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Aims Low cardiorespiratory fitness (CRF) is associated with functional disability, heart failure, and mortality. Left ventricular (LV)
end-diastolic volume (LVEDV) has been linked with CRF, but its utility as a diagnostic marker of low CRF has not been tested.

Methods This multi-centre international cohort examined the relationship between LV size on echocardiography and CRF [peak oxy-

and results gen uptake (peak VO,) from cardiopulmonary exercise testing] in individuals with LV ejection fraction >50%. Absolute and
body surface area—indexed LVEDV (LVEDVi) were tested as predictors of low CRF and functional disability (peak VO,
<1100 mL/min or <18 mL/kg/min) and compared against candidate measures of cardiac structure and function. A total
of 2876 individuals (309 endurance athletes, 251 healthy non-athletes, 1969 individuals with unexplained dyspnoea, and
347 individuals with heart failure with preserved ejection fraction) were included. For the entire cohort, LVEDV had the
strongest univariable association with peak VO, [R* = 0.45, standardized (std) = 0.67, P < 0.001] and remained the stron-
gest independent predictor of peak VO, after adjusting for age, sex, and body mass index (std # = 0.30, P < 0.001). Left ven-
tricular end-diastolic volume was better in identifying low CRF than most established echocardiographic measures [LVEDV
area under the receiver operating characteristic curve (AUC) 0.72; LVEDVi AUC 0.71], but equivalent to the E/e’ratio. The
probability of achieving a peak VO, below the functional independence threshold was highest for smaller ventricular vo-
lumes, with LVEDV and LVEDVi of 88 mL and 57 mL/m? providing the optimal cut-points, respectively.

Conclusion Small resting ventricular size is associated with a higher probability of low CRF and functional disability. Left ventricular size is
the strongest independent echocardiographic predictor of CRF across the health—disease continuum.

Lay summary  Our study aimed to examine the relationship between resting echocardiographic measures of left ventricular (LV) size and
cardiorespiratory fitness in individuals with normal LV ejection fraction (>50%) across the health-disease continuum.
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e Small heart chamber size is associated with lower fitness, increased likelihood of functional disability, and may be a cause

of breathlessness.

e Regular exercise is likely important in preventing the development of small heart size and low fitness.
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Introduction

Cardiorespiratory fitness (CRF) is a robust independent predictor of
morbidity and all-cause and cardiovascular disease mortality.’
Furthermore, low CRF can lead to a loss of functional independence
in older age, with every 1 mL/kg/min decline in peak oxygen uptake
(peak VO,) increasing the risk of dependency by 14%.2 Peak VO, de-
clines with ageing secondary to a decline in both maximal oxygen deliv-
ery and extraction.’ Various prior reports have identified physiological

thresholds of peak VO, required to maintain full and independent living
in older agez"'_(’ with lifelong habitual physical activity slowing and ad-
herence to a sedentary lifestyle accelerating declines in peak VO, and
subsequent disa1bi|i'c)/.7'8 Indeed, the classic ‘Dallas bedrest study’ de-
monstrated that 3 weeks of bed rest leads to a marked reduction in
peak VO, equivalent to 40 years of ageing” and a concomitant decrease
in cardiac size similar to the regression of the ‘athlete’s heart’ seen with
deconditioning.”™"" These studies suggest a strong connection among
CRF, ventricular size, and physical activity through dynamic cardiac

202 Jaquiaoag 90 uo Jasn AyslaAlun yesseH Aq 8/1898//c9caemz/odlina/g601 01 /lop/ajonie-aoueape/odlina/woo dno-olwapese//:sdyy woly papeojumoq



The small heart: small volume—low fitness link

remodelling and raise the possibility of the use of exercise to modify this
relationship. Recently, low CRF and physical inactivity have been linked
to smaller ventricular size through reduced cardiac reserve in healthy
volunteers, women with breast cancer, and heart failure with preserved
ejection fraction (HFpEF)."?>~"® This ‘small heart’ phenotype (previously
termed ‘the walnut heart’) fits Braunwald’s textbook definition of heart
failure as it is unable to augment stroke volume (SV) and cardiac output
during exercise enough to meet the body’s metabolic demands of ex-
ercise since its ejection fraction at rest is already maximized."”'®
Recognizing and understanding this clinical phenotype is vital as these
individuals are at risk of the health consequences associated with low
CRF'? and are also likely to be troubled by dyspnoea on exertion
with no traditional explanation.

This study aimed to examine the relationship between resting echo-
cardiographic measures of ventricular size and peak VO, in individuals
with normal left ventricular ejection fraction (LVEF > 50%) across the
health—disease continuum. To extend a theoretical concept to a useful
clinical tool, we sought to identify a cut-point of left ventricular (LV) size
that may distinguish between a CRF threshold indicative of functional
independence and functional disability.

Methods
Study design and population

This international observational study involved participants from medical
facilities in Australia (Baker Heart and Diabetes Institute, Melbourne) and
Belgium (Jessa Hospital, Hasselt) encompassing the entire CRF spectrum, ran-
ging from patients with exertional dyspnoea to competitive athletes. These in-
cluded the following: (i) patients with New York Heart Association functional
Class Il or Ill symptoms referred to a dedicated dyspnoea clinic assessment
who underwent exercise echocardiography with simultaneous cardiopulmon-
ary exercise testing, some of which subsequently met criteria for HFpEF, (ii) os-
tensibly healthy subjects with no symptoms of heart disease or breathlessness,
and (jii) endurance athletes [enrolled participants were current or former
endurance-trained athletes (currently or previously competing in endurance
sports at national or international level for at least 2 years), and these sports
included, but were not limited to, rowing, cycling, and triathlon]. The study pro-
tocols have been described in detail elsewhere.'? Al participants underwent
testing between April 2016 and September 2023. Participants were included in
the current analysis if they were >16 years of age and were excluded if they had
reduced LVEF <50% or primary or secondary valvular disease graded more
than mild severity at rest. Ethical approval was granted by the Human
Research Ethics Committees at participating sites.

Clinical information and anthropometry

Clinical information was collected by lifestyle questionnaire or chart review.
Resting systolic blood pressure and diastolic blood pressure were measured,
and height and body mass were collected to calculate body surface area (BSA)
and body mass index (BMI). Participants were classified as having HFpEF based
on a HFA-PEFF score >5' or H,FPEF score >6.%* Blood samples for
N-terminal pro-B-type natriuretic peptide (NT-proBNP) were collected in
patients in the cohort referred through the dedicated dyspnoea clinic.

Transthoracic echocardiography

Comprehensive transthoracic echocardiography was performed at rest
while the participant was lying in a 45° position on a semi-supine tilt table
ergometer for exercise echocardiography or performed in the supine pos-
ition. Acquisition of resting 2D, Doppler, and tissue Doppler images oc-
curred according to current guidelines®®?* with LV end-diastolic volume
(LVEDV) calculated using the biplane method of discs summation technique
and indexed to BSA (LVEDVi).

Cardiopulmonary exercise testing

Cardiopulmonary exercise testing was performed on a cycle ergometer
using electrocardiogram, blood pressure, and an expired gas analysis.
Participants completed a peak exercise test to quantify measures of CRF
on a semi-supine bicycle as part of a simultaneous echocardiography proto-
col as previously described® (patients with New York Heart Association
functional Class Il or Il symptoms referred to a dedicated dyspnoea clinic
assessment) or on an upright cycle ergometer (elite endurance athletes
and ostensibly healthy non-athlete cohort). An individualized ramp protocol
was used with a progressive increase in power output by 5-25 W/min de-
termined by participant age, weight, and physical activity level. Peak VO,
was defined as a 30 s rolling average of the six highest 5 s oxygen consump-
tion values. Maximum exercise testing was defined as a respiratory ex-
change ratio >1.05 and/or maximal heart rate >90% predicted and/or
maximal perceived exertion. The percentage of predicted exercise capacity
(VO,pred%) was utilized to assess an individual’s exercise capacity com-
pared with that predicted based on age, sex, and anthropometry and was
derived using the Wasserman/Hansen equation.® A peak VO, of
<18 mL/kg/min or an absolute peak VO, <1100 mL/min were considered
thresholds for functional disability based on previous studies that assessed
task-related metabolic requirements.*®

Statistical analyses

Continuous variables were described using means + standard deviation
or medians [inter-quartile range (IQR)] according to normal distribution
status. Categorical variables were expressed as frequencies and percen-
tages. Univariable linear regression was used to assess associations between
measures of CRF (absolute peak VO, and indexed to body weight) and ven-
tricular chamber size (LVEDV and LVEDVi) by health status and sex.
Multivariable linear regression adjusted for age, sex, and BMI was used to
analyse the association between LVEDV and absolute peak VO, in addition
to other commonly utilized echocardiographic measures [left atrial end-
systolic volume indexed to BSA (LAVi), LVEF, maximal tricuspid valve vel-
ocity at rest (TR Vmax), BSA-indexed LV mass (LVMi), and mitral valve sep-
tal E/e’].

To assess the utility of these variables in delineating individuals with
low peak VO, (using the functional disability threshold definition of
<18 mL/kg/min and/or <1100 mL/min) and individuals with higher peak
VO, (=18 mL/kg/min and/or >1100 mL/min), non-parametric receiver
operating characteristic (ROC) curves and area under the ROC curve
(AUC) were used. The Delong test was used to compare AUCs for
each measure. The Youden index (J) was used to assess the maximum po-
tential effectiveness of LVEDV and LVEDVi in differentiating participants
with lower and higher peak VO, (absolute and body weight indexed, re-
spectively), and the cut-point that achieves this maximum was identified.
Binomial logistic regression was used to model the predicted probability
of peak VO, <18 mL/kg/min and peak VO, <1100 mL/min based on LV
chamber size.

Statistical analyses were performed using STATA v17.0 (STATACorp,
College Station, TX, USA), Jamovi v2.4.8 (open-source statistical software,
Sydney, Australia), and MedCalc Statistical Software v22.021 (MedCalc
Software Ltd, Ostend, Belgium). Statistical significance was accepted at a
two-sided o= 0.05.

Results

Study cohort

The study included 2876 participants (309 elite endurance athletes, 251
ostensibly healthy non-athletes, 1969 unexplained dyspnoea patients,
and 347 HFpEF patients; Supplementary material online, Figure ST7).
The baseline characteristics are summarized in Table 1. The median
age was 64 years (49% female). The baseline echocardiographic profile
and CPET results separated by health/disease status are presented in
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Table 1 Baseline characteristics by health/disease status
Characteristics All participants  Endurance athletes Healthy non-athletes Unexplained dyspnoea HFpEF
(N =2876) (N=309) (N=251) (N=1969) (N=347)
Age, years 64 (20.3) 45 (22-60) 54 (45-65) 64 (55-72) 75 (69-79)
Female 1405 (48.9%) 74 (23.9) 151 (60.2) 980 (49.8) 200 (57.6)
BMI, kg/m? 25.9 (6.0) 23.5 (21.8-25.4) 26.9 (23.7-30.4) 26.0 (23.4-29.3) 27.5 (24.2-31.3)
Current or previous AF 437 (15.2%) 63 (20.4) 1(0.4) 137 (7.0) 236 (68.0)
Hypertension 1175 (40.9%) 28 (9.1) 72 (28.7) 796 (40.4) 279 (80.4)
Diabetes 372 (12.6%) 2(06) 62 (24.7) 241 (12.2) 67 (17.9)
Hx IHD 320 (11.1%) 13 (4.2) 5(2.0) 227 (11.5) 75 (21.6)
Smoking history
Current 125 (4.35%) 2 (06) 9 (3.6) 91 (4.6) 23 (6.9)
Ex-smoker 444 (15.4%) 36 (11.7) 56 (22.3) 320 (16.3) 32(92)
Rate-lowering medication 971 (33.7%) 9 (29) 7 (2.8) 674 (34.2) 281 (81.0)
ACE/ARB 660 (22.9%) 30 (9.7) 58 (23.1) 435 (22.1) 137 (39.5)
Statin 832 (28.9%) 23(7.4) 62 (24.7) 589 (29.9) 158 (45.5)
NT-proBNP, pg/mL — — 99 (50-190) 420 (254-830)

Values are median (IQR) or n (%).

BMI, body mass index; AF, atrial fibrillation; Hx IHD, history of current/previous ischaemic heart disease; ACE/ARB, angiotensin-converting enzyme inhibitor or angiotensin receptor

blocker; rate-lowering medication, beta blocker or calcium channel blocker use.

Supplementary material online, Table S1. The baseline characteristics,
echocardiographic, and CPET results separated by sex are shown in
Supplementary material online, Tables S2 and S3. The median LVEF
for each health/disease subgroup was between 58 and 61% (see
Supplementary material online, Table S1). For elite athletes, the median
LVEDV and LVEDViwere 159.3 mL (IQR 132.5-186.8 mL) and 83.0 mL/m?
(IQR 69.0-94.0 mL/m?), respectively. In comparison, the median LVEDY
and LVEDVi were 88.0 mL (IQR 72-113.5 mL) and 47.4 mL/m? (38.8-
57.6 mL/m?), respectively for participants with HFpEF. The median abso-
lute peak VO, achieved ranged from 980 to 3675 mL/min and indexed to
weight ranged from 13.1 to 48.4 mL/kg/min depending on health/disease
status.

Association between ventricular size and

cardiorespiratory fitness

Figure 1 and Supplementary material online, Table S4 demonstrate the
relationship between absolute LVEDV and peak VO, by health/disease
category. Elite endurance athletes showed the strongest association
between LVEDV and peak VO, [R? = 0.47, standardized (std) # = 0.68,
P < 0.0001] with weaker associations and lesser degrees of peak VO,
variability explained by LVEDV with declining health status. The
association between ventricular size and CRF for different indexing
methods and by sex is illustrated in Figure 2A and B and
Supplementary material online, Table S5. In females, the relationship be-
tween LVEDYV and LVEDVi with peak VO, was weaker than in males.
On multivariable analysis, LVEDV, LAVi, and E/e’ septal remained pre-
dictors of peak VO, for both sexes (see Supplementary material online,
Table S5).

Table 2 demonstrates the associations among peak VO,, clinical vari-
ables, and echocardiographic measures for the entire cohort. The most
robust relationship among all variables was seen with LVEDV. There
was a moderate positive association between LVEDV and peak VO,
(std p=0.67, P < 0.001), with only a weak relationship between peak
VO, and LVEF (std f = —0.16, P < 0.001). Left ventricular end-diastolic
volume explained 45% of the variability in peak VO, (Table 2).

Multivariable analysis with adjustment for age, sex, and BMI showed
that LVEDV, LAVi, and septal E/e’ remained independent predictors
of peak VO, (P <0.001). Of these independent predictors, LVEDV
was strongest (std #=0.30, P < 0.001) with weaker contributions for
LAVi and E/e’ (std #=0.18, P <0.001 and std f#=—-0.13, P <0.001,
respectively).

On multivariable analysis by health/disease status, LVEDV remained
an independent predictor of peak VO, for all cohorts except in parti-
cipants with HFpEF (see Supplementary material online, Table S4).
Body surface area—indexed LV mass was an independent positive pre-
dictor of CRF for elite athletes, and E/e’ septal was a weak but significant
predictor among all subpopulations.

Utility of echocardiographic measures to
predict cardiorespiratory fitness

Figure 3 and Supplementary material online, Figures S2 and S3 demonstrate
how well echocardiographic measures of resting cardiac structure and
function can differentiate between higher and lower CRF. Two different
methods were used to define the CRF required for functional independ-
ence: an absolute peak VO, >1100 mL/min (Figure 3A; Supplementary
material online, Figure S2) and indexed peak VO, >18 ml/kg/min
(Figure 3B; Supplementary material online, Figure S3). Left ventricular size
showed to be a strong predictor of CRF status for both peak VO,
>1100 mL/min and peak VO, >18 ml/kg/min [LVEDV AUC 0.73, 95%
confidence interval (Cl) 0.71-0.75; LVEDVi AUC 0.71, 95% Cl 0.69-
0.73, respectively] and was equivalent to E/e’ ratio. Additional measures
of cardiac structure and function, including LVEF, had significantly lower
predictive abilities.

Cut-point for ventricular size predictive of
higher cardiorespiratory fitness and
functional independence

The predicted probabilities of achieving peak VO, <1100 mL/min and
<18 ml/kg/min for the continuous measures of LVEDV and LVEDVi are
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Figure 1 Association between ventricular size and cardiorespiratory fitness by health/disease status. Univariable linear regression with standard er-
rors. Grey circles, elite endurance athletes; blue circles, non-athletes; yellow circles, participants with unexplained dyspnoea; green circles, participants
with heart failure with preserved ejection fraction. P < 0.0001 for all. LVEDV, left ventricular end-diastolic volume; std f, standardized §.
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Figure 2 Association between ventricular size and cardiorespiratory fitness by sex. Univariable linear regression by sex showing association between
(A) left ventricular end-diastolic volume and absolute peak oxygen uptake and (B) left ventricular end-diastolic volume indexed to body surface area and
peak oxygen uptake indexed to body weight. Yellow circles, male participants; blue circles, female participants. P < 0.0001 for both males and females.

Std p, standardized §.

illustrated in Figure 4A and B. The cut-points for ventricular size that opti-
mize the differentiating ability to predict CRF status were 88 mL and
57 mL/m? for LVEDV and LVEDVi, respectively. The probability of achiev-
ing a peak VO, below the threshold required for functional independence
was highest for smaller absolute and indexed ventricular volumes. In

contrast, larger LV volumes were associated with a lower probability of
having a peak VO, below the functional independence threshold. Indeed,
there was an 83% probability that an individual with an LVEDV >88 mL
and a 72% probability that an individual with an LVEDVi> 57 mL/m?,
had a peak VO, sufficient to maintain activities of daily living.
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Table 2 Associations between clinical and echocardiographic variables and peak volume of oxygen uptake (mL/min)

Adjusted R?

Unstandardized § (SE) Standardized §

P-value

Univariable associations

Age, years 0.41
Sex 0.17
BMI, kg/m? 0.02
LVEDV, mL 0.45
LVEDVi, mL/im? 0.38
LAVi, mL/m? 0.12
LVEF, % 0.02
LVMi, g/m? 0.03
E/e’ septal 0.17
Multivariable associations (adjusted for age, sex, and BMI)
LVEDV, mL 0.70
LAVi, mL/m?
LVEF, %
LVMi, g/m?
E/e’ septal
Multivariable associations (adjusted for age, sex, BMI, and health/disease status)
LVEDV, mL 0.70
LAVi, mL/m?
LVEF, %
LVMi, g/m?
E/e’ septal

~37.3(09) —0.64
797 (32.7) 083
-192 (27) -0.13
17.1 (0.4) 067
327 (08) 062
24.6 (1.4) 034
—194( 8.4) -0.16
9(07) 0.17

—86.9 (3.6) -042
7(04) 030

125 (09) 018
—0.86 (1.5) -001
0.24 (0.5) 001
-293 (3.0) -0.13
12.2 (0.89) 023
111 (1.0) 0.16
~0.96 (1.5) -001
1.16 (0.48) 003
—21.5 (3.1) -0.10

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
0.568
0.609
<0.001

<0.001
<0.001
0.522
0.015
<0.001

BSA, body surface area; LVEDV, left ventricular end-diastolic volume; LVEDVi, left ventricular end-diastolic volume indexed to BSA; LAV, left atrial systolic volume indexed to BSA; LVEF,
left ventricular ejection fraction; LVMi, left ventricular mass indexed to BSA; E/e’, septal E/e’ ratio.
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Figure 3 Utility of resting echocardiographic measures in discriminating between cardiorespiratory fitness statuses. Receiver operating characteristic
analysis for echocardiographic variables and ability to discriminate between (A) absolute peak oxygen uptake <1100 mL/min and >1100 mL/min and (B)
peak oxygen uptake <18 mL/kg/min and >18 mL/kg/min. Bar charts demonstrate the area under the receiver operating characteristic curve and 95%
confidence interval for each variable. All differences in the area under the receiver operating characteristic curve between variables were significant (P <
0.0001), except for septal mitral valve E/e’ ratio and left ventricular end-diastolic volume (P = 0.55) and septal mitral valve E/e”ratio and left ventricular
end-diastolic volume indexed to body surface area (P = 0.30). LAVi, left atrial systolic volume indexed to body surface area; TR Vmax, maximal tricuspid

valve velocity at rest; ns, non-significant.
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Figure 4 Cut-point for ventricular size associated with cardiorespiratory fitness needed for functional independence. Plot of marginal means with
95% confidence interval illustrating (A) the predicted probabilities of peak oxygen uptake <1100 mL/min based on left ventricular end-diastolic volume
and (B) the probability of peak oxygen uptake <18 mL/kg/min based on left ventricular end-diastolic volume indexed to body surface area. The cut-point
(dash line) is identified as the left ventricular end-diastolic volume or left ventricular end-diastolic volume indexed to body surface area measure that
maximizes the Youden index. SN, sensitivity; SP, specificity; PPV, positive predictive value; NPV, negative predictive value.

Discussion

Our findings provide further evidence for the association between low
cardiac size and poor CRF. In a comprehensive evaluation of peak VO,
and echocardiographic measures of cardiac structure and function
across the health and disease spectrum, (i) LVEDV was identified as
the strongest echocardiographic predictor of peak VO, and (ii) a cut-off
of LVEDV differentiated functional independence and functional disabil-
ity with greater accuracy than most echocardiographic measures used
in routine clinical practice. Taken together, these findings highlight the
importance of considering small LV volumes as a possible mechanism
of exercise limitation.

The relationship between ventricular size and CRF has traditionally
been studied in endurance athletes. However, recent research has
shifted towards examining individuals with lower CRF due to the clinical
significance of this phenotype.’>"*"> Our study found that both abso-
lute and LVEDVi are valuable measures for predicting CRF across the
entire spectrum of exercise capacity. Specifically, a 10 mL decrement
in LVEDV was associated with a ~12% reduction in absolute peak
VO,. In previous studies, every 1-MET (metabolic equivalent of task)
decrement in CRF has been associated with a 10-20% lower sur-
vival."?” Our findings, therefore, highlight the clinical relevance of rest-
ing ventricular size in predicting CRF and, potentially, future health
outcomes.

The small heart as a cause of unexplained
dyspnoea

Our previous research found that the mechanism linking small LV size
and low CRF was likely a lower SV reserve and hypothesized that insuf-
ficient physical activity and a lack of cardiac remodelling could be a pre-
disposing factor.'? We referred to this as the ‘small heart’ phenotype, in
contrast to the athlete’s heart. During exercise cardiac magnetic reson-
ance imaging, left ventricular end-systolic volume reserve (the change
from rest to exercise) was blunted in smaller hearts than in larger hearts
indexed for body size. As a result, the lesser SV in smaller hearts at rest

was exacerbated by the lack of SV reserve during exercise, an effective
‘dual insult’ that drastically limits the ability to increase cardiac output
and deliver sufficient oxygen to meet the metabolic demands of daily
activities."> Compared with the elite endurance athlete with large LV
volume that results in superior SV reserve, an individual with a small
ventricular volume may be unable to produce sufficient SV required
for activities of daily living, such as walking up a flight of stairs, despite
having a ‘preserved’ or ‘normal’ ejection fraction. In the current study,
we determined a threshold for distinguishing individuals with low CRF
based on two methods of measuring ventricular size and peak VO,
(cut-point of 88 mL for LVEDV and 57 mL/m? for LVEDVi, Figure 4).
This highlights the link between smaller ventricular size and failure to
achieve a cardiac output required to perform the tasks of daily living
through a cardiac limitation. This novel finding suggests that small ven-
tricular size on an otherwise normal resting echocardiogram in patients
with unexplained dyspnoea requires the clinician’s attention—as they
likely have a lesser SV and lower SV reserve as a significant contributing
mechanism of their exercise limitation.?**8

Ventricular size and cardiorespiratory
fithess
Ventricular size had the strongest positive relationship with CRF among
other echocardiographic measures of cardiac structure and function,
even after adjustment for age, sex, and BMI. Additionally, measures of
resting cardiac structure primarily outperformed measures of cardiac
function (Table 2), with the exception of the E/e’ ratio, reflective of
LV filling pressure (Figure 3). Overall, LVEDV explained nearly half
(45%) of the variation in peak VO, (Table 2). However, this relationship
was attenuated in those with unexplained dyspnoea and HFpEF.
Individuals with the smallest LV volumes had the highest probability
of achieving a peak VO, below that which is required for daily tasks
and functional independence (peak VO, <1100 mL/min and peak
VO, <18 mL/kg/min).

Oxygen delivery during exercise is commonly considered the main
limiting factor to CRF.#3% However, exercise capacity is determined
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by both central and peripheral factors, and the degree to which these
factors limit exercise differs among individuals. Exercise-induced cardiac
remodelling is the hallmark adaptation to exercise in the elite athlete,’
as demonstrated by the strong association between ventricular size and
CRF in this subgroup (r* = 0.47, std 8 = 0.68; Figure 1). In contrast, par-
ticipants with unexplained dyspnoea and HFpEF displayed a less steep
but significant correlation of peak VO, with LVEDV. The weaker rela-
tionships seen in HFpEF compared with athletes may be due to the
greater contribution of concomitant peripheral limitations such as re-
duced oxygen extraction and utilization by skeletal muscle to their re-
duced peak VO,.*? Indeed, ventricular size and its relationship to
cardiac output is only one metric involved in CRF, and abnormalities
in peripheral factors are known to play a significant role in exercise in-
tolerance in HFpEF.>>*? Given the differences in the role of ventricular
size in determining CRF based on health status, this raises the question
of which individuals will benefit from the physiological cardiac benefits
of exercise. The relationship between fitness and end-diastolic volumes
was present in both males and females. However, females with the
same LVEDVi had a lower peak VO, than males, possibly due to poorer
peripheral oxygen extraction and utilization or additional factors such
as chronotropic incompetence (Figure 2).

Exercise to prevent functional disability

and low cardiorespiratory fitness

Our study emphasizes the valuable link among exercise, ventricular size,
and CRF and supports the concept of intervening at a young age to re-
duce the risk of low CRF and functional dependence. Lifelong exercise
can mitigate the cardiac changes of ageing, including the reduction in
ventricular size and compliance.34 However, exercise started mid-late
in life fails to induce similar physiological remodelling, suggesting the
optimal time to intervene with the purpose of stimulating physiologic
cardiac remodelling is early to mid-life3>*¢ Exercise trials in the
HFpEF population show discordant results; however, they suggest
that endurance training likely does not result in physiological LV cardiac
remodelling or improved cardiac compliance, even though modest im-
provements in peak VO, may be achieved via peripheral adaptations,
and that there may be evidence of atrial reverse remodelling®’~*°
Our study supports this concept, whereby the healthy and athletic
population has a stronger relationship between ventricular size and
CRF compared with those already impacted by unexplained dyspnoea
and HFpEF—in which case peripheral factors likely contribute greatly
to the variability in peak VO,. Prevention with regular physical activity
or exercise training is therefore a key in reducing the chance of disability
associated with lower CRF, and this study supports the clinician in ex-
plaining to patients with unexplained dyspnoea and small LV volume
that exercise may be beneficial. Scrutinizing the need for beta-blockers
in patients with the small heart phenotype is also an important thera-
peutic question, as individuals with small LV volume may have a greater
reliance on an increase in heart rate during exercise to compensate for
the lack of SV reserve.*

Study limitations

This study addressed the role of resting echocardiographic assessment
in predicting CRF and, as such, was not designed to assess the periph-
eral contributions to CRF directly or echocardiographic measures dur-
ing exercise. Similarly, peak VO, is only one determinant of functional
independence and focuses on the concept of dyspnoea with activities of
daily living. Aside from peak VO,, functional independence also relies on
adequate muscle strength and balance, which were not assessed in this

study. All individuals underwent an individualized ramp protocol on cy-
cle ergometer; however, there was no infrastructure to test all athletes
in a sport-specific manner. Participants were classified as HFpEF based
on H,PEF and HFA-PEFF scores, given the challenge of non-invasive as-
sessment of HFpEF. E/e’” quantification was limited to only septal mitral
annular tissue Doppler imaging. Last, many potential measures of car-
diac size could be used to determine associations with peak VO,
such as SV or whole heart volume. We utilized the two most commonly
applied methods in clinical practice for each measure, which were
LVEDV and LVEDVj, and absolute peak VO, and peak VO, indexed
to body weight. Importantly, similar results were seen irrespective of
the method utilized. Our data do not determine the end-diastolic pres-
sure—volume relationship in patients with the small heart phenotype,
and therefore, the contribution of preload and LV stiffness to de-
creased LV size and its relationship with peak VO, remain unknown.

Conclusions

Larger ventricular size is positively associated with CRF in individuals
with LVEF > 50% across the health—disease continuum. Conversely,
small ventricular size is associated with a higher probability of low
CRF and failure to achieve the peak VO, required for functional inde-
pendence. Left ventricular size is the strongest independent predictor
of CRF compared with other measures of cardiac structure and func-
tion. Small ventricular size in the setting of an otherwise ‘normal’ echo-
cardiogram could be considered a potential mechanism of unexplained
dyspnoea.

Supplementary material

Supplementary material is available at European Journal of Preventive
Cardiology.

Author contribution

SR, ALG, and J.V. contributed to the design, acquisition, analysis, and in-
terpretation of data and drafted the manuscript. S.R,, M.M,, and J.V. analysed
the data. W.L, MM, LS, SF,EP, K], ]S, BD,RP,SM-F, MF,YB, LH,
MJ.H., and G.C. contributed to collection and interpretation of data and
critically revised the manuscript. All authors gave final approval and
agreed to be accountable for all aspects of work ensuring integrity and
accuracy.

Funding

S.R. is supported by the NHMRC, the National Heart Foundation of
Australia, and the Elizabeth and Vernon Puzey PhD Scholarships. E.P. is sup-
ported by a Mamoma Foundation Fellowship, National Heart Foundation of
Australia Vanguard Grant, Sylvia & Charles Viertel Clinical Investigator
Grant, University of Melbourne Wilma Beswick Fellowship, and Strategic
Grant for Outstanding Women. ALG. is supported by an NHMRC
Investigator Grant. MJ.H. is funded, in part, by an endowed research chair
in ageing and quality of life in the Faculty of Nursing, University of Alberta.
M.F. and Y.B. received funding through the Flanders Research Foundation
FWO (file numbers 1SE1222N and TO04420N, respectively).

Conflict of interest: none declared.

Data availability

The data underlying this article may be shared on reasonable request with
the corresponding author.

$20Z Jaquiaoa 90 uo Jasn Ausiaaiun 1esseH Aq g/ 1898/ /c9ceemz/odlina/ge01 "0 /1op/ajonie-aoueape/odiine/woo dno oiwapeose//:sdiy Woll papeojumoc]



The small heart: small volume—low fitness link

References

1.

N

w

B

o

o

~

oo

Nel

20.

21

Ross R, Blair SN, Arena R, Church TS, Despres JP, Franklin BA, et al. Importance of as-
sessing cardiorespiratory fitness in clinical practice: a case for fitness as a clinical vital sign:
a scientific statement from the American Heart Association. Circulation 2016;134:
e653-e699.

Paterson DH, Govindasamy D, Vidmar M, Cunningham DA, Koval JJ. Longitudinal study
of determinants of dependence in an elderly population. | Am Geriatr Soc 2004;52:
1632-1638.

. Fleg L, Morrell CH, Bos AG, Brant LJ, Talbot LA, Wright |G, et al. Accelerated longitu-

dinal decline of aerobic capacity in healthy older adults. Circulation 2005;112:674-682.
Morey MC, Pieper CF, Cornoni-Huntley J. Is there a threshold between peak oxygen
uptake and self-reported physical functioning in older adults? Med Sci Sports Exerc
1998;30:1223-1229.

. Arnett SW, Laity JH, Agrawal SK, Cress ME. Aerobic reserve and physical functional

performance in older adults. Age Ageing 2008;37:384-389.

. Spruit MA, Wouters EF, Eterman RM, Meijer K, Wagers SS, Stakenborg KH, et al.

Task-related oxygen uptake and symptoms during activities of daily life in CHF patients
and healthy subjects. Eur | Appl Physiol 2011;111:1679-1686.

Rogers MA, Hagberg JM, Martin WH |lI, Ehsani AA, Holloszy JO. Decline in VO2max
with aging in master athletes and sedentary men. | Appl Physiol (1985) 1990;68:
2195-2199.

. Howden EJ, Sarma S, Lawley JS, Opondo M, Cornwell W, Stoller D, et al. Reversing the

cardiac effects of sedentary aging in middle age-A randomized controlled trial: implica-
tions for heart failure prevention. Circulation 2018;137:1549-1560.

. McGavock JM, Hastings JL, Snell PG, McGuire DK, Pacini EL, Levine BD, et al. A forty-

year follow-up of the Dallas Bed Rest and Training study: the effect of age on the car-
diovascular response to exercise in men. | Gerontol A Biol Sci Med Sci 2009;64:293-299.

. Saltin B, Blomgvist G, Mitchell JH, Johnson RL Jr, Wildenthal K, Chapman CB. Response

to exercise after bed rest and after training. Circulation 1968;38:VII1-VI78.

. Pelliccia A, Maron BJ, De Luca R, Di Paolo FM, Spataro A, Culasso F. Remodeling of left

ventricular hypertrophy in elite athletes after long-term deconditioning. Circulation
2002;105:944-949.

. Foulkes S}, Howden EJ, Dillon HT, Janssens K, Beaudry R, Mitchell AM, et al. Too little of

a good thing: strong associations between cardiac size and fitness among women. JACC
Cardiovasc Imaging 2023;16:768—-778.

. Rowe §), Paratz ED, Foulkes SJ, Janssens K, Spencer LW, Fahy L, et al. Understanding

exercise capacity: from elite athlete to HFpEF. Can | Cardiol 2023;39:5323-S334.

. Markus MRP, Ittermann T, Drzyzga CJ, Bahls M, Schipf S, Siewert-Markus U, et al. Lower

cardiorespiratory fitness is associated with a smaller and stiffer heart: the sedentary’s
heart. JACC Cardiovasc Imaging 2021;14:310-313.

. La Gerche A, Howden EJ, Haykowsky MJ, Lewis GD, Levine BD, Kovacic JC. Heart fail-

ure with preserved ejection fraction as an exercise deficiency syndrome: JACC focus
seminar 2/4. | Am Coll Cardiol 2022;80:1177-1191.

. de la Espriella R, Palau P, Losito M, Crisci G, Minana G, Dominguez E, et al. Left ventricu-

lar volume and maximal functional capacity in heart failure with preserved ejection frac-
tion: size matters. Eur | Heart Fail 2024.

. Foulkes S, Costello BT, Howden EJ, Janssens K, Dillon H, Toro C, et al. Exercise cardio-

vascular magnetic resonance reveals reduced cardiac reserve in pediatric cancer survi-
vors with impaired cardiopulmonary fitness. | Cardiovasc Magn Reson 2020;22:64.

. Braunwald E, Ross | Jr, Sonnenblick EH. Mechanisms of contraction of the normal and

failing heart. N Engl | Med 1967;277:1012-1022.

. De Bosscher R, Dausin C, Janssens K, Bogaert J, Elliott A, Ghekiere O, et al. Rationale

and design of the PROspective ATHletic Heart (Pro@Heart) study: long-term assess-
ment of the determinants of cardiac remodelling and its clinical consequences in endur-
ance athletes. BMJ Open Sport Exerc Med 2022;8:¢001309.

Verwerft ], Soens L, Wynants ], Meysman M, Jogani S, Plein D, et al. Heart failure with
preserved ejection fraction: relevance of a dedicated dyspnoea clinic. Eur Heart | 2023;
44:1544-1556.

. Pieske B, Tschope C, de Boer RA, Fraser AG, Anker SD, Donal E, et al. How to diagnose

heart failure with preserved ejection fraction: the HFA-PEFF diagnostic algorithm: a con-
sensus recommendation from the Heart Failure Association (HFA) of the European
Society of Cardiology (ESC). Eur Heart | 2019;40:3297-3317.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Reddy YNV, Carter RE, Obokata M, Redfield MM, Borlaug BA. A simple, evidence-based
approach to help guide diagnosis of heart failure with preserved ejection fraction.
Circulation 2018;138:861-870.

Lang RM, Badano LP, Mor-Avi V, Afilalo |, Armstrong A, Ernande L, et al
Recommendations for cardiac chamber quantification by echocardiography in adults:
an update from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. Eur Heart | Cardiovasc Imaging 2015;16:233-271.
Nagueh SF, Smiseth OA, Appleton CP, Byrd BF Ill, Dokainish H, Edvardsen T, et al.
Recommendations for the evaluation of left ventricular diastolic function by echocardi-
ography: an update from the American Society of Echocardiography and the European
Association of Cardiovascular Imaging. | Am Soc Echocardiogr 2016;29:277-314.
Verwerft ], Bertrand PB, Claessen G, Herbots L, Verbrugge FH. Cardiopulmonary ex-
ercise testing with simultaneous echocardiography: blueprints of a dyspnea clinic for
suspected HFpEF. JACC Heart Fail 2023;11:243-249.

Guazzi M, Adams V, Conraads V, Halle M, Mezzani A, Vanhees L, et al. EACPR/AHA
scientific statement. Clinical recommendations for cardiopulmonary exercise testing
data assessment in specific patient populations. Circulation 2012;126:2261-2274.
Imboden MT, Harber MP, Whaley MH, Finch WH, Bishop DL, Kaminsky LA.
Cardiorespiratory fitness and mortality in healthy men and women. | Am Coll Cardiol
2018;72:2283-2292.

Martens P, Herbots L, Timmermans P, Verbrugge FH, Dendale P, Borlaug BA, et al.
Cardiopulmonary exercise testing with echocardiography to identify mechanisms of un-
explained dyspnea. | Cardiovasc Transl Res 2022;15:116-130.

Skattebo O, Calbet JAL, Rud B, Capelli C, Hallen J. Contribution of oxygen extraction
fraction to maximal oxygen uptake in healthy young men. Acta Physiol (Oxf) 2020;230:
e13486.

Saltin B, Calbet JA. Point: in health and in a normoxic environment, VO2 max is limited
primarily by cardiac output and locomotor muscle blood flow. | Appl Physiol (1985)
2006;100:744-748.

Baggish AL. Exercise-induced cardiac remodeling: competitive athletes are just the tip of
the iceberg. Circ Cardiovasc Imaging 2016;9:e005321.

Dhakal BP, Malhotra R, Murphy RM, Pappagianopoulos PP, Baggish AL, Weiner RB, et al.
Mechanisms of exercise intolerance in heart failure with preserved ejection fraction: the
role of abnormal peripheral oxygen extraction. Circ Heart Fail 2015;8:286—294.
Haykowsky M, Brubaker PH, John M, Stewart KP, Morgan TM, Kitzman DW.
Determinants of exercise intolerance in elderly heart failure patients with preserved
ejection fraction. | Am Coll Cardiol 2011;58:265-274.

Bhella PS, Hastings JL, Fujimoto N, Shibata S, Carrick-Ranson G, Palmer MD, et al.
Impact of lifelong exercise “dose” on left ventricular compliance and distensibility. |
Am Coll Cardiol 2014;64:1257-1266.

Fujimoto N, Hastings JL, Bhella PS, Shibata S, Gandhi NK, Carrick-Ranson G, et al. Effect
of ageing on left ventricular compliance and distensibility in healthy sedentary humans.
Physiol 2012;590:1871-1880.

Fujimoto N, Prasad A, Hastings JL, Arbab-Zadeh A, Bhella PS, Shibata S, et al.
Cardiovascular effects of 1 year of progressive and vigorous exercise training in previ-
ously sedentary individuals older than 65 years of age. Circulation 2010;122:1797-1805.
Haykowsky MJ, Brubaker PH, Stewart KP, Morgan TM, Eggebeen J, Kitzman DW. Effect
of endurance training on the determinants of peak exercise oxygen consumption in eld-
erly patients with stable compensated heart failure and preserved ejection fraction. | Am
Coll Cardiol 2012;60:120-128.

Fujimoto N, Prasad A, Hastings JL, Bhella PS, Shibata S, Palmer D, et al. Cardiovascular
effects of 1 year of progressive endurance exercise training in patients with heart failure
with preserved ejection fraction. Am Heart | 2012;164:869-877.

Edelmann F, Gelbrich G, Dungen HD, Frohling S, Wachter R, Stahrenberg R, et al.
Exercise training improves exercise capacity and diastolic function in patients with heart
failure with preserved ejection fraction: results of the Ex-DHF (exercise training in dia-
stolic heart failure) pilot study. | Am Coll Cardiol 2011;58:1780-1791.

Palau P, de la Espriella R, Seller J, Santas E, Dominguez E, Bodi V, et al. beta-blocker with-
drawal and functional capacity improvement in patients with heart failure with pre-
served ejection fraction. JAMA Cardiol 2024;9:392-396.

$20Z Jaquiaoa 90 uo Jasn Ausiaaiun 1esseH Aq g/ 1898/ /c9ceemz/odlina/ge01 "0 /1op/ajonie-aoueape/odiine/woo dno oiwapeose//:sdiy Woll papeojumoc]



