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IMPORTANCE Aortic dilatation is frequently encountered in clinical practice among aging
endurance athletes, but the distribution of aortic sizes in this population is unknown. It is
additionally uncertain whether this may represent aortic adaptation to long-term exercise,
similar to the well-established process of ventricular remodeling.

OBJECTIVE To assess the prevalence of aortic dilatation among long-term masters-level male
and female athletes with about 2 decades of exercise exposure.

DESIGN, SETTING, AND PARTICIPANTS This cross-sectional study evaluated aortic size in
veteran endurance athletes. Masters-level rowers and runners aged 50 to 75 years were
enrolled from competitive athletic events across the United States from February to October
2018. Analysis began January 2019.

EXPOSURES Long-term endurance exercise.

MAIN OUTCOMES AND MEASURES The primary outcome was aortic size at the sinuses of
Valsalva and the ascending aorta, measured using transthoracic echocardiography in
accordance with contemporary guidelines. Aortic dimensions were compared with age, sex,
and body size–adjusted predictions from published nomograms, and z scores were calculated
where applicable.

RESULTS Among 442 athletes (mean [SD] age, 61 [6] years; 267 men [60%]; 228 rowers
[52%]; 214 runners [48%]), clinically relevant aortic dilatation, defined by a diameter at
sinuses of Valsalva or ascending aorta of 40 mm or larger, was found in 21% (n = 94) of all
participants (83 men [31%] and 11 women [6%]). When compared with published
nomograms, the distribution of measured aortic size displayed a rightward shift with a
rightward tail (all P < .001). Overall, 105 individuals (24%) had at least 1 z score of 2 or more,
indicating an aortic measurement greater than 2 SDs above the population mean. In
multivariate models adjusting for age, sex, body size, hypertension, and statin use, both elite
competitor status (rowing participation in world championships or Olympics or marathon
time under 2 hours and 45 minutes) and sport type (rowing) were independently associated
with aortic size.

CONCLUSIONS AND RELEVANCE Clinically relevant aortic dilatation is common among aging
endurance athletes, raising the possibility of vascular remodeling in response to long-term
exercise. Longitudinal follow-up is warranted to establish corollary clinical outcomes in this
population.
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D ilatation of the aortic root and ascending aorta repre-
sents the principal risk factor for the acute aortic
syndromes,1 a highly morbid group of conditions with

in-hospital mortality exceeding 25%.2,3 Guideline-directed
therapy of patients with asymptomatic aortic dilatation in-
cludes blood pressure control, prohibition of intense isomet-
ric physical activity, and serial imaging to assess for progres-
sion sufficient to justify surgical intervention.2,4 Established
risk factors for aortic dilatation include advancing age, male
sex, increasing body size, hypertension, and numerous ge-
netic syndromes including bicuspid aortic valve and multiple
connective tissue disorders.5,6 Collectively, however, these at-
tributes fail to account for much of the aortic dilatation en-
countered in clinical practice.

Routine vigorous exercise stimulates cardiac remodeling
that often results in myocardial wall thickening and chamber
dilatation, which in turn may overlap with common forms of
cardiomyopathy.7,8 Prior work suggests that the ascending aorta
may also respond to high levels of exercise training but insuffi-
ciently to cause dilatation above common thresholds for distin-
guishing pathology. A 2013 meta-analysis reported minor and
clinically insignificant aortic dilatation at the sinuses of Valsalva
amongcompetitiveathletescomparedwithnonathleticcontrols.9

Several large cohort studies have shown that clinically signifi-
cant aortic dilatation among competitive athletes (convention-
ally defined as ≥40 mm for men and ≥34 mm for women) is ex-
ceedingly uncommon,10-14 even among athletes at the extremes
of body size.15,16 Notably, however, this prior work has largely
been confined to competitive athletes in the first 2 to 3 decades
of life, leaving the effect of long-term exercise training and/or
intense exercise training later in life on the aorta unknown.

Masters-level athletes (ie, men and women beyond the
fourth decade of life who perform routine exercise training with
competitive athletic goals) are increasingly encountered in
clinical cardiovascular practice.17 To date and to our knowl-
edge, the prevalence and magnitude of aortic dilatation in this
population has not been defined. Our primary hypothesis was
that masters-level athletes participating in endurance sports
would have a higher prevalence of aortic dilatation than simi-
larly aged, less active people. We additionally hypothesized that
rowing, a sport with concomitant pressure and volume hemo-
dynamic stress, would be associated with more aortic dilata-
tion than long-distance running, a sport primarily character-
ized by isolated isotonic physiology. To address these
hypotheses, we prospectively enrolled a cohort of asymptom-
atic aging competitive runners and rowers with goal of defin-
ing the prevalence of aortic dilatation in this population.

Methods
We performed a prospective assessment of aortic dimensions
among competitive masters-level male and female rowers and
runners. Aortic dimensions were measured using a transtho-
racic echocardiographic protocol designed to optimize mea-
surements of the ascending aorta. Runners were recruited
based on participation in the Boston Athletic Association’s
Boston Marathon, while rowers were recruited based on mem-

bership in competitive rowing clubs and/or participation in
US national-level competitions. All aspects of this study were
approved by the Partners Human Research Committee, the
institutional review board of Partners HealthCare. All partici-
pants provided written informed consent.

Study Population
Rowers and runners were enrolled from February to October
2018. Rower participants were recruited from competitive row-
ing clubs (Cambridge Boat Club, Cambridge, Massachusetts;
Upper Valley Rowing Foundation, Hanover, New Hampshire)
and at national competitions (CRASH-Bs Indoor Rowing Cham-
pionships, Boston, Massachusetts; US Masters Rowing Cham-
pionships, Oakland, California; Head of the Charles Regatta,
Cambridge, Massachusetts). Rowers were studied at club fa-
cilities or at designated sites adjacent to competitions. Run-
ners were recruited based on their registration in the Boston
Marathon and were studied at the prerace exposition. Partici-
pation was voluntary, and participants were not compen-
sated monetarily.

Inclusion criteria included age 50 to 75 years and a mini-
mum of 10 years of endurance training after age 40 years, in-
cluding participation in organized competition. Elite athlete
status was defined for subsequent analysis based on prior com-
petition in world championships or Olympics (rowers) or
completion of a marathon under 2 hours and 45 minutes (run-
ners). Exclusion criteria, designed to exclude known drivers
of aortic pathology and to align with published population data
on aortic size,18-20 included personal or family history of aor-
topathy, first-degree family member with a history of thoracic
aortic aneurysm, bicuspid aortic valve, connective tissue
disorder (including Marfan, Loeys-Dietz, and Ehlers-Danlos
syndromes), or failure to meet the inclusion criteria above.
All participants completed an investigator-developed ques-
tionnaire to characterize prior training and competition, life-
style habits, and medical history. Weight was measured using
a commercially available digital scale (Etekcity); blood pres-
sure was assessed using a manual sphygmomanometer after
10 minutes of quiet rest.

Echocardiography
A full description of echocardiographic methods is presented
in the eMethods in the Supplement. Briefly, we performed a

Key Points
Question What is the prevalence of aortic dilatation among
long-term endurance athletes?

Findings In this cross-sectional study of 442 masters-level
athletes, 94 individuals (21%) were found to have an ascending
aortic size of 40 mm or larger, representing a marked increase in
the prevalence of aortic dilatation compared with that predicted
by established age- and sex-specific population nomograms.

Meaning This study identified an elevated prevalence of aortic
dilatation among aging endurance athletes without clear
explanatory risk factors, suggesting that long-term endurance
exercise is associated with aortic enlargement.
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transthoracic echocardiographic protocol using a commer-
cially available system (Vivid-Q; GE Healthcare) and standard
imaging techniques21 with particular focus on the ascending
aorta. Measurements of myocardial structure and function
were performed according to guideline specifications.22

Aortic size was measured in the parasternal long axis view at
end diastole at 4 levels: (1) aortic annulus, (2) sinuses of
Valsalva, (3) sinotubular junction, and (4) ascending aorta (2-3
cm above the sinotubular junction at the maximal visualized
diameter).

Aortic measurements, performed in triplicate over 3 sepa-
ratecardiaccycles,weremadeusingbothleadingedge–to–leading
edge and inner edge–to–inner edge conventions, given guideline
endorsement of the former22 and common clinical and scientific
use of the latter.18 Leading edge–to–leading edge measurements
are presented unless otherwise noted. Inner edge–to–inner edge
measurements were used to align with the nomogram by Saura
et al.18 Clinically relevant aortic dilatation was defined as a
measured dimension of 40 mm or more based on prior studies
defining this as the 99th percentile for aortic size for young male
athletes12,14 and the codification of this cut point as a threshold
triggering active clinical surveillance.23

Intraobserver variability analysis was performed through
blinded reassessment of 10 randomly selected individuals. In-
terobserver variability was assessed in a group of 10 ran-
domly selected individuals by 2 investigators (T.W.C. and
A.L.B.) blinded to each other’s measurements. Correlation for
each measurement was assessed using linear regression with
the following results: intraobserver at sinuses of Valsalva
(R2 = 0.94) and ascending aorta (R2 = 0.97) and interobserver
at the sinuses of Valsalva (R2 = 0.93) and ascending aorta
(R2 = 0.94).

Statistical Analysis
Normality for all variables was assessed using the Shapiro-
Wilk test. Continuous variables are reported as mean (SD) or
median (interquartile range). Measured aortic dimensions were
compared with sizes predicted by population nomograms,18-20

and z scores were calculated when possible.19,20 While imper-
fect, these nomograms represent the best available data with
which to assess normal aortic size and are commonly used for
this purpose in clinical practice. The primary analysis fo-
cused on the sinus of Valsalva nomogram by Devereux et al,19

the data most commonly cited in guideline documents.23 We
additionally compared our data with the height-normalized as-
cending aorta nomogram by Saura et al.18 As this tool does not
present z scores, the ascending aorta z score from Campens
et al20 was used in assessing the prevalence of abnormal
z scores. All 3 nomograms excluded individuals with bicuspid
aortic valves, and the data from Saura et al18 excluded trained
athletes.24 Distributions of actual vs predicted aortic sizes were
compared using 2-tailed t tests. Univariate associations were
assessed using linear regression. Stepwise forward multivar-
iate regression was performed to determine variables inde-
pendently associated with aortic size, with raw aortic sizes serv-
ing as the outcome variable given their central role in clinical
decision-making. While not independently associated in all
models, hypertension (defined as reported hypertension or use

of antihypertensive medication) was included in final mod-
els given its established effect on aortic disease. Statin use was
additionally included as a covariate to account for potential es-
tablished atherosclerotic disease. All P values were 2-sided, and
the significance threshold was less than .05 for all testing.
All data analysis was performed using Stata, version 15.1 (Stata-
Corp). Analysis began January 2019.

Results
A total of 442 masters-level athletes (mean [SD] age, 61 [6]
years; 267 men [60%]; Table 1) completed all aspects of the
study protocol (eFigure 1 in the Supplement). Rowers and run-
ners constituted 52% (n = 228) and 48% (n = 214) of the total
cohort, respectively. The prevalence of cardiovascular diag-
noses, risk factors, and prescription medications use were low,
with 34 (7%) reporting antihypertensive medication use and
40 (9%) reporting statin use. Athletic experience was exten-
sive (mean [SD], 23 [10] years of training and competition in
their respective primary sport) with runners having com-
pleted a mean (SD) of 33 (39) prior marathons. A total of 35 in-
dividuals (8%; 28 men and 7 women; 23 rowers and 12 run-
ners) met criteria for elite status.

Myocardial Structure and Function
Selected echocardiographic parameters, stratified by sex and
sport, are shown in Table 1 (full echocardiographic data are re-
ported in eTable 1 in the Supplement). Measures of ventricu-
lar size and function were broadly similar across sports with
several notable exceptions. Rowers had lower indexed left ven-
tricular (LV) end-diastolic volumes than the runners (mean
[SD], 60 [14]; 95% CI, 58-62 vs 72 [14]; 95% CI, 70-74; P < .001
for both sexes), while indexed LV mass was not statistically dif-
ferent between sports. Early diastolic tissue velocities were also
lower among male rowers than male runners.

Aortic Dimensions
Distributions of aortic size, measured using the leading edge–
to–leading edge convention, are shown in Figure 1. Among men,
83 of 267 (31%) had at least 1 aortic dimension of 40 mm or
larger. Specifically, 66 of 267 (25%) and 45 of 249 (18%) dem-
onstrated maximal aortic dimensions 40 mm or larger at the
sinuses of Valsalva and the ascending aorta, respectively.
Raw aortic size was greater at both the sinuses of Valsalva
(mean [SD], 39.2 [3.9] mm; 95% CI, 38.5-39.9 vs 36.7 [3.5] mm;
95% CI, 36.1-37.2; P < .001) and ascending aorta (mean [SD],
37.6 [3.9] mm; 95% CI, 36.9-38.4; vs 35.6 [3.2] mm; 95% CI,
35.1-36.2; P < .001) among male rowers than among male run-
ners. Male rowers also represented the majority of individu-
als with aortic dimensions exceeding 40 mm, with 51 of 114
(45%) found to have at least 1 aortic measurement of 40 mm
or larger. Fewer women (11 of 175 [6%]) had aortas that were
40 mm or larger. However, when considered against a con-
ventional standard of 34 mm,13,14 63 (36%) met this criterion
in the aortic root and 63 (40%) in the ascending aorta. Aortic
size at the sinuses of Valsalva was slightly larger among fe-
male rowers than runners (mean [SD], 33.7 [3.3] mm; 95% CI,

Association of Ascending Aortic Dilatation and Long-term Endurance Exercise Among Older Athletes Original Investigation Research

jamacardiology.com (Reprinted) JAMA Cardiology Published online February 26, 2020 E3

© 2020 American Medical Association. All rights reserved.

Downloaded From: https://jamanetwork.com/ by a Karolinska Institutet University Library User  on 02/27/2020

https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2020.0054?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2020.0054
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2020.0054?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2020.0054
http://www.jamacardiology.com/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2020.0054


33.1-34.3; vs 32.3 [2.9] mm; 95% CI, 31.6-33.1; P = .008), but
there was no difference across sports in the ascending aorta
(mean [SD], 33.3 [3.1] mm; 95% CI, 32.7-33.9; vs 33.2 [3.5] mm;
95% CI, 32.3-34.2; P = .88). Among elite competitors, 14 of 35
(40%) had at least 1 aortic measurement 40 mm or larger, in-
cluding 13 of 28 men (46%).

Raw and indexed aortic sizes are shown in Table 2. Differ-
ences between men and women were less pronounced after
indexing for body surface area (BSA) or height. Women had
slightly larger aortic sizes when indexed to BSA, while height
indexing resulted in the opposite pattern at the sinuses of
Valsalva with similar sizes in the ascending aorta. Body sur-
face area–indexed aortic dimensions were greater in rowers
than in runners, while height indexing yielded similar values
across sports with the exception of sinus of Valsalva dimen-
sions, which were slightly larger among male rowers vs run-
ners (eTable 2 in the Supplement).

Comparison With Population Data
Aortic dimensions among masters rowers and runners relative
toage,sex,andBSAorheight-adjustednomogramsarepresented

in Figure 2. In all cases, the distribution of measured aortic size
among participants displayed a distinct rightward shift with a
rightward tail when compared with predicted values (all P < .05).
A total of 105 individuals (24%) had at least 1 z score of 2 or more,
indicating an aortic measurement greater than 2 SDs above the
population mean. Breakdown of abnormal z scores by sex and
by sport is shown in eTable 3 in the Supplement, and com-
parison with all available population nomograms is shown in
eFigure 2 in the Supplement.

Factors Associated With Aortic Size
Univariate associations with aortic size are shown in Table 3. Age,
sex, and body size (both BSA and height) were all significantly
associated with aortic size at both the sinuses of Valsalva and the
ascending aorta. The presence of hypertension was also signifi-
cantly associated with aortic size at both locations, while other
clinical markers of cardiovascular risk and prevalent disease were
not. Cumulative years of athletic training and elite competitor
status were both associated with aortic dimensions. Finally, we
detectedstrongunivariateassociationsbetweenwell-established
markers of exercise-induced cardiac remodeling including LV

Table 1. Participant Data and Select Echocardiographic Parameters

Characteristic

Mean (SD)

Male Female
Rowers
(n = 114)

Runners
(n = 153)

Rowers
(n = 114)

Runners
(n = 61)

sAge, y 63 (6) 59 (6) 62 (7) 59 (6)

Height, in 72 (3) 70 (2) 66 (2) 65 (3)

Weight, kg 87 (13) 74 (8) 67 (10) 57 (8)

BMI 25 (3) 24 (2) 23 (3) 21 (2)

Blood pressure, mm Hg

Systolic 125 (15) 132 (15) 119 (13) 122 (14)

Diastolic 75 (9) 78 (9) 71 (9) 75 (10)

Medical history, No. (%)

Coronary artery disease 6 (5) 6 (4) 1 (1) 1 (2)

Hypertension 24 (21) 19 (12) 7 (6) 5 (8)

Hyperlipidemia 26 (23) 31 (20) 19 (17) 8 (13)

Diabetes mellitus 3 (3) 2 (1) 1 (1) 2 (3)

Smoking (current or former) 18 (16) 19 (12) 26 (23) 16 (26)

Atrial fibrillation 10 (9) 2 (1) 4 (4) 0

Medications

No medications 50 (44) 104 (68) 41 (37) 31 (51)

Antihypertensive medication 19 (17) 9 (6) 4 (4) 2 (3)

Statin 25 (22) 11 (7) 3 (3) 1 (2)

Antiplatelet/anticoagulant 8 (7) 7 (5) 6 (5) 0

Athletic history

Cumulative years training 26 (11) 24 (11) 20 (8) 22 (9)

Annual training volume, h 244 (96) 243 (98) 239 (96) 237 (77)

No. of marathonsa 6 (9) 32 (31) 7 (13) 33 (54)

Marathon time (personal best), min NA 196 (23) NA 222 (21)

Select echocardiographic parameters

Left ventricular volume index,
end-diastole, mL/m2

66 (14) 75 (13) 55 (12) 64 (11)

Left ventricular mass index, g/m2 75 (11) 78 (12) 68 (9) 73 (11)

Lateral e’, cm/s 7.9 (2.3) 9.4 (2.2) 8.5 (2.0) 9.0 (1.9)

Medial e’, cm/s 6.5 (2.0) 7.2 (1.6) 7.0 (1.6) 7.3 (1.5)

Abbreviations: BMI, body mass index
(calculated as weight in kilograms
divided by height in meters squared);
e’, early tissue velocity; NA, not
applicable.
a Mean number of marathons

reported for only individuals
who had completed at least 1.
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Table 2. Distribution of Aortic Dimensionsa

Variable

Men Women

P ValueMean (SD)
95th
Percentile Mean (SD)

95th
Percentile

Raw values, mm

Aortic annulus 22.5 (2.2) 26.0 19.8 (1.6) 22.3 <.001

Sinus of Valsalva 37.8 (3.9) 44.7 33.2 (3.2) 38.7 <.001

Sinotubular junction 32.9 (3.6) 39.7 29.3 (2.5) 33.3 <.001

Ascending aorta 36.5 (3.7) 43.5 33.3 (3.3) 39.0 <.001

Abdominal aorta 20.7 (3.1) 26.0 19.5 (2.9) 24.0 <.001

Normalized by height, mm/m

Aortic annulus 12.5. (1.1) 14.4 11.9 (1.0) 13.5 <.001

Sinus of Valsalva 21.0 (2.0) 25.0 19.9 (2.0) 23.4 <.001

Sinotubular junction 18.3 (1.9) 21.5 17.6 (1.5) 20.3 .001

Ascending aorta 20.3 (1.9) 23.3 20.0 (2.1) 23.3 .11

Abdominal aorta 11.5 (1.7) 14.4 11.7 (1.7) 14.7 .40

Normalized by body surface area, mm/m2

Aortic annulus 11.4 (1.1) 13.4 11.7 (1.2) 13.9 .005

Sinus of Valsalva 19.1 (2.0) 22.8 19.6 (2.4) 24.2 .03

Sinotubular junction 16.7 (1.8) 19.6 17.4 (1.9) 21.6 .001

Ascending aorta 18.5 (1.9) 21.8 19.6 (2.5) 24.3 <.001

Abdominal aorta 10.5 (1.6) 13.1 11.4 (1.6) 14.0 <.001

a All measurements made using the
leading edge–to–leading edge
convention.

Figure 1. Distribution of Aortic Sizes by Sport and by Sex
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Distributions of aortic size at both the sinuses of Valsalva and the ascending aorta, measured leading edge–to–leading edge, are shown for men and women, with
separate distributions presented for rowers and runners. Among men, 25% (66 of 267) measured 40 mm or larger at the sinuses of Valsalva and 18% (45 of 249) in
the ascending aorta. Aortic sizes among rowers exhibited a rightward shift compared with that of runners (P < .01) in all cases except the ascending aorta in women,
where the distribution was similar.
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Figure 2. Actual vs Predicted Aortic Sizes by Sex and Sport
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Measured aortic sizes are plotted by sport and sex against predicted sizes from existing population-level nomograms. Sinus of Valsalva dimensions are presented using
leading edge–to–leading edge measurement, with predicted sizes from the body surface area–adjusted nomogram from Devereux et al.19 Ascending aortic predicted
dimensions are derived from the nomogram from Saura and colleagues,18 who used a height-adjusted model using the inner edge–to–inner edge convention; dimensions are
accordingly presented for inner edge–to–inner edge measurements for study individuals. In all cases, distribution of measured sizes exceeded that of predicted sizes (all P < .05).
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mass and LV end-diastolic volume and aortic dimensions at both
measured locations. In a fully adjusted multivariate model, sig-
nificant factors associated with aortic size at the sinuses of
Valsalva included sex, height, sport type (rowing), and elite com-
petitor status. In contrast, correlates of aortic size in the ascend-
ing aorta included age, sex, height, and hypertension (eTable 4
in the Supplement).

Discussion
To our knowledge, this study presents the first detailed charac-
terization of the prevalence of clinically relevant ascending aor-
tic dilatation among aging competitive endurance athletes.
Amongagroupofexperiencedcompetitivemaleandfemalerow-
ers and runners with a low burden of both cardiovascular disease
and traditional risk factors, we observed a prevalence of aortic
dilatation, as defined by an aortic dimension of 40 mm or larger,
of 21% (31% among men and 6% among women). These findings
appeared particularly pronounced among rowers and elite com-
petitors from both sports. Compared with validated age, sex, and
body size–adjusted general population nomograms, the distri-
butions of aortic dimensions at both the sinuses of Valsalva and
the ascending aorta demonstrated a clear rightward shift among
both men and women. Notably, when compared with guideline-
endorsed z scores, almost 25% of study individuals had a z score
of 2 or above, indicating an aortic size 2 SDs above the popula-
tion mean. In aggregate, these findings suggest that long-term
participation in competitive endurance sport may represent a
novel, clinically relevant risk factor for acquired ascending aorta
dilatation.

Findings from this study fill an important gap in our un-
derstanding of how long-term participation in endurance sport

affects the cardiovascular system. Responsiveness of the heart
to exercise training was first suggested well over 100 years
ago.25,26 Subsequent longitudinal studies have established a
causal relationship between exercise and structural, func-
tional, and electrical myocardial adaptation,27-29 with remod-
eling often leading to phenotypes that overlap with forms of
myocardial pathology.7,8,30 In contrast, prior work focused
on aortic adaptations to exercise has suggested that aortic re-
modeling is comparatively minimal and rarely adequate to pro-
duce aortic dilatation of clinical relevance. Importantly, prior
studies have leveraged national screening databases of high-
caliber young athletes or meta-analytic approaches involving
similarly aged cohorts and have not included middle-aged and
older athletes.10-14 One notable exception came recently from
Gentry and colleagues,31 who described an increased preva-
lence of aortic dilatation (≥40 mm) among 206 former Na-
tional Football League athletes (30%, compared with 9% in a
nonathletic reference group). However, this important data set
emerged from a relatively unique population of men whose ath-
letic experience was typically confined to early-life exposure
to a sport associated with static-predominant exercise physi-
ology, frequent weight gain, and blood pressure increases.32

In contrast, we now present data documenting an elevated
prevalence of aortic dilatation among both men and women
who train and compete in endurance sports late into life.

The current paradigm of athletic cardiovascular remodeling
presents the aorta as a relatively static organ, in contrast to the
highly adaptable nature of myocardium. However, prior litera-
ture provides suggestive clues that the aorta may indeed have
its own degree of plasticity. As noted above, a meta-analysis
showed a small but statistically significant difference in aortic
size between young athletes and controls,9 and associations have
been established between training duration and aortic size.10 In

Table 3. Univariate Associations of Aortic Size With Medical, Athletic, and Echocardiographic Covariates

Characteristic

Sinus of Valsalva Ascending Aorta

β (SE) P Value β (SE) P Value
Age 0.09 (0.03) .004 0.13 (0.03) <.001

Sex 4.6 (0.4) <.001 3.2 (0.4) <.001

Height 0.2 (0.02) <.001 0.17 (0.02) <.001

Body surface area 10.9 (0.8) <.001 8.6 (0.8) <.001

Hypertensiona 1.7 (0.6) .005 2.2 (056) <.001

Hyperlipidemia 0.3 (0.5) .56 0.9 (0.5) .06

Diabetes mellitus −0.5 (1.5) .75 1.0 (1.4) .46

Smoking (current or former) −0.80 (0.5) .13 −0.5 (0.5) .30

Atrial fibrillation 1.9 (1.1) .09 1.4 (1.0) .17

Coronary artery disease 0.6 (1.2) .63 0.6 (1.1) .62

Athletic experience

Cumulative years training 0.05 (0.02) .02 0.05 (0.02) .01

Annual training volume −0.007 (0.002) .72 −0.003 (0.002) .22

No. of marathons completed −0.004 (0.007) .60 −0.002 (0.006) .68

Elite rowerb 3.0 (1.0) .002 2.3 (0.9) .02

Elite runnerc 4.4 (1.1) <.001 1.2 (1.0) .24

Exercise-induced cardiac remodeling

LV mass index (area-length), g/m2 0.08 (0.02) <.001 0.1 (0.02) <.001

LV end-diastolic volume index, mL/m2 0.07 (0.01) <.001 0.045 (0.01) <.001

Abbreviation: LV, left ventricular.
a Self-reported hypertension or

prescription of antihypertensive
medication.

b Elite rower defined as prior
international competition
(participation in world
championships or Olympics).

c Elite runner defined as completion
of a marathon with a finishing time
under 2 hours and 45 minutes.
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addition, there is evidence of differences in aortic function, spe-
cifically aortic stiffness and aortic distensibility, between trained
and untrained individuals,33-35 and training interventions have
been associated with improvements in distensibility and
compliance.36,37 Our findings expand the evidence of aortic re-
modeling and suggest that the aorta responds to the hemody-
namic stress of endurance sport with a temporal trajectory that
is slower than that of the myocardium.

The physiology underlying endurance sport varies con-
siderably across disciplines, and we therefore set an a priori
hypothesis that aortic dimensions would differ among row-
ers and runners. Long-distance running is classified as a
predominantly dynamic sport characterized by sustained in-
creases in cardiac output and concomitant volume load on the
heart and the blood vessels with minimal pressure stress.38 In
contrast, rowing involves a combination of dynamic and static
physiology in which the volume challenge imparted by high
cardiac output is coupled with repetitive surges in arterial blood
pressure, a pressure load on the left side of the heart and great
vessels that occur during the catch or initiation of each stroke.39

Correspondingly, these 2 sports have been associated with dif-
ferent patterns of LV remodeling.27 Data from the present study
suggest a similar element of sport specificity within the aorta.
Although BSA and height adjustment substantially attenu-
ated intersport differences in raw aortic dimensions, rowing
remained independently associated with dilatation at the si-
nuses of Valsalva in adjusted models. While speculative, these
findings suggest that the pressure stress uniquely present in
rowing may represent an important hemodynamic driver of
aortic dilatation, particularly at the level of the aortic sinuses.

There are potentially important clinical implications of our
findings and an urgent call for future work. It is possible that
mild to moderate dilatation of the ascending aorta among long-
term exercisers may represent a previously unrecognized and
benign adaptation to sport, similar to exercise-induced eccen-
tric LV hypertrophy.40 Alternatively, aortic dilatation in the set-
ting of long-term endurance training may represent a novel
form of acquired overuse pathology with attendant implica-
tions on morbidity and mortality. Our a priori decision to ex-
clude athletes with bicuspid aortic valves, a step that paral-
lels available population nomograms18-20 and that was made
to maximally isolate the effect of long-term exercise, sug-
gests that our rates of clinically relevant aortic dilatation rep-
resent conservative estimates for the overall population of mas-
ters-level athletes. While aortic rupture is a rare cause of sudden

death among young competitive athletes, the prevalence of aor-
tic events among long-term aging endurance athletes re-
mains unknown. Future studies aimed at defining the natu-
ral history of aortic dilatation in this population with an
emphasis on clinical outcomes, including the incidence of acute
aortic syndromes and elective aortic surgical intervention, will
be required to resolve this fundamental uncertainty. In the ab-
sence of such data, clinical implications of our findings re-
main uncertain and will require individualized assessment.

Limitations
We acknowledge several limitations of this study. First, our data
are cross-sectional and thus can neither establish causality be-
tweenexerciseandaorticdilatationnorpermitconclusionsabout
the natural history and clinical risk profile of aortic dilatation
amonglong-termcompetitiveathletes.Second,wecomparedour
data with the imperfect reference of population nomograms.
However, these data sets contain the best available normative
aortic size values and represent the clinical standard for differ-
entiating normal from abnormal. Third, our characterization of
exercise exposure was confined to the measures that we felt we
could assess with adequate accuracy. Thus, we lack data defin-
ing exercise training intensity and blood pressure response to
exercise, both of which may represent mechanistic underpin-
nings of our findings. Fourth, the individuals performing the
echocardiographic measurements were not blinded to partici-
pant sport status, allowing for the possible introduction of bias.
Fifth, we studied experienced well-trained athletes participat-
ing in 2 common endurance sports, thereby limiting generaliz-
ability to more recreational exercisers and to athletes participat-
ing in other endurance disciplines.

Conclusions
In conclusion, we present data characterizing ascending aortic
dimensions among aging competitive endurance athletes with
the principal finding of a marked increase in the prevalence of
aortic dilatation based on established population nomograms.
This finding was consistent between men and women and across
athletes participating in 2 of the most common endurance sports.
Thus, it appears that the aorta is an exercise-responsive plastic
organ that remodels in the setting of long-term exercise. Further
longitudinal study will be required to establish definitive clini-
cal correlates of these findings.
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