was
shifted upward during all exercise conditions in the trained older women compared to the
middle-aged and older untrained women (RM ANOVA group main effectp <0.001; Figs.
1B-C for stroke volume relative to BSA and FFM). Heart rate was shifted rightward and
down, reflecting a lower heart rate for any VO in the older trained women but the overall
heart rate response was not different among the groups (RM ANOVA group main effectp
=0.287; Fig. 1D).
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Ea was shifted downward during submaximal exercise and was significantly lower at
maximal exercise in the older trained women compared to both middle-aged and older
untrained women (27% and 34% respectively p < 0.012; RM ANOVA group main effect p
<0.001; Fig. 1F). There were no significant differences in MAP across the experimental
conditions, due in part to the variable exercise responses between groups (RM ANOVA
group main effectp =0.358; Fig. 1E). SVR was ~31% lower (p =0.023) in trained versus
untrained older women at maximal exercise (RM ANOVA group main effect p =0.035; Fig.
1H). Likewise, SAC was higher at rest and exercise in trained older women compared to
their age-similar untrained peers (RM ANOVA group main effect p =0.006); however, due to
a variable response this effect did not achieve statistical significance at maximal exercise (p
=0.450; Fig. 1G).

Systemic a-vDO» was significantly higher (p < 0.004 versus middle-age untrained and older
trained) at low-intensity, steady-state exercise in the older untrained women but there were
no group differences at moderate-intensity, steady-state or maximal exercise (all p = 0.109;
RM ANOVA group main effectp =0.011; Table 3 for maximal exercise values).

Invasive Assessment of LV Function and Cardiac Compliance

Group-averaged Frank-Starling relations were not different among groups (ANOVA, p
=0.228; Fig. 2A); however, the preload recruitable stroke work relation was less steep in
older trained women compared to middle-aged and older untrained women (ANOVA p
<0.001; slope of the preload recruitable stroke work relation (ml x mmHg.ml.m2); median
(25 - 75%) middle-aged untrained: 149.0 (132.0 - 220.0); older untrained 177.0 (144.0 -
265.0); older trained; 117.0 (98.0 - 139.5); Fig. 2B; p < 0.039 between groups).

The LV pressure-volume relationship was steeper and shifted upward and left in older
untrained compared to middle-age untrained women, indicating a stiffer (less compliant/
flexible) ventricle with sedentary aging (p =0.018; Table 4). In contrast, this relationship was
less steep and shifted rightward in older trained women, resulting in a significantly greater
ventricular chamber compliance compared to older untrained women (p <0.001), while it
was likely greater in older trained women compared to middle-aged untrained women (p
=0.053; Cohen’s d = 0.899) (Fig. 3A, median (25 - 75%): middle-age untrained: 0.065
(0.049 - 0.080); older untrained: 0.085 (0.061 - 0.138); older trained: 0.047 (0.031 - 0.054)).
Dynamic LV compliance during increased LV preload via saline infusion was lower with
sedentary aging (middle-aged untrained versus older untrained, p <0.001) but was preserved
in older trained women (p =1.000 versus middle-age untrained, ANOVA p <0.001; Table 4).

When examined by the LV transmural pressure-volume relationship, which is more
representative of myocardial compliance without the effects of external constraint, the effect
of sedentary aging was less convincing (p =0.106) but remained significantly enhanced in
the trained versus untrained older women (p =0.007; ANOVA p =0.005; Fig. 3B).

Blood Volume and MRI measurements

Absolute levels of BV and plasma volume were not different among groups (ANOVA p =
0.868 for both); however, these variables were significantly larger in trained women
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compared to their age-similar untrained peers when scaled relative to total body mass and
FFM (all p < 0.041, ANOVA p < 0.046; Table 5).

Irrespective of age, LVM index (g.m?) was significantly larger in trained women (p < 0.020
versus both untrained groups, ANOVA p =0.002); however, this difference was eliminated
when examined in absolute levels or scaled relative to FFM (ANOVA p > 0.338). LVEDVI
was significantly different between trained and untrained older women (p =0.004, ANOVA p
=0.005), while the LV mass-to-volume ratio was not significantly different among groups
(ANOVA p =0.637; Table 5).

DISCUSSION

There are two novel findings from this study. First, vigorous endurance exercise four or
more times per week for at least 25 years is associated with a larger maximal exercise
capacity, exercise stroke volume, LV size and BV, and greater ventricular chamber
compliance compared to age-similar untrained women, and in most instances, compared to
untrained women that were on average ~20 years younger. Second, there were also notable
favorable effects of lifelong exercise on arterial function (Ea, SAC) and heart rate during
exercise. Collectively, these findings highlight lifelong endurance exercise training as an
effective strategy for preserving or even enhancing cardiovascular structure and function
with aging in women.

Effect of Prolonged or Lifelong Endurance Exercise on VOsmax in Women

Several investigators have previously reported the beneficial effect of lifelong or sustained
endurance exercise training on VO,max in middle-aged and older women compared to age-
similar controls (Ogawa et al., 1992; Stevenson et al., 1994; Jones et al., 1997; Parker Jones
etal., 1999; McCole et al., 2000; Dogra et al., 2012). In this current study, VO,max scaled
relative to total body mass or FFM in the older trained women was substantially larger
compared to untrained older and middle-aged women, reinforcing the powerful effect of
being physically active over several decades on reducing the unfavorable effects of aging on
cardiovascular structure and function and overall physical function.

Effect of Prolonged or Lifelong Exercise on Hemodynamics and Systemic a-vDO» in

Women

There was a remarkably consistent VO»-Q relationship during exercise in the current
younger and older cohorts. Similar observations have been reported in endurance trained
young and older male and female athletes (Proctor et al., 1998) and sedentary and endurance
trained young men and women (Fu & Levine, 2005). These findings suggest that the
complex integration of cardiac and non-cardiac regulatory mechanisms that impact central
hemodynamics during exercise are remarkably well preserved even after several decades of
biological aging irrespective of training status.

The current findings support previous investigations (Ogawa et al., 1992; McCole et al.,
2000; Dogra et al., 2012) demonstrating a substantially larger sub-maximal and maximal
exercise stroke volume in endurance trained older women compared to age-similar controls.
A larger LVEDV and thus greater recruitment of the Frank-Starling mechanism is
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recognized as the primary factor that facilitates the larger exercise stroke volume in highly
trained older men (Fleg et al., 1994; Seals et al., 1994; Schulman et al., 1996; Hagberg et al.,
1998). Unfortunately, we did not assess ventricular volumes or dynamic diastolic filling
during exercise in these cohorts; however, we speculate that a larger more compliant
ventricle coupled with an expanded blood volume observed in the older trained women is a
key mechanism to enhance ventricular filling during exercise (Hagberg et al., 1998).

Enhanced ventricular-arterial coupling with increased preload (Shibata et al., 2008; Hieda et
al., 2018) and potentially more vigorous ventricular suction with exercise (Popovic et al.,
2006) could also contribute to a larger stroke volume response in endurance trained older
women. Ea, an index of total arterial load on the LV, was lower at rest and during exercise in
the trained older women compared to middle-aged and older untrained women. An
observation of a lower Ea during exercise in healthy older adults has been previously
reported with lifelong exercise (Carrick-Ranson et al., 2014) and in response to a 12-month
endurance training program in previously untrained older men and women (Shibata &
Levine, 2012b; Carrick-Ranson et al., 2016). From a physiological and clinical perspective,
these findings are important as Ea during exercise is adversely altered with healthy aging
(Najjar et al., 2004) and is abnormal in women with cardiovascular disease (systolic arterial
hypertension) (Chantler et al., 2008; Park et al., 2008).

Based on the current findings, the lower Ea in middle-aged and older trained women likely
reflects primarily a lower SVR and to a smaller degree a higher SAC during submaximal and
maximal exercise. Several reports from our laboratory have reported that invasive and non-
invasive indices of ventricular-arterial coupling (v-a coupling) during physiologic stress are
greater with long-term training in older adults (Shibata et al., 2008; Shibata & Levine,
2012a; Hieda et al., 2018; Shibata et al., 2018). However, Shibata & Levine (Shibata &
Levine, 2012b) previously demonstrated that training-related changes in Ea and SAC in
previously untrained older men and women were largely reflective of a larger stroke volume,
as Ea and SAC were restored to pre-training levels when stroke volume was reduced by
lower body negative pressure; highlighting the critical role of stroke volume on training-
related changes in these indices of effective elastance and LV afterload.

A larger stroke volume during exercise with lifelong or prolonged training is an important
observation (Ogawa et al., 1992; McCole et al., 1999, 2000; Dogra et al., 2012), as stroke
volume is reported to be only modestly increased with relatively short- (12 weeks) (Murias
et al., 2010) and long-term (9-12 months) (Spina et al., 1993) endurance exercise training in
previously sedentary older women. These findings are supported by reports of unaltered LV
systolic and diastolic function during various physiological provocations after several
months of exercise training in older women (Spina et al., 1996; Spina et al., 2000).
Collectively, these findings reinforce the importance of engaging in committed levels of
endurance exercise throughout adulthood on cardiovascular function and exercise
performance during latter life in women (Bhella et al., 2014; Carrick-Ranson et al., 2014;
Hieda et al., 2018; Shibata et al., 2018).

Systemic a-vDO> increased during exercise in all groups and was unaffected by training
status at maximal exercise in the current cohorts. This finding is consistent with some
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(McCole et al., 2000; Dogra et al., 2012) but not all previous studies (Ogawa et al., 1992) in
endurance trained and untrained women, which may reflect measurement techniques or
potentially the age or previous training history of the trained participants. The importance of
systemic a-vDO, to exercise performance is particularly pertinent in older women, as this
characteristic may represent the principal mechanism for an increased VO,max after several
months of exercise training in this population (Spina et al., 1993; Murias et al., 2010).
Improved redistribution of blood flow to contracting skeletal muscle, increased skeletal
muscle capillarization, and proliferation of mitochondrial size and number and well as
aerobic metabolism enzymes may contribute to a higher systemic and regional oxygen
extraction and utilization after exercise training in older women; however, to date, these
factors have rarely been examined with relatively short- or long-term training in women
(Coggan et al., 1992).

Effects of Prolonged or Lifelong Exercise on LV Morphology in Women

While the “athletes heart syndrome” has been reported in young male (Scharhag et al., 2002;
Utomi et al., 2013) and female endurance athletes (Riley-Hagan et al., 1992), and male
endurance Masters athletes (Heath et al., 1981; Seals et al., 1994; Bohm et al., 2016), there
is only very limited information on the effect of lifelong endurance exercise on cardiac
morphology in Master women athletes. Hagmar and colleagues (Hagmar et al., 2005)
reported a larger LV chamber size and LVEDV in former elite endurance athletes who were
now recreational endurance athletes compared to controls; however, neither absolute LVM
nor LVMI were significantly different between athletes and controls. A extremely large
LVMI (mean: 165.1 g/m?) was reported in post-menopausal marathon runners (mean age
~55 years, range 45-69 years); however, no control group was examined, making it difficult
to interpret these findings (Knebel et al., 2014).

In this current study, we found a ~16% larger LVM when scaled relative to BSA. Likewise,
LVEDVI was larger in trained older women while the LV mass-to-volume ratio was not
significantly different between groups. These findings suggest that eccentric and balanced
physiologic hypertrophy is the primary mechanism of adaptation to lifelong endurance
exercise in women.

Effect of Prolonged or Lifelong Exercise on Invasive Measures of LV Performance and
Compliance in Women

We have previously shown that sedentary but otherwise healthy aging is associated with a
reduction in LV chamber compliance and distensibility (Arbab-Zadeh et al., 2004; Fujimoto
et al., 2012); however, this stiffening was prevented in male and female Masters athletes
(Arbab-Zadeh et al., 2004). An important observation of the present study is that habitual
and vigorous endurance exercise over several decades enhances LV compliance and
distensibility in older women to a degree that is similar or even surpasses that observed in
women with a mean age that is ~20 years younger. The enhanced cardiac compliance
observed in lifelong exercising women compared to middle-aged sedentary individuals
reinforces the powerful effect of lifelong exercise on cardiac compliance with senescence
(Arbab-Zadeh et al., 2004; Bhella et al., 2014).
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In contrast to the marked effect of lifelong exercise, 1-year of dynamic exercise in
previously sedentary older (>60 years) men and women did not improve cardiac compliance
(Fujimoto et al., 2010) even when combined with an advanced glycation end-product cross-
link breaker (Alagebrium) (Fujimoto et al., 2013). However, a recent investigation showed
that sustained (2 years) endurance exercise significantly improved LV chamber compliance
in middle-aged adults (Howden et al., 2018). Collectively, these findings suggest that
exercise may need to be initiated earlier in life and performed over a longer duration to
enhance or preserve cardiac compliance with aging in women as well as men.

The preservation of cardiac compliance with lifelong endurance training may be attributable
to changes in the intrinsic viscoelastic properties of the myocardium, cardiac morphology or
pericardial constraint. In the present study, compliance remained superior in trained
compared to untrained older women after accounting for pericardial constraint suggesting
other myocardial factors contribute to the enhanced cardiac compliance in these participants.

Effect of Prolonged or Lifelong Exercise on Blood Volume in Women

Previous cross-sectional studies have reported that absolute and body size and composition
relative levels of BV and plasma volume are larger in recreationally active older females
(Jones et al., 1997), and middle-aged and older women distance runners (Stevenson et al.,
1994) and swimmers (Parker Jones et al., 1999) compared to their untrained peers. In this
present study, only BV and plasma volume relative to BSA and FFM were significantly
larger in the trained compared to untrained older women. This current finding likely reflects
smaller absolute levels but comparable BSA and FFM relative levels of BV and plasma
volume to those reported in middle-aged and older women athletes (Stevenson et al., 1994).

These findings of a larger BV in trained older women may be important given that BV does
not appear to increase with relatively short-term training (3 months) in previously sedentary
older women (Stachenfeld et al., 1998; Katyal et al., 2003). These observations cannot be
explained by a suboptimal training stimulus as there was a relatively large increase (14 -
17%) in VO,max relative to total body mass post-training in these investigations. The
mechanism(s) that underpin this blunted adaptation in BV in older women are not well
defined. Based on findings in older men, changes in the regulation of the plasma protein
albumin, which causes a fluid shift from the interstitial to intravascular fluid space, is
implicated in the diminished adaptation in plasma volume after exercise training in older
adults (Zappe et al., 1996; Okazaki et al., 2002). Given the tightly coupled relationship
between BV expansion and exercise stroke volume with endurance exercise (Bonne et al.,
2014), these findings potentially indicate that a significant period of intensive exercise may
be required to elicit favorable blood volume adaptations in women particularly if exercise is
initiated later in life.

Effect of Menopausal Status and Menopausal Hormone Therapy on CV Structure and
Function during Exercise

Given the board chronological ages of our untrained middle-aged group, this cohort included
women who were premenopausal, perimenopausal and postmenopausal. Alterations in
autonomic nervous system activity, endothelial function and cardiovascular tissue stiffness
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with menopause could all negatively impact central and peripheral hemodynamics during
exercise (Taddei et al., 1996; Staessen et al., 2001; Barnes et al., 2014). Several recent
elegant studies in premenopausal and recently postmenopausal women reported no
differences in VO,max relative to total body mass (Nyberg et al., 2017) and LV mass and
ventricular dimensions (Egelund et al., 2017) prior to commencing a 12-week exercise
training program. In premenopausal and postmenopausal women, Q and stroke volume were
not significantly different at submaximal exercise workloads (50 watts and 60% of VO,max)
(Green et al., 2002). Unfortunately, we did not examine menopausal status comprehensively
in our middle-aged women at the time of study recruitment; however, there were no
significant difference in primary and secondary outcome measures (maximal Q and stroke
volume, LV mass and LVEDV, and LV compliance) when the middle-aged women were split
into two chronological age ranges; aged 35-49 (mean age: 42.1 years) and 50-59 years
(mean age: 55.4 years) (data not shown). Nevertheless, we cannot completely exclude the
possibility that menopausal status did not influence our exercise and LV function and
compliance results.

We are unable to comment on the potential modulating effects of menopausal hormone
replacement therapy (HRT) or hormonal contraceptives on our findings, as these factors
were not extensively examined in the current cohorts of women. While limited to only small
cohorts of women, cross-sectional investigations have reported that short or long-term HRT
did not elicit notable effects on VO, Q, stroke volume or blood pressures during
submaximal or maximal exercise in asymptomatic untrained or highly-trained women (Fleg
et al., 1995; McCole et al., 1999, 2000; Kirwan et al., 2004). In response to exercise training,
adaptations in submaximal exercise Q and stroke volume were not significantly influenced
by HRT (O’Donnell et al., 2009).

Several pieces of evidence indicate the important role of oestrogens in endothelial-mediated
macrovascular function in previously sedentary postmenopausal women (Pierce et al., 2011,
Moreau et al., 2013) and more recently for micro- and macrovascular function in response to
habitual exercise (Santos-Parker et al., 2017). However, it is unclear whether these
adaptations confer an improvement in central circulatory function during large muscle mass
exercise (Kirwan et al., 2004). Future research is required to establish the role of HRT and
hormonal contraceptives on CV structure and function and how this information could be
used in the development of exercise-based strategies to optimize CV health in women.

Study Limitations

There are several limitations that should be acknowledged. Similar to our previous
investigation in a larger cohort (Carrick-Ranson et al., 2014), LV volumes during exercise
were not collected, which would have allowed for a more comprehensive description of
aging and lifelong exercise-related changes in LV filling function and v-a coupling during
exercise.

A relatively small sample size combined with the mixture of committed exercisers and
Master athletes could be viewed as a limitation. However, comprehensive physiological
investigations in trained and untrained older women are rare and therefore the current
findings are novel. Nevertheless, the small sample size combined with a reduced number of
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observations for certain outcomes measures (BV and LVM for example) may have resulted
in a type-2 error.

The lack of a younger endurance trained group could be considered a limitation; however,
the primary purpose of this analysis was to examine the effects of sedentary aging and
lifelong exercise on cardiovascular structure and function and thus we do not believe this
addition would have significantly strengthened the current findings.

Finally, we did not examine factors such as genetics, HRT, hormonal contraceptives,
menopausal status or other lifestyle factors such as diet that may influence cardiovascular
structure and function in the current cohorts; therefore, we cannot exclude the possibility
that the improved exercise in our trained older women may be related to factors other than
lifelong exercise.

Conclusion

In summary, the current findings suggest that lifelong exercise of four or more exercise
sessions weekly is associated with substantial effects on maximal exercise capacity, exercise
hemodynamics and heart rate control, LV mass and compliance, and total blood volumes in
women. Exercise training should be considered a key strategy to prevent cardiovascular
disease with aging in women as well as men.
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KEY POINTS:

The beneficial effects of sustained or lifelong (>25 years) endurance exercise
on cardiovascular structure and exercise function have been largely
established in men.

The current findings indicate that committed (= 4 weekly exercise sessions)
lifelong exercise results in substantial benefits in exercise capacity (VOsmax),
cardiovascular function at submaximal and maximal exercise, left ventricular
mass and compliance, and blood volume compared to similarly aged or even
younger (middle-age) untrained women.

Endurance exercise training should be considered a key strategy to prevent
cardiovascular disease with aging in women as well as men.
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Group-averaged Frank-Starling (A) and preload recruitable stroke work relationship (B). ~
values are derived from Kruskal-Wallis ANOVA on Ranks with post hoc analysis (Dunn’s
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