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Comparison of Central Artery Elasticity in Swimmers, Runners,
and the Sedentary

Nantinee Nualnim, MS, Jill N. Barnes, PhD, Takashi Tarumi, MA, Christopher P. Renzi, MA, and
Hirofumi Tanaka, PhD*

Although swimming is one of the most popular, most practiced, and most recommended
forms of physical activity, little information is available regarding the influence of regular
swimming on vascular disease risks. Using a cross-sectional study design, key measure-
ments of vascular function were performed in middle-aged and older swimmers, runners,
and sedentary controls. There were no group differences in age, height, dietary intake, and
fasting plasma concentrations of glucose, total cholesterol, and low-density lipoprotein
cholesterol. Runners and swimmers were not different in their weekly training volume.
Brachial systolic blood pressure and pulse pressure were higher (p <0.05) in swimmers
than in sedentary controls and runners. Runners and swimmers had lower (p <0.05)
carotid systolic blood pressure and carotid pulse pressure than sedentary controls. Carotid
arterial compliance was higher (p <0.05) and �-stiffness index was lower (p <0.05) in
runners and swimmers than in sedentary controls. There were no significant group differ-
ences between runners and swimmers. Cardiovagal baroreflex sensitivity was greater
(p <0.05) in runners than in sedentary controls and swimmers and baroreflex sensitivity
tended to be higher in swimmers than in sedentary controls (p � 0.07). Brachial artery
flow-mediated dilation was significant greater (p <0.05) in runners compared with seden-
tary controls and swimmers. In conclusion, our present findings are consistent with the
notion that habitual swimming exercise may be an effective endurance exercise for pre-
venting loss in central arterial compliance. © 2011 Elsevier Inc. All rights reserved. (Am

J Cardiol 2011;107:783–787)
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Swimming can be an ideal mode of exercise for those at
increased risk of vascular disease including elderly patients,
obese patients, and patients with arthritis. Although swim-
ming is widely promoted and recommended as a mode of
aerobic exercise by national and international organiza-
tions,1–3 research focusing on influences of swimming on
ascular disease risks is lacking.4 The aims of the present

investigation were to determine (1) whether swimmers
would demonstrate higher levels of key vascular function
measurements (i.e., central artery compliance, arterial
baroreflex sensitivity, and endothelial-dependent vasodi-
lation) than sedentary controls and (2) if levels of such
vascular measurements are different from runners who
are matched for age and exercise training status.

Methods

We studied 75 apparently healthy middle-aged and older
adults (37 to 75 years of age). They were swimmers, run-
ners, or sedentary controls. All subjects were nonobese,
nonsmoking, normotensive (�140/90 mm Hg), normolipi-
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demic, and free of overt cardiovascular and other chronic
diseases as assessed by medical history questionnaire, blood
chemistry, and hematologic evaluation. None of the subjects
were taking cardiovascular-acting medications including
hormone replacement therapy. Physical activity status was
verified by a modified physical activity questionnaire5 and

aximal oxygen consumption. In average, runners and
wimmers had been exercising 4.1 � 2.2 times/week for
� 2 years and 4.8 � 1.1 times/week for 9 � 2 years,

espectively. Sedentary participants had been sedentary
t least for the previous 12 months. All subjects gave
heir written informed consent to participate. The study
as reviewed and approved by the institutional review
oard.

Before they were tested, subjects abstained from food,
lcohol, and caffeine for �4 hours (overnight 12-hour fast
or metabolic risk factors). Premenopausal women were
ested during the early follicular phase of the menstrual
ycle. All testing was performed 24 to 48 hours after the last
xercise bout.6

Body composition was assessed using dual-energy x-ray
absorptiometry (Lunar DPX, GE Medical, Fairfield, Con-
necticut). A 3-day dietary intake record was obtained and
analyzed by a registered dietitian using Nutritionist Pro
software (Axxya Systems, Stafford, Texas). A blood sample
was collected by venipuncture after an overnight fast. Fast-
ing plasma concentrations of glucose, lipids, and lipopro-
teins were determined using a Vitros DT60 analyzer (Ortho-
Clinical Diagnostics, Raritan, New Jersey). Graded exercise

testing was undertaken using a metabolic cart during a
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modified Bruce protocol. After a 5-minute warm-up, sub-
jects walked or ran while the treadmill slope was gradually
increased 2% every 2 minutes until volitional exhaustion.

Bilateral brachial and ankle blood pressures, carotid and
femoral pulse waves, and heart rate were measured by an
automated vascular testing device (VP-2000, Omron
Healthcare Bannockburn, Illinois)7 after a subject had
been lying in a supine position for �15 minutes. Ankle–
brachial pressure index was calculated as ankle systolic
blood pressure divided by brachial systolic blood pres-
sure. Carotid and femoral artery pulse waves were re-
corded by arterial applanation tonometry incorporating
an array of 15 micropiezoresistive transducers placed on
the carotid and femoral arteries. Time delay was mea-
sured automatically with the foot-to-foot method, and
pulse wave velocity was subsequently calculated. Aug-
mentation index, an index of arterial wave reflection, was
obtained using an arterial tonometry placed on the carotid
artery as previously described.8

Arterial compliance and �-stiffness index were measured
noninvasively by a combination of ultrasound imaging on
the carotid artery and simultaneous applanation tonometry
on the contralateral artery.9 A longitudinal image of the
common carotid and femoral artery were acquired 1 to 2 cm
proximal to the bifurcation using an ultrasound machine
equipped with a high-resolution linear array transducer
(Philips iE33 Ultrasound System, Philips, Bothel, Washing-
ton). All data were analyzed by the same investigator who
was blinded to group assignment and used image analysis
software (Vascular Research Tool Carotid Analyzer, Med-
ical Imaging Applications, Coralville, Iowa). Pressure
waveform and amplitude were obtained from the contralat-
eral artery using arterial applanation tonometry (VP-2000,
Omron Healthcare) and analyzed by waveform browsing
software (WinDaq 2000, Dataq Instruments, Akron, Ohio).

Brachial artery flow-mediated dilation (FMD) was mea-
sured using a standard procedure as described previ-
ously.10 Briefly, a pneumatic blood pressure cuff was

ositioned 2 inches below the antecubital fossa. Brachial
iameter and blood flow velocity were acquired from a
oppler ultrasound machine equipped with a high-reso-

ution linear array transducer (Philips iE33 Ultrasound).
fter baseline images were obtained, the cuff was in-
ated to 100 mm Hg above a subject’s systolic blood
ressure for 5 minutes. All ultrasound-derived blood flow
nd diameter data were analyzed by the same investigator
sing image analysis software (Brachial Analyzer, Med-
cal Imaging Applications). FMD was calculated as
maximal artery diameter minus baseline artery diame-
er)/baseline artery diameter � 100.11

Cardiovagal baroreflex sensitivity (BRS) was determined
using the Valsalva maneuver as previously described.12,13 Sub-
jects performed 3 Valsalva maneuvers by forcibly exhaling
against a closed airway. Subjects were asked to maintain an
expiratory mouth pressure of 40 mm Hg for 10 seconds. Data
for cardiovagal BRS were recorded and analyzed by waveform
browsing software (WinDaq 2000) during the phase IV over-
shoot. Systolic blood pressure values were linearly regressed
against corresponding RR intervals from the point where the
RR intervals began to lengthen to the point of maximal systolic

blood pressure increase.14
Analysis of covariance was used for statistical analysis to
determine significant group differences. Correlation and re-

Table 1
Selected subject characteristics

Variable Sedentary Runners Swimmers

Men/women 16/9 17/8 17/8
Age (years) 54 � 2 52 � 2 56 � 2
Height (cm) 170 � 2 173 � 2 173 � 2
Body mass (kg) 74 � 2 67 � 2* 76 � 2†

Body mass index (kg/m2) 26 � 1 22 � 1* 25 � 1†

Body fat (%) 30 � 2 18 � 2* 24 � 2*†

Maximal oxygen
consumption (ml/kg/
min)

31 � 2 50 � 2* 41 � 2*†

Physical activity score
(units)

11 � 4 58 � 3* 57 � 4*

Total caloric intake (kcal/
day)

2,370 � 212 2,343 � 169 2,160 � 150

Carbohydrate intake (%) 46 � 3 49 � 3 47 � 2
Fat intake (%) 36 � 2 32 � 2 33 � 2
Protein intake (%) 13 � 1 14 � 1 16 � 1
Alcohol intake (%) 5 � 2 4 � 1 3 � 1
Sodium intake (mg/day) 3,472 � 348 2,968 � 278 3,014 � 246
Total cholesterol (mg/dl) 193 � 9 179 � 9 194 � 11
Low-density lipoprotein

cholesterol (mg/dl)
120 � 8 105 � 8 123 � 9

High-density lipoprotein
cholesterol (mg/dl)

47 � 3 61 � 3* 52 � 4†

Triglyceride (mg/dl) 125 � 14 70 � 14* 97 � 15
Plasma glucose (mg/dl) 94 � 3 95 � 3 99 � 3

Values are means � SEMs.
* p �0.05 versus sedentary.
† p �0.05 versus runners.

Table 2
Hemodynamic measurements at rest

Variable Sedentary Runners Swimmers

Heart rate (beats/min) 60 � 2 50 � 2* 58 � 2†

Systolic blood pressure
(mm Hg)

119 � 3 119 � 3 128 � 3*†

Mean blood pressure
(mm Hg)

89 � 2 88 � 2 93 � 2

Diastolic blood pressure
(mm Hg)

71 � 1 72 � 1 74 � 2

Pulse pressure (mm Hg) 48 � 2 47 � 2 54 � 2*†

Carotid systolic pressure
(mm Hg)

116 � 3 104 � 3* 104 � 3*

Carotid pulse pressure
(mm Hg)

47 � 2 36 � 2* 37 � 2*

Brachial-ankle pulse
wave velocity (cm/s)

1,336 � 36 1,230 � 35* 1,334 � 36†

Carotid augmentation
index (%)

15 � 5 13 � 4 13 � 5

Carotid artery diameter
at end-diastole (mm)

6.77 � 0.16 6.0 � 0.15* 6.67 � 0.15†

Brachial artery diameter
at end-diastole (mm)

4.2 � 1.9 4.2 � 1.8 4.6 � 1.8

Values are means � SEMs.
* p �0.05 versus sedentary.
† p �0.05 versus runners.
gression analyses were performed to determine the relation
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between carotid arterial compliance and cardiovagal BRS.
All variables were expressed as mean � SEM.

Results

As presented in Table 1, there were no group differences

Figure 1. Carotid artery compliance and �-stiffness index. Values are
means � SEMs. *p �0.05 versus sedentary.

Figure 2. Femoral artery compliance and �-stiffness index. Values are
eans � SEMs.
in age, height, and dietary intakes. Body mass and body
mass index were lower (p �0.05) in runners than in seden-
tary controls and swimmers. Percent body fat of swimmers
was lower (p �0.05) than of sedentary controls but higher
(p �0.05) than of runners. Maximal oxygen consumption of
swimmers was greater than of sedentary controls but lower
than of runners. Fasting plasma concentrations of glucose,
total cholesterol, and low-density lipoprotein cholesterol
were not different among groups. Runners had significantly
lower plasma triglyceride and higher high-density lipopro-
tein cholesterol concentrations than sedentary controls.

Heart rate at rest was lower (p �0.05) in runners than
in sedentary controls and swimmers (Table 2). Brachial
systolic blood pressure and pulse pressure were higher
(p �0.05) in swimmers than in sedentary controls and
runners. Runners and swimmers had lower (p �0.05)
carotid systolic blood pressure and carotid pulse pressure
than sedentary controls. Brachial ankle pulse wave ve-
locity was significantly lower in runners than in swim-
mers and sedentary controls. There were no group dif-
ferences in carotid artery augmentation index.

Carotid arterial compliance was higher (p �0.05) and
�-stiffness index was lower (p �0.05) in runners and swim-
mers than in sedentary controls (Figure 1). Unlike measure-
ments of central artery stiffness, measurements of peripheral
artery stiffness, femoral artery compliance, and femoral
�-stiffness index were not different among the 3 groups

Figure 3. Cardiovagal baroreflex sensitivity. Values are means � SEMs.
*p �0.05 versus sedentary.

Figure 4. Flow-mediated dilation. Values are means � SEMs. *p �0.05
ersus sedentary; †p �0.05 versus runners.
(Figure 2). Cardiovagal BRS was greater (p �0.05) in
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runners than in sedentary controls and swimmers (Figure 3).
Cardiovagal BRS of swimmers tended to be higher than in
sedentary controls but this did not achieve statistical signif-
icance (p � 0.07). Cardiovagal BRS was positively associ-
ated with carotid arterial compliance in the pooled popula-
tion (r � 0.44, p �0.01).

Brachial artery FMD was significant greater (p �0.05) in
runners compared with sedentary controls and swimmers
(Figure 4). Peak brachial artery blood flow and calculated
shear rate were not different among the 3 groups so FMD
values were not adjusted for shear rate.

Discussion

This is the first study, to our knowledge, to determine
whether swimmers would exhibit a similar phenotype of
vascular function to runners. The salient finding of the
present study is that central artery compliance was
greater in swimmers than in age-matched sedentary con-
trols, and the level of arterial compliance was not differ-
ent from runners, suggesting that high levels of regular
swimming exercise may prevent arterial stiffening simi-
lar to land-based exercises.

In the present study, middle-aged and older swimmers
demonstrated higher levels of brachial systolic and pulse
pressures than runners and sedentary controls. Our findings
are consistent with previous cross-sectional studies showing
that cardiovascular risk profiles, in particular arterial blood
pressure, of swimmers are less favorable than those of run-
ners.15,16 Previous exercise intervention studies have also
shown that swimming exercise intervention may induce effects
on blood pressure that are smaller in magnitude than running
exercise17 and may even increase blood pressure.18

Interestingly, in the present study, “central” blood pres-
sures were significantly lower in swimmers than in seden-
tary controls. Central blood pressure is determined by sev-
eral factors including aortic diameter, arterial wave
reflection, and left ventricular ejection characteristic19 and
s a better predictor of cardiovascular disease risks than
rachial blood pressure.20 Lower central blood pressure in

swimmers was associated with greater arterial compliance.
Taken together, these results are consistent with the notion
that regular swimming exercise plays an important role in
preventing arterial stiffening.

It remains unclear how regular aerobic exercise improves
arterial compliance. One possibility is that regular physical
activity may act on the elasticity of the artery through
endothelium-dependent vasodilation.21 FMD serves as an
index of nitric oxide–mediated endothelium-dependent va-
sodilator function in humans. In the present study, greater
arterial compliance in swimmers was not associated with a
higher FMD. These results in swimmers are consistent with
our previous pharmacologic study showing that nitric oxide
does not appear to play a role in increasing arterial compli-
ance through regular walking exercise.22 Other possibilities
to explain the beneficial effects of regular exercise on ma-
crovascular function include decreases in vascular vasocon-
strictor tone,22 endothelin-1,23 and collagen crosslinking.

In contrast to the central arteries, compliance of periph-
eral arteries does not appear to change much with different

interventions or states including aging and endurance train-
ing.8,9 Consistent with this, we found that femoral arterial
compliance was not different among the 3 groups. A lack of
influence of regular exercise on peripheral arterial compli-
ance is attributed to the fact that peripheral arteries do not
exhibit the same extent of pulsatile changes in diameter
compared with central (cardiothoracic) arteries.

Accumulating evidence has indicated that habitual aero-
bic exercise favorably modulates age-associated decreases
in cardiovagal BRS.12,14 Consistent with previous findings,
results from the present study showed that cardiovagal BRS
is increased in middle-aged and older endurance-trained
runners compared with sedentary controls. Cardiovagal
BRS was �25% greater in swimmers than in sedentary
controls, and there was a trend (p � 0.07) for the difference
to be significant. Moreover, cardiovagal BRS was signifi-
cantly associated with arterial compliance in the pooled
population. Thus, regular swimming appears to be associ-
ated with a greater level of cardiovagal BRS.

Is regular swimming associated with a lower risk of
cardiovascular and all-cause mortalities? Only 2 studies are
available to answer this question. In 1 epidemiologic study,
swimming was not associated with a lower risk of cardio-
vascular disease, although walking and running examined in
the same study demonstrated significant associations.24 A
more recent epidemiologic study, however, reported a
smaller relative risk of developing cardiovascular disease in
swimmers than in sedentary populations,25 and the relative
risk of swimmers were even lower than those of walkers and
runners. Thus, at present, it remains highly controversial as
to whether swimming is equally cardioprotective to land-
based exercise. Similar to these epidemiologic studies, our
findings are somewhat divergent. Central arterial compli-
ance was greater in swimmers than in sedentary controls.
However, endothelium-dependent vasodilation as assessed
by FMD was not different between swimmers and sedentary
controls. Clearly, more research effort should be directed
toward the influence of swimming exercise on vascular
disease risks.

Swimming is an attractive form of exercise because it is
easily accessible, inexpensive, and isotonic.26 Because of
the buoyancy of water, compressive stress on joints is low
and orthopedic injury rate is low.27 Due to cold temperature
nd increased thermoconductivity of surrounding water,
eat-related illness is extremely low.28 Thus, swimming can
e an ideal form of exercise for those at increased risk of
ascular disease including elderly patients, obese patients,
nd patients with arthritis. Results of the present study
ndicate that swimming is also associated with destiffening
ffects on the central artery. However, it should be noted
hat the beneficial impact of regular swimming may be
maller than land-based exercises as summarized in a recent
eview.26 Even within our subject sample, swimmers did

not exhibit phenotypes in lipid profiles and brachial blood
pressure similar to runners.

In addition to use of a cross-sectional study design, the
present study has other limitations that should be discussed.
Although swimmers and runners were matched well for
exercise training volume, maximal oxygen consumption
was significantly lower in swimmers than in runners. How-
ever, based on the principles of specificity of training, this is

an expected finding because maximal oxygen consumption
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was assessed on a treadmill. Transfer of cardiovascular
training benefits is very limited for maximal oxygen con-
sumption on a treadmill when swimming exercise is per-
formed as a training method.29

1. Fletcher GF, Blair SN, Blumenthal J, Caspersen C, Chaitman B,
Epstein S, Falls H, Froelicher ES, Froelicher VF, Pina IL. Benefits and
recommendations for physical activity programs for all Americans: a
statement for health professionals by the committee on exercise and
cardiac rehabilitation of the council cardiology. Circulation 1992;86:
340–344.

2. World Hypertension League. Physical exercise in the management of
hypertension: a consensus statement by the World Hypertension
League. J Hypertens 1991;9:283–287.

3. Guideline Subcommittee. 1993 Guidelines for the management of mild
hypertension: memorandum from a World Health Organization/Inter-
national Society of Hypertension meeting. J Hypertens 1993;11:905–
918.

4. Tanaka H. Swimming exercise. Impact of aquatic exercise on cardio-
vascular health. Sports Med 2009;39:377–387.

5. Godin G Sr. A simple method to assess exercise behavior in the
community. Can J Appl Sport Sci 1985;10:141–146.

6. Tanaka H, Sommerlad SM, Renzi CP, Barnes JN, Nualnim N. Post-
exercise hypotension and blood lipoprotein changes following swim-
ming exercise. In: Kjendlie PL, Stallman RK, Cabri J, eds. Biome-
chanics and Medicine in Swimming. XI. Oslo, Norway: Norwegian
School of Sport Science, 2010:381–383.

7. Cortez-Cooper MY, Tanaka H. A new device for automatic measure-
ments of arterial stiffness and ankle-brachial index. Am J Cardiol
2003;91:1519–1522.

8. Tanaka H, Seals D. Absence of age-related increase in central arterial
stiffness in physically active women. Arterioscler Thromb Vasc Biol
1998;18:127–132.

9. Tanaka H, Monahan K, Clevenger C, DeSouza C, Seals D. Aging,
habitual exercise, and dynamic arterial compliance. Circulation 2000;
102:1270–1275.

10. Corretti MC, Benjamin EJ, Celermajer D, Charbonneau F, Creager
MA, Deanfield J, Drexler H, Gerhard-Herman M, Herrington D, Val-
lance P, Vita J, Vogel R. Guidelines for the ultrasound assessment of
endothelial-dependent flow-mediated vasodilation of the brachial ar-
tery. A report of the International Brachial Artery Reactivity Task
Force. J Am Coll Cardiol 2002;39:257–265.

11. Corretti MC, Vogel RA. Technical aspects of evaluating brachial
artery vasodilation using high frequency ultrasound. Am J Physiol
Heart Circ Physiol 1995;268:H1397–H1404.

12. Monahan KD, Dinenno FA, Seals DR. Central arterial compliance is
associated with age- and habitual exercise-related differences in car-
diovagal baroreflex sensitivity. Circulation 2001;104:1627–1632.

13. Cook JN, Schleifer JL, Anton MM, Cortez-Cooper MY, Tanaka H.
Arterial compliance of rowers: implications for combined aerobic and

strength training on arterial elasticity Am J Physiol Heart Circ Physiol
2006;290:H1596–H1600.
14. Monahan KD, Tanaka H, Clevenger CM, DeSouza CA, Seals DR.
Regular aerobic exercise modulates age-associated declines in cardio-
vagal baroreflex sensitivity in healthy men. J Physiol 2000;529:263–
271.

15. Jost J, Weicker H. Sympathoadrenergic regulation and the adrenocep-
tor system. J Appl Physiol 1990;68:897–904.

16. Marconnet P, Gastaud M, Ardisson JL. Preexercise, exercise and early
post-exercise arterial blood pressure in young competitive swimmers
versus non swimmers. J Sports Med 1984;24:252–258.

17. Tanaka H, Bassett DR, Howley ET, Thompson DL, Ashraf M, Rawson
FL. Swimming training lowers the resting blood pressure in individ-
uals with hypertension. J Hypertens 1997;15:651–657.

18. Cox KL, Burke V, Beilin LJ, Grove JR, Blanksby BA, Puddey IB.
Blood pressure rise with swimming versus walking in older women:
the Sedentary Women Exercise Adherence Trial 2 (SWEAT 2). J Hy-
pertens 2006;24:307–314.

19. O’Rourke MF. Aortic diameter, aortic stiffness, and wave reflection
increase with age and isolated systolic hypertension. Hypertension
2005;45:652–658.

20. Protogerou AD, Blacher J, Papamichael CM, Lekakis JP, Safar ME.
Central blood pressures: do we need them in the management of
cardiovascular disease? Is it feasible therapeutic target? J Hypertens
2007;25:265–272.

21. DeSouza CA, Clevenger CM, Dinenno FA, Monahan KD, Tanaka H,
Seals DR. Regular aerobic exercise prevents and restores age-related
declines in endothelium-dependent vasodilation in healthy men Cir-
culation 2000;102:1351–1357.

22. Sugawara J, Hayashi K, Yoshizawa M, Otsuki T, Shimojo N, Miyau-
chi T, Yokoi T, Maeda S, Tanaka H. Reduction in alpha-adrenergic
receptor-mediated vascular tone contributes to improved arterial com-
pliance with endurance training. Int J Cardiol 2009;135:346–352.

23. Maeda S, Yoshizawa M, Otsuki T, Shimojo N, Jesmin S, Ajisaka R,
Miyauchi T, Tanaka H. Involvement of endothelin-1 in habitual exer-
cise-induced increase in arterial compliance. Acta Physiol 2009;196:
223–229.

24. Tanasescu M, Rimm EB, Willett WC, Stanpfer MJ, Hu FB. Exercise
type and intensity in relation to coronary heart disease in men. JAMA
2002;288:1994–2000.

25. Chase NL, Blair SN. Swimming and all-cause mortality risk compared
with running, walking, and sedentary habits in men. Int J Aquatic Res
Educ 2008;2:213–223.

26. Tanaka H. Swimming exercise: impact of aquatic exercise on cardio-
vascular health. Sports Med 2009;39:377–387.

7. Levy CM, Kolin E, Berson BL. Cross training: risk or benefit? an
evaluation of injuries in four athlete populations. Sports Med Clin
Forum 1986;3:1–8.

8. Sheldahl LM, Buskirk ER, Loomis JL, Hodgson JL, Mendez J.
Effects of exercise in cool water on body weight loss. Int J Obes
1982;6:29 – 42.

9. Tanaka H. Effects of cross-training. Transfer of training effects on

VO2max between cycling, running and swimming. Sports Med 1994;
18:330–339.


	Comparison of Central Artery Elasticity in Swimmers, Runners, and the Sedentary
	Methods
	Results
	Discussion
	References


