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Abstract

Background Ageing increases aortic stiffness, contributing to cardiovascular risk even in
healthy individuals. Aortic stiffness is reduced through supervised training programmes, but
these are not easily generalizable.

Objective To determine whether real-world exercise training for a first-time marathon can
reverse age-related aortic stiffening.

Methods Untrained healthy individuals underwent six-months of training for the London
Marathon. Assessment pre-training and two weeks post-marathon included central (aortic)
blood pressure (cBP), and aortic stiffness using cardiovascular magnetic resonance
distensibility. Biological ‘aortic age’ was calculated from the baseline chronological age-
stiffness relationship. Change in stiffness was assessed at the ascending (Ao-A) and
descending aorta at the pulmonary artery bifurcation (Ao-P) and diaphragm (Ao-D). Data are
mean changes (95% confidence intervals).

Results 138 first-time marathon completers (age 21-69 years, 49% male) were assessed, with
an estimated training schedule of 6-13 miles per week. At baseline, a decade of chronological
ageing correlated with a decrease in Ao-A, Ao-P and Ao-D distensibility by 2.3, 1.9, and
3.1x10°.mmHg* respectively (p<0.05 for all).

Training decreased systolic and diastolic cBP by 4(2.8,5.5) and 3(1.6,3.5)mmHg. Descending
aortic distensibility increased (Ao-P:9%,p=0.009; Ao-D:16%,p=0.002), whilst remaining
unchanged in the Ao-A. These translated to a reduction in ‘aortic age’ by 3.9(1.1,7.6) and
4.0(1.7,8.0)years (Ao-P and Ao-D respectively). Benefit was greater in older, male
participants with slower running times (p<0.05 for all).

Conclusions Training for and completing a marathon even at relatively low exercise intensity
reduces central blood pressure and aortic stiffness- equivalent to a ~4-year reduction in
vascular age. Greater rejuvenation was observed in older, slower individuals.

Condensed Abstract

A hallmark of normal ageing is arterial stiffening, which increases the cardiovascular risk
even in healthy individuals. Because supervised training programmes are not easily
generalizable, we investigated the effects of real-world exercise on vascular ageing in a
prospective longitudinal cohort. 138 untrained individuals underwent assessment pre-training
and two weeks after a first marathon of aortic stiffness by cardiovascular magnetic resonance
and central (aortic) blood pressure. Exercise training reduced aortic stiffness, equivalent to a
four-year reduction in vascular age, and blood pressure, comparable to anti-hypertensive
medication. These benefits were greater in older, male, slower runners despite relatively low
exercise intensity.

Keywords: Marathon; exercise training; aortic stiffness; blood pressure; ageing;
cardiovascular magnetic resonance.

Abbreviations

R-stiffness Beta-stiffness (pressure-independent stiffness)
CMR Cardiovascular Magnetic Resonance

CPET Cardio-Pulmonary Exercise Test

DBP Diastolic Blood Pressure

Peak VO Maximal oxygen consumption

PP Pulse Pressure

PWV Pulse wave velocity

SBP Systolic Blood Pressure



Introduction

Ageing is a major risk factor for cardiovascular disease beyond simple cumulative
conventional risk factor exposure. In large arteries, advancing age is associated with
biochemical and histological changes that result in vessel stiffening. The aorta buffers
pulsatile stroke volume and translates this to steady peripheral flow, therefore progressive
stiffening increases pulse pressure (PP) and ventricular afterload. Such changes in
hemodynamics are associated with dementia, cardiovascular and kidney disease,(1-3) even in
the absence of atherosclerosis,(4) suggesting that age-related arterial stiffening is detrimental
to health. Anti-hypertensive agents can modify arterial stiffness once established in disease,
but more cardiovascular events occur in individuals without diagnosed hypertension,(5)
providing an opportunity for early lifestyle modification in health.(6,7)

One potential beneficial strategy is regular aerobic exercise.(8) Mass participation
running is an increasingly popular form of non-prescribed exercise, with 18 million finishers
in the USA in 2018.(9) Cross-sectional studies have shown that lifelong athletes possess
more distensible peripheral arteries,(10) and relatively brief (< 3 months) supervised aerobic
exercise interventions benefit brachial blood pressure (BP) and peripheral artery
stiffness.(11,12) The dose of exercise needed to preserve or even rejuvenate the central
(aortic) arterial system in a real-world setting is not known. Using cardiovascular magnetic
resonance, it is now possible to assess local arterial stiffness by distensibility in the aorta
rather than peripheral vessels. This is a stronger prognostic marker, and is more closely
associated with the natural ageing process.(13-15) Because the aorta has varying tissue
composition, local distensibility measured at discrete levels may facilitate the detection of
regional influences.

We hypothesized that age-related aortic stiffening in health would be reversible with

real-world exercise training. To explore this, we used a large cohort of healthy, first-time



marathon runners investigated before training initiation, and after completion of the London
Marathon.

Methods

Study population and assessment timing

Healthy participants were recruited into a prospective longitudinal observational study
to investigate the effect of first-time marathon training on cardiovascular function.
Participants were recruited over the 2016 and 2017 London Marathons (Virgin Money).
Details of the study have been reported previously.(16) Inclusion criteria were: no significant
past medical history; no previous marathon-running experience (approximately half of
~50,000 receiving ballot places each year); and current participation in running for <2 hours
per week. In 2016, participants of age 18-35 years were included and in 2017, adults of all
ages were included. Exclusion criteria were: pre-existing cardiovascular disease during
preliminary investigations, or contraindication to CMR. All procedures were in accordance
with the principles of the Helsinki declaration, all participants gave written informed consent
and the study was approved by the London-Queen Square National Research Ethics Service
Committee (15/L.0O/0086).

All measurements were conducted before training started, immediately after the
release of the results from the ballot entry system six months prior to the marathon. These
were repeated within 3 weeks after completion of the London Marathon, but not earlier than
one week after completion to avoid the acute effects of exercise. In this analysis, participants
were included if they had successfully completed the marathon and attended both baseline
and follow-up assessments. 237 participants were recruited, 71 did not run the Marathon (52
due to injury), and 139 completers attended follow-up. One participant started anti-

hypertensive medication after the baseline assessment and was excluded from subsequent



analysis. Participants who dropped out had similar baseline anthropomorphic, blood pressure
and arterial stiffness measurements, Online Table 1.
Exercise training

Participants were recommended to follow the “Beginner’s Training Plan” provided by
the marathon organizers with the aim of achieving marathon completion rather than
improvement in cardiovascular fitness. This consists of approximately 3 runs per week,
increasing in difficulty for a 17-week period leading into the London Marathon race

(https://bit.ly/IUOPWIN).(17) Those who wished to follow alternative, higher intensity or

longer training plans were however not discouraged from doing so.
Data acquisition and analysis

Peripheral BP, central BP, anthropomorphic, and cardio-pulmonary exercise test
assessments are described in the Online Methods. After BP acquisition, CMR was performed
at 1.5T (Magnetom Aera, Siemens AG Healthcare, Erlangen, Germany). Single-shot ECG-
gated white blood sagittal aortic (‘candy cane’) views were acquired first to measure 3D
aortic length and to standardize cross-sectional imaging. This was used to pilot axial aortic
blood flow-velocity maps at the level of the pulmonary artery bifurcation and the level of the
diaphragmatic descending thoracic aorta. The spoiled gradient echo phase-contrast sequence
used was free-breathing, ECG-gated and segmented, with the following parameters: acquired
temporal resolution 9.2ms (reconstructed to 100 cardiac phases per RR interval); spatial
resolution 1.97 x 1.77 mm?; slice thickness 6mm; through-plane velocity encoding 150cm/s;
field of view 192 x 108mm; flip angle 20°. The contours for the ascending, proximal and
distal (diaphragmatic) descending aorta were traced semi-automatically using validated
software (ArtFun) on the phase-contrast modulus for area analysis, and velocity images to
derive velocity profiles.(18) Analysis was performed with the operator blinded to the scan

timing (baseline or follow up), and with the paired scans analysed independently. Using


https://bit.ly/1UOPwiN

ascending aortic pressure and flow-velocity waveforms, wave separation analysis was used to
compute the ascending aortic wave speed, characteristic impedance and reflection magnitude,
taken as the ratio of the backward to the forward wave amplitudes.(19)
Local, regional and whole aortic stiffness

Because the aorta is known to have varying regional tissue composition, local arterial
stiffness was measured by distensibility at three levels of the thoracic aorta. Arterial stiffness
may mechanistically reflect either intrinsic changes in the arterial wall or the functional effect
of loading conditions, therefore, beta (13)-stiffness index was also calculated. This is a
pressure-independent measure of intrinsic arterial stiffness because it accounts for the non-

linear compliance to pressure relationship.

Amax - Amin
min X ¢PP x 1000
where Amax and Amin are the maximum and minimum aortic areas across the cardiac cycle.
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where ds and dq are the maximum and minimum aortic diameters calculated from the areas
and Prer is a reference BP, here 100mmHg. Because a single central PP estimate was used for
distensibility calculation at each level of the aorta, a sensitivity analysis was undertaken to
model the likely impact of neglect of PP amplification on the estimates of distensibility using
the changes in PP from ascending to the diaphragmatic descending aorta reported in a
previous study.(20) This suggested neglect of PP amplification would only have small effects
and would be unlikely to substantively alter the findings of the study.

Pulse wave velocity (PWV) was measured from the transit time between velocity
profiles to derive average aortic stiffness across the length of the whole aorta, and regional
ascending, and descending thoracic aortic segments. Further details, and reproducibility of all

measures, are available in the Online Methods.



Biological aortic age

Biological aortic age was determined from the relationship between age and local
aortic stiffness at each level of the aorta using the baseline cross-sectional data, Online
Methods. Aortic stiffness is strongly correlated with chronological age, and so any deviations
from expected values may reflect between-subject susceptibility to accelerated ageing, or
conversely, vascular adaptation.

Statistical analysis

Data were analysed in R (R foundation, Vienna, Austria) using RStudio Server
version 1.0.153 (Boston, Mass, USA). All continuous variables are expressed as mean+SD or
median (interquartile range [IQR]) for skewed data, and the 95 percent confidence interval of
the changes with exercise training. Baseline and follow-up data were compared using paired
Student’s t-tests for normally distributed continuous variables or Mann-Whitney U test and
the Chi-square tests for non-normally distributed and categorical variables respectively.
Because the study was designed to look at older and younger participants, age groups were a
priori stratified by the mean age of the cohort (37 years), similar to Tanaka et al.(14) To
minimize the influence of outliers, extreme data points (greater than six interquartile ranges
below the first or above the third quartile) were removed (8 out of 1668 data points in aortic
stiffness measures pre- and post- training).

Linear regression was used to assess independent relationships after adjusting for
covariates, and partial correlation coefficients (rpartia) Were used to describe the associations.
Associations between aortic stiffness and baseline BP, heart rate, weight, body fat, marathon
completion time and peak VO were adjusted for age and sex. Associations between aortic
stiffness and sex were adjusted for age and peak VO,. Because aortic stiffness is partly
dependent on loading conditions, the association between the change in aortic distensibility

and change in systolic blood pressure (SBP) was adjusted for the ‘operating” BP (baseline



mean central arterial pressure). Changes between aortic stiffness and other dependent
variables at follow-up were adjusted for the baseline measurement of the covariate. To
determine whether the change in aortic stiffness was attributable to a change in intrinsic
structure, the change in distensibility was adjusted for the change in operating BP, and the
change in B-stiffness was examined. Linear regression model diagnostics were inspected, and
data were power transformed if appropriate to satisfy the assumptions of constant variance
and normality of residuals. All tests were two-tailed and a p value of <0.05 was considered
statistically significant. For primary end-points, a 0.10 false discovery rate, according to the
method described by Benjamini and Hochberg, was used to determine significant
associations.
Results
Participants

138 first-time marathon completers attended assessment 176x11 days before and
16+4 days after marathon completion. The mean age was 37+10 years (range: 21-69 years)
and 49% were male. Participant characteristics at baseline and follow-up are summarized in
Table 1. Average marathon running time was 5.4+1.0 hours for women and 4.5+0.8 hours for
men, Figure 1. Based on weekly training data and marathon completion times from 27,000
runners, these timings are consistent with a training schedule of between 6 and 13 miles per

week.(21)



Baseline ageing and aortic stiffness

For the ascending, proximal descending and diaphragmatic descending aorta, a
decade of ageing resulted in a decrease in distensibility by 2.3, 1.9, and 3.1 x10. *mmHg™ and
an increase in R-stiffness by 27, 22, and 16% respectively, Online Figure 2.
Effect of training on blood pressure and heart rate

Brachial SBP and DBP decreased with training by 4 (2.8, 5.5) and 3 (1.6,3.5) mmHg
respectively,p<0.01 for both. Central SBP and DBP decreased with training by 4 (2.5,5.3)
and 3 (1.6,3.5) mmHg respectively, p<0.001 for both, Figure 2. There was no significant
change in heart rate with training (-2.3 [0.3,-4.3]beats per minute), p=0.07.
Effect of training on regional aortic stiffness

Aortic stiffness reduced with training, and was more pronounced in the distal aorta,
Table 2. Distensibility did not change in the ascending aorta (p=0.14), but increased by 9%
and 16% in the proximal descending and diaphragmatic descending aorta, p=0.009 and 0.002
respectively, Online Table 2. The change in distensibility was independent of the change in
mean arterial pressure (p<0.001 for the descending aorta). 3-stiffness showed less
pronounced but similar regional trends. B-stiffness did not change in the ascending (p=0.60)
or proximal descending aorta (p=0.08), but decreased by 6% in the diaphragmatic descending
aorta (p=0.04), Figure 3. The change in B-stiffness was not associated with the change in
distensibility in the ascending (p=0.13) or proximal descending aorta (p=0.11), but explained
42% of the change in distensibility in the diaphragmatic descending aorta (p<0.001). PWV
showed similar but less pronounced regional trends to local distensibility measurements,
Table 2.
Effect of training on biological aortic age

After training, the increase in distensibility translated to a reduction in

biological aortic age by 1.5 (-0.9,5.4; p=0.16), 3.9 (1.1, 7.6; p=0.009) and 4.0 (1.7,8.0;
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p=0.002) years in the ascending, proximal descending and diaphragmatic descending

aorta respectively. When estimated from p-stiffness, biological aortic age reduced by

0 (-2.8,2.8; p=0.99), 2.4 (-0.5,5.3; p=0.11) and 3.2 (0.1,6.2; p=0.04) years in the

ascending, proximal descending and diaphragmatic descending aorta respectively,

Online Table 2.

Associations with the training-related change in aortic stiffness

Increasing age was associated with greater reduction in either measure of aortic
stiffness in the descending aorta (greatest rpartiar 0.21, p=0.02), Table 2 and Figure 2. Males
had a greater reduction than females in descending aorta (3-stiffness (rpartiar 0.19 and 0.16,
p=0.03 and p=0.03 respectively) when adjusted for age and peak VO,. This was equivalent to
a median 1.4 year greater benefit in men. Higher baseline central SBP was associated with a
greater reduction in B-stiffness of the proximal and diaphragmatic descending aorta (rpartial
0.23 and 0.21, p=0.006 and 0.02 respectively). The strength of these associations were
reduced when adjusted for age and sex (rpartiar 0.16 and 0.20, p=0.06 and 0.02 respectively).
There was no association between baseline central SBP and the change in distensibility with
training. With training, a greater reduction in either measure of aortic stiffness was associated
with a greater reduction in SBP, adjusted for loading conditions (greatest rpartiai -0.31,
p<0.001), Online Table 3.

Slower marathon running time was associated with a greater increase in proximal
descending aortic distensibility with exercise training (rpartiai -0.20, p=0.02), Online Table 3.
There was no association with the change in -stiffness and marathon performance.

Baseline peak VO, heart rate, body fat, and weight or alterations in these parameters with
training were not associated with the change in either measure of aortic stiffness with

training.
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Discussion

This prospective longitudinal cohort study shows that six-months of training and
completion of a first-time marathon is sufficient to achieve reductions in blood pressure and
aortic stiffness. It was possible to reverse the consequences of ageing on vessel stiffening by
approximately four years, as measured in the aorta rather than more peripheral vessels. Both
brachial and aortic SBP reduced by 4 mmHg, a magnitude comparable to first line anti-
hypertensive medications.(22) Benefits were observed in healthy individuals across a broad
age range, and were greater in older, slower, male marathon runners with higher baseline BP.
Performance times were suggestive of achievable exercise doses in real-world novice
participants— approximately thirty minutes slower than the average completion time for the
London Marathon. Based on completion times, participants trained for 6-13 miles a week, in
line with the suggested 17-week training program and within the recommendations of the
2018 USA Physical Activity Guidelines.(23)

In healthy individuals, chronological ageing leads to a gradual increase in aortic
stiffness and elevated cardiovascular risk. However, chronological age is not the same as the
biological process which captures life course influences, and frames how we make choices
that can accelerate or rejuvenate the vasculature.(24) Cross-sectional studies have shown that
moderate intensity exercise at 4-5 days a week preserves ‘youthful’ compliance of the carotid
artery.(25) However it is important to know both the effect of exercise on aortic rather than
peripheral arterial stiffening given its greater prognostic importance, and the mechanism of
changes in stiffness.(6) Cross-sectional findings may be attributable to genetic or
confounding influences, and vascular capacitance itself may determine exercise capacity.
Several studies have demonstrated the efficacy of supervised training programmes that
prescribe the type, dose and frequency of exercise.(12,26) Examining the consequences of

first-time marathon training helps to understand the benefits from real-world exercise
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behavior that people enjoy and may continue if motivated and free from injury. A goal-
orientated exercise training recommendation (“sign-up for a marathon” or “run a fun-run”)
can be a good motivator to keep active and may increase the likelihood of sustaining benefits.
This study emphasizes the importance of lifestyle to modify the ageing process, particularly
as it appears “never too late” to gain the benefit as seen in older, slower runners.(27)

In this context, this study contributes a number of findings in a large real-world cohort
comprising both sexes. The relative reduction in SBP observed is comparable to
antihypertensive medication, given the participants in this study were normotensive and a
greater improvement was observed in those with higher SBP.(28) Persistent reductions in
SBP of this magnitude reduce stroke mortality by over 10% and avoid large humbers of
premature deaths in the general population.(29) Both reductions in aortic stiffness and BP are
in keeping with the magnitude of benefit from other aerobic exercise interventions.(30) There
was a small change in peak VO which did not explain the change in stiffness, contrary to
expectation, but also observed in other studies.(11,31) The training program was designed to
habituate individuals to sustained running rather than augment fitness,(17) and this is
supported by a previous study in this cohort showing greater improvements in skeletal muscle
peak VO than cardio-pulmonary peak VO..(16) Changes in stiffness were also not
associated with changes in other measures (heart rate, weight or adiposity), suggesting that
the hemodynamic impact of more frequent exercise sessions and lifestyle modification has a
direct effect on intrinsic aortic remodeling.

The improvement in aortic stiffness was both functional due to blood pressure
lowering, as well as intrinsic due to structural changes in the descending aorta, Figure 4. This
is supported by wave separation analysis which showed reflection magnitude was unchanged.
One study of 13 males observed similar benefits after just four weeks of training,(32) but

other studies of two to four months duration observed that the reduction in stiffness was
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predominantly functional.(33,34) Unlike previous studies, we used direct CMR assessment of
the aorta and over a longer duration of training for aortic remodeling. Differences in intrinsic
stiffness may be due to endothelial function, smooth muscle tone or dietary factors but were
beyond the measurement scope of this study.(31) Older, male runners had a greater reduction
in aortic stiffness, attributable to greater baseline BP and aortic stiffness. Whilst aortic
stiffening increases significantly after the age of 50, these data suggest that this is in part
modifiable in non-hypertensive individuals.(35) Slower marathon runners also had a greater
reduction in distensibility from higher baseline measures of stiffness, although directionality
can only be assumed in this study.

Structural properties may explain the preferential effect of exercise on the descending
thoracic aorta. The proximal aorta media has a higher elastin:collagen ratio to maintain high
compliance.(36) Conversely, the distal aorta media contains a higher proportion of smooth
muscle that may be more readily modifiable within a six-month period.(15) The effect of
both exercise and combination medication have previously been noted to have an effect on
the arterial tree that can vary by 25% depending on the branch.(34,37) Regional (PWV) and
local (distensibility) measurement of aortic stiffness both capture this heterogeneity, but are
associated with different cardiovascular outcomes, and demonstrate distinct sensitivities to
downstream pathological manifestations of arterial stiffening.(14,38) Local measurement
may be more sensitive to regional changes associated with exercise training because it can
resolve subtle changes that can summatively contribute to whole vessel hemodynamics.
Study limitations

This study was conducted in healthy individuals, therefore our findings may not
apply to patients with hypertension who have stiffer arteries that may be less modifiable.(39)
From these data, however, those with higher SBP at baseline appeared to derive greater

benefit. This study was not designed to provide structured training, but rather to observe the
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effects of real-world preparation for a marathon which randomized control trials cannot
address. Nevertheless, information on the intensity, frequency and type of exercise training
would have been valuable to understand further the beneficial effects on aortic stiffness. The
modest change in peak VO2 may be related to exercise training intensity or low adherence,
which reflects the real-world. Peak VO, was performed semi-supine to allow concurrent
echocardiography and this may also have reduced sensitivity to changes due to running, or
running efficiency. We assessed only marathon finishers — plausibly, non-finishers could
have had different vascular responsiveness. The causal link of exercise to measured changes
is only inferred - marathon training may lead to other lifestyle modifications (dietary, other
behavioral factors), or alterations in lipid profiles and glucose metabolism — although these
have not been previously associated with changes in aortic stiffness.(11) We did not examine
the effect of exercise on peripheral arteries or endothelial dysfunction. Whilst individual
participants served as internal controls, there may have been run-in bias for the initial blood
pressure measurement. This appears unlikely as blood pressure changes would not have been
age-related nor correlated with the change in separate measures (eg. aortic stiffness) with
training. Estimated aortic ages are approximations and based on the same dataset at baseline
rather than independent observations. The exercise dose-response curve here is not sampled —
only training for a first-time marathon with single timepoint assessment. This area warrants
further study. We measured distensibility on modulus imaging acquired at 1.5T rather than
steady-state free precession imaging. The free-breathing sequence we used achieved good
temporal resolution but may be susceptible to through-plane motion. However, this and
similar sequences correlate well with breath-held cine imaging, and show similar associations
with ageing.(18) If error were introduced into distensibility measurements related to through-
plane motion, the resultant noise would minimise the effect size related to exercise training,

and therefore would be unlikely to account for our key findings. PP undergoes amplification
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from central to more peripheral locations, typically being ~6mmHg higher in the descending
thoracic than the ascending aorta.(20) This PP amplification is not accounted for in our
analysis since it would have involved invasive measures of aortic pressure at each locations.
A sensitivity analysis suggested that the likely impact of this effect on the observed changes
after training would be minimal; however, we cannot completely exclude the possibility that
changes in PP amplification contribute to the observed differences. Diaphragmatic
descending aortic distensibility data reported here were however higher than expected,
although there is limited literature for comparison.(40) Unlike VVoges et al, central rather than
brachial PP was used which would explain greater distensibility, and the use of 1.5T phase-
contrast modulus may accentuate image contrast differences between 3T gradient echo
sequences.(40)
Conclusion

Training and completion of a first-time marathon result in beneficial reductions in
blood pressure and intrinsic aortic stiffening in healthy participants. These changes are
equivalent to approximately a four-year reduction in vascular age. Greater benefit was

observed in older, slower, male marathon runners with higher baseline blood pressure.
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Clinical Perspectives

Core Clinical Competencies: Increased aortic stiffness and central aortic blood pressure, both
strong predictors of cardiovascular mortality, are lowered in healthy individuals after six-
months training for and completion of a first-time marathon. The benefit was greater in older,
slower, male individuals. Lifestyle advice to partake in unsupervised, popular forms of
exercise training that people enjoy and are likely to continue may be an effective strategy to
reduce the effects of age-related arterial stiffening.

Translational Outlook: The vascular benefits of exercise are observed at relatively low
exercise doses in real-world training programmes. The exercise dose-response curve is not
yet completely known, and so the optimum real-world exercise training schedule for
maximum benefit requires further study. Training had some direct impact on intrinsic aortic

remodeling, but the mechanism of these changes is not yet known.

17



References

1. Mitchell GF, van Buchem MA, Sigurdsson S, Gotal JD, Jonsdottir MK, Kjartansson
O, et al. Arterial stiffness, pressure and flow pulsatility and brain structure and function.
Brain. 2011 Nov;134(11):3398-407.

2. Mitchell GF, Hwang S-J, Vasan RS, Larson MG, Pencina MJ, Hamburg NM, et al.
Arterial Stiffness and Cardiovascular Events. Circulation. 2010;121(4):505-11.

3. Townsend RR, Wimmer NJ, Chirinos JA, Parsa A, Weir M, Perumal K, et al. Aortic
PWV in Chronic Kidney Disease: A CRIC Ancillary Study. Am J Hypertens. 2010
Mar;23(3):282-9.

4. Hoeks APG, Breteler MMB, Witteman Popele JCM, Bos ML, Schalekamp MADH,
Asmar R, et al. Arterial Stiffness and Risk of Coronary Heart Disease and Stroke: The
Rotterdam Study Arterial Stiffness Study. Circulation. 2006;113:657-63.

5. Feigin, V. L., Norrving, B. & Mensah, G. A. Primary prevention of cardiovascular
disease through population-wide motivational strategies: insights from using smartphones in
stroke prevention. BMJ Glob. Heal. 2016;2(2):e000306.

6. Ben-Shlomo Y, Spears M, Boustred C, May M, Anderson SG, Benjamin EJ, et al.
Aortic Pulse Wave Velocity Improves Cardiovascular Event Prediction. J Am Coll Cardiol.

2014;63(7):636-46.

7. Chirinos JA, Segers P, Hughes T, Townsend R. Large-Artery Stiffness in Health

and Disease. J Am Coll Cardiol. 2019;74(9):1237-63.

8. Saint-Maurice PF, Coughlan D, Kelly SP, Keadle SK, Cook MB, Carlson SA, et al.
Association of Leisure-Time Physical Activity Across the Adult Life Course With All-Cause

and Cause-Specific Mortality. JAMA Netw Open. 2019;2(3):e190355.

18



9. Runningusa.org. 2019 U.S. Running Trends Report (accessed 2019 Mar 29).
https://runningusa.org/RUSA/News/2019/Running_USA_Releases 2019 U.S. Running_Tre
nds_Report.aspx

10.  Vaitkevicius P V, Fleg JL, Engel JH, Oconnor FC, Wright JG, Lakatta LE, et al.
Effects of Age and Aerobic Capacity on Arterial Stiffness in Healthy-Adults. Circulation.
1993;88(4):1456-62.

11.  Tanaka H, Desouza CA, Seals DR. Absence of Age-Related Increase in Central
Acrterial Stiffness in Physically Active Women. Arter Thromb Vasc Biol. 1998;19:127-32.
12. 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
Previously Sedentary Individuals Older Than 65 Years of Age. Circulation 2010;122(18):
1797-1805.

13. Hickson SS, Butlin M, Graves M, et al. The Relationship of Age With Regional
Aortic Stiffness and Diameter. JACC Cardiovasc Imaging. 2010;3(12):1247-1255.

14.  Redheuil A, Yu W-C, Wu CO, Mousseaux E, de Cesare A, Yan R, et al. Reduced
ascending aortic strain and distensibility: earliest manifestations of vascular aging in humans.
Hypertens. 2010;55(2):319-26.

15.  Schlatmann TJM, Becker, A. E. Histologic changes in the normal aging aorta:
Implications for dissecting aortic aneurysm. Am. J. Cardiol. 1997;39(1): 13-20.

16. Jones S, D’Silva A, Bhuva A, Lloyd G, Manisty C, Moon JC, et al. Improved
exercise-related skeletal muscle oxygen consumption following uptake of endurance training
measured using near-infrared spectroscopy. Front Physiol. 2017;8:1018.

17.  Virgin Money London Marathon. Beginner 17 week training plan (accessed 2017 Jan
28). https://www.virginmoneylondonmarathon.com/en-gb/trainingplans/beginner-17-week-

training-plan/

19



18. Herment A, Lefort M, Kachenoura N, De Cesare A, Taviani V, Graves MJ, et al.
Automated estimation of aortic strain from steady-state free-precession and phase contrast

MR images. Magn Reson Med. 2011;65(4):986-93.

19. Hughes AD, Parker KH. Forward and backward waves in the arterial system:

Impedance or wave intensity analysis? Med Biol Eng Comput. 2009;47(2):207-10.

20. Narayan O, Parker KH, Davies JE, Hughes AD, Meredith IT, Cameron JD. Reservoir
pressure analysis of aortic blood pressure: An in-vivo study at five locations in humans. J
Hypertens. 2017;35(10):2025-33.

21. Reese RJ, Fuehrer D, Fennessy C. Runners With More Training Miles Finish
Marathons Faster. Runners World (accessed August 2018). 2014.
https://www.runnersworld.com/run-the-numbers/runners-with-more-training-miles-finish-
marathons-faster

22.  Thomopoulos C, Parati G, Zanchetti A. Effects of blood-pressure-lowering treatment
on outcome incidence. J Hypertens . 2017;35(11):2150-60.

23.  Piercy KL, Troiano RP, Ballard RM, Carlson SA, Fulton JE, Galuska DA, et al. The
Physical Activity Guidelines for Americans. JAMA . 2018 Nov 20;320(19):2020.

24, Hughson RL, Robertson AD, Arbeille P, Shoemaker JK, Rush JWE, Fraser KS, et al.
Increased postflight carotid artery stiffness and inflight insulin resistance resulting from 6-mo
spaceflight in male and female astronauts. Am J Physiol. 2016;310(5):H628-38.

25. Shibata S, Fujimoto N, Hastings JL, Carrick-Ranson G, Bhella PS, Hearon C, et al.
The effect of lifelong exercise frequency on arterial stiffness. J Physiol. 2018;0:1-13.

26. 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: Implications for Heart Failure Prevention. Circulation 2018;137(15):1549-1560.

20



27. Shephard RJ, Balady GJ. Clinical Cardiology : New Frontiers Exercise as
Cardiovascular Therapy. Circulation. 1999;0(99):963-72.

28.  Naci H, Salcher-Konrad M, Dias S, Blum MR, Sahoo SA, Nunan D, et al. How does
exercise treatment compare with antihypertensive medications? controlled trials assessing
exercise and medication effects on systolic blood pressure. Br J Sport Med. 2018;0:1-12.
29. Lewington S, Clarke R, Qizilbash N, Peto R, Collins R et al. Age-specific relevance
of usual blood pressure to vascular mortality: a meta-analysis of individual data for one
million adults in 61 prospective studies. Lancet 2002;360:1903-13.

30.  Ashor AW, Lara J, Siervo M, Celis-Morales C, Mathers JC. Effects of exercise
modalities on arterial stiffness and wave reflection: a systematic review and meta-analysis.
PLoS One. 2014;9(10):e110034.

31. Hafner NM, Womack CJ, Luden ND, Todd MK. Arterial adaptations to training
among first time marathoners. Cardiovasc. Ultrasound 2016;14(1):19.

32.  Cameron JD, Dart AM. Exercise training increases total systemic arterial compliance
in humans. Am J Physiol Circ Physiol. 1994;266(2):693-701.

33.  Vogel T. Lepretre PM. Brechat PH. Lonsdorfer-Wolf E. Kaltenbach G. Lonsdorfer J.
Benetos A. Effect of a short-term intermittent exercise-training programme on the pulse wave
velocity and arterial pressure: a prospective study among 71 healthy older subjects. Int J Clin
Pract. 2013;67(5):420-6.

34. Hayashi K, Sugawara J, Komine H, Maeda S, Yokoi T. Effects of Aerobic Exercise
Training on the Stiffness of Central and Peripheral Arteries in Middle-Aged Sedentary Men.
Jpn J Physiol . 2005;55(4):235-9.

35. McEniery CM, Yasmin, Hall IR, Qasem A, Wilkinson 1B, Cockcroft JR, et al.
Normal Vascular Aging : Differential Effects on Wave Reflection and Aortic Pulse Wave

Velocity. J Am Coll Cardiol . 2005;46(9):1753-60.

21



36.  Safar ME, Levy BI, Struijker-Boudier H. Current perspectives on arterial stiffness and
pulse pressure in hypertension and cardiovascular diseases. Circulation. 2003;107(22):2864—
9.

37.  Topouchian J, Asmar R, Sayegh F, et al. Changes in Arterial Structure and Function
Under Trandolapril-Verapamil Combination in Hypertension. Stroke. 1999;30(5):1056-64.
38.  Maroules CD, Khera A, Ayers C, et al. Cardiovascular outcome associations among
cardiovascular magnetic resonance measures of arterial stiffness: the Dallas heart study. J
Cardiovasc Magn Reson. 2014;16(1):33.

39.  Pierce GL. Aortic Stiffness in Aging and Hypertension : Prevention and Treatment
with Habitual Aerobic Exercise. Curr Hypertens Rep. 2017;19(11):90.

40.  Voges I, Jerosch-Herold M, Hedderich J, Pardun E, Hart C, Gabbert DD, et al.
Normal values of aortic dimensions, distensibility, and pulse wave velocity in children and

young adults: a cross-sectional study. J Cardiovasc Magn Reson. 2012;14:77.

22



Figure legends

Figure 1 London Marathon running times for study participants. Vertical lines represent
the average of the median running times for the 2016 and 2017 London Marathons.

Figure 2 Greater change with exercise training in aortic blood pressure (top) and
distensibility (bottom) in older age category (>37 years old). Data are medians and
standard errors. Abbreviations: * p<0.05; ** p<0.01;*** p<0.001; **** p<0.0001.

Figure 3 Baseline central (aortic) systolic blood pressure, aortic stiffness and estimated
aortic age; and the change (red arrow) with exercise training for the average older
marathon completer.

Figure 4 Reduction in aortic stiffness with exercise stiffness is due to both intrinsic
structural (load-independent) and functional (pressure-dependent) changes. At higher
arterial pressure, the aorta is functionally stiffer, but this relationship is not linear. Exercise
training results in a reduction in pressure-dependent distensibility (leftward shift along the
curve), and additionally a reduction in intrinsic B-stiffness (upward shift of the curve),
contributing to a greater reduction in stiffness (red arrows and lines). In this schematic, data
are fitted to an exponential for the cohort both before and after exercise training.

Central Illustration Training and completion of a first-time marathon reverses age-
related aortic stiffening and reduces central (aortic) blood pressure. Biological aortic age
was calculated from the baseline age-stiffness relationship at assessment six months before
and two weeks after a first marathon. The reduction in aortic stiffness was equivalent to a
four-year reduction in estimated aortic age. These benefits were greater in older, male, slower
runners with higher baseline systolic blood pressure (BP), in adjusted models. Data are the
linear age-stiffness relationship before and after exercise training (left); systolic, diastolic BP
and mean arterial pressure (top right); and marathon running times (bottom right).

Abbreviations: *= p<0.05.
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Whole cohort Older (>37 years) Younger (<37 years)

Baseline Follow-up p Baseline Follow-up p Baseline Follow-up p
n 138 59 79
Age (years) 37 (21-69) 47 £7 30+4
Male 68 (49%) 28 (47%) 40 (51%)
Running Time (hrs) 4.96 +0.98 5.37 £1.05 4.65 +0.80
Weight (kg) 73 £13 72 £12 0.002 7514 73 +13 <0.001 72+13 71£12 0.59
Body Fat (%) 25 +8 24 £9 0.009 287 26 +8 0.01 23418 23 19 0.34
Peak V02 (ml/kg/min) 345175 35.6 £8.3 0.02 31%6.5 32.0 6.7 0.048 3770 39 18.3 0.06
Heart Rate (bpm) 69 (61,77) 67 (61,75) 0.07 69(61,78) 67 (58,77) 0.29 69 (61,76) 67 (62,75) 0.14
Blood Pressure (mmHg)
Brachial SBP 120 (111,128) 116 (108,124) <0.001 124 (114,132) 120 (109,127) <0.001 118 (110,124) 114 (108,122) 0.004
Brachial DBP 75 (70,79) 72 (68,76) <0.001 78(74,82) 74 (67,77)  <0.001 73 (70,77) 71(68,76)  0.016
Brachial MAP 90 (85,95) 88(81,92) <0.001 94 (87,98) 89 (82,93) <0.001 88(83,92) 86 (81,90)  0.005
Brachial PP 45 (40,51) 44 (40,50) 0.004 46 (42,54) 44 (40,52) 0.03 45 (40,49) 43 (40,47)  0.053
Central SBP 110 (102,121) 106 (100,114) <0.001 116 (109,123) 109 (101,119) <0.001 108 (100,114) 104 (100,111) 0.002
Central DBP 76 (72,81) 74 (69,78) <0.001 79 (75,83) 75(69,79)  <0.001 74 (71,78) 73 (69,77) 0.02
Central MAP 87 (82,94) 85(79,90) <0.001 92 (87,96) 86 (80,92) <0.001 85 (82,90) 83(79,88)  0.007
Central PP 35(31,41) 33 (30,39) 0.02  39(33,43) 35 (32,41) 0.056  33(29,39) 33 (30,37) 0.19

Wave separation (mmHgQ)

Forward pressure wave 98 (92,105) 95 (88,101) <0.001 102 (96,107) 96 (90,104)  0.002 95 (90,103) 93(88,100) 0.01
Backward pressure wave 13 (12,16) 12 (11,15) 0.009 14 (12,16) 14 (11,16) 0.16 12(10,14) 11.31(10,13) 0.06
Reflection magnitude 0.55 (0.50,0.62) 0.54 (0.51,0.6) 0.60 0.57(0.51,0.64) 0.55(0.52,0.61) 0.66 0.54 (0.49,0.61) 0.54 (0.49,0.59) 0.70

Table 1 Baseline characteristics and follow-up response to exercise, stratified by older (>37 years) and younger (<37 years) participants.
Data are mean (xstandard deviation; full age range for whole cohort) or median (inter-quartile range). 1 participant did not have follow-up
cardiovascular magnetic resonance due to pregnancy; 3 participants had partial aortic phase contrast acquisition due to scanner crashes; 1
participant imaging data was not saved successfully at one time-point. 5 participants did not have cardiopulmonary exercise testing data due to
either machine crashes or injury at follow-up. Wave separation waves are measured in the ascending aorta. Abbreviations: SBP= systolic blood
pressure, DBP= diastolic blood pressure; MAP= mean arterial pressure; PP= pulse pressure.
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Whole cohort Older (>37 years) Younger (<37 years)

Baseline Follow up p Baseline Follow up p Baseline Followup p
n 138 59 79
Distensibility (x10°3.mmHg™)
Ascending 8.6 (5,11) 8.5(6,12) - 5.4 (3,8) 5.9 (4,9) 0.04 10.3(8,13) 10.6(8,13) -
Proximal Descending 8.6 (6,12) 9.1(6,13) 0.009 6.2 (4,10) 7.1 (5,10) 0.02 9.2(8,14) 10.8(8,14) -
Diaphragmatic Descending 13.7(11,18) 15.2(12,21) 0.002 11.7(9,214) 12.7(10,17) <0.001 16.0(13,20) 16.6(14,23) -
Beta-stiffness
Ascending 29(254.2) 31(2442) - 42(3.36.8) 4.1(3.16.00 - 2.7(2.1,29) 2.6(2.233) -
Proximal Descending 3.1(2443) 29(2.34.0) 0.08 3.9(2.7,5.6) 39(2.749 - 2.7(2.2,34) 26(2132) -
Diaphragmatic Descending 20(1.723) 19(1.6,2.3) 0.04 23(2.0,2.7) 21(1.9,25) 0.051 1.8(1.6,21) 1.8(1522) -
Vascular age (Distensibility)
Ascending 39.3(28,53) 39.9(24,52) - 53.1(43,63) 51.2(37,59) 0.04 32.0(20,40) 31.0(19,44) -
Proximal Descending 40.0 (22,55) 37.5(19,51) 0.009 53.4 (34,63) 48.0(35,59) 0.02 28.1(10,44) 28.6(12,42) -
Diaphragmatic Descending 41.4(28,51) 36.4(19,48) 0.002 47.8 (41,57) 44.6(32,53) <0.001 33.6 (20,44) 31.8(12,41) -
Vascular age (Beta-stiffness)
Ascending 38.3+179 38.6+16.8 - 50.1+17.7 485%17.2 - 294119 30.9 £11.6 -
Proximal Descending 37.1+205 348+19.0 0.11 46.3+22.0 43.2+20.4 - 303164 28.4 £15.2 -
Diaphragmatic Descending 37.2+175 33.6+18.6 0.04 46.1+174 40.4+200 0.051 304144 28.4£155 -
Pulse wave velocity (m/s)
Arch 4.4 (4,5) 4.2 (4,5) - 5.4 (5,6) 5.3 (4,6) 0.09 3.9(3,4) 3.9(4,4) -
Descending Aorta 7.9 (6,10) 7.4 (6,9) 0.06 8.1(7,10) 7.7 (7,10) - 7.6 (6,10) 7.1(6,9  0.08
Whole Aorta 57 (5,7) 5.5 (5,6) 0.03 6.3(6,7) 6.1 (5,8) - 5.1(5,6) 50(56) 0.10
Ascending aortic Z¢ (dynes.s.cm™) 59 +18 57 14 - 60 +20 57 +15 - 57 £15 56 £12 -
Ascending aortic wave speed (m/s) 3.3 (3,4) 3.0(3,4) - 3.7(3,4) 3.7(3,4) - 3.0(2,4) 28(2,3) 0.08

Diameter (mm)
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Ascending 28 +4 28 +4 - 30 +4 304 - 26 £3 26 £3 -
Proximal Descending 21 +3 20 +£3 0.10 2143 21 +3 - 20 £3 19 +3 0.04
Diaphragmatic descending 17 +2 17 £3 - 18 £2 18 £3 - 16 +2 16 £2

Table 2 Aortic stiffness before and after exercise training, stratified by older (>37 years) and younger (<37 years) participants. Data are

mean (xstandard deviation) or median (inter-quartile range). Only p values which are significant at 0.10 false discovery rate are reported.
Abbreviations: Z;=Characteristic impedance.
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