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Age-Associated Elongation of the Ascending
Aorta in Adults

Jun Sugawara, PHD,*† Koichiro Hayashi, PHD,† Takashi Yokoi, PHD,†
Hirofumi Tanaka, PHD*

Austin, Texas; and Tsukuba, Japan

O B J E C T I V E S To determine whether human aorta lengthens with aging and to evaluate the impact

of the hypothesized aortic elongation on pulse wave velocity (PWV) measurements.

B A C K G R O U N D Although it is generally thought that the aorta becomes tortuous with aging, there

has been no systematic study to date in healthy adults to determine if this is so. Such age-related aortic

elongation may be a confounding factor for the PWV measurement in elderly people.

M E T H O D S Arterial lengths were computed by the 3-dimensional transverse magnetic resonance

image arterial tracing of the aorta and carotid and iliac arteries in 256 apparently healthy adults (age 19

to 79 years).

R E S U L T S The ascending aorta was greater with advancing age (r � 0.72), whereas the lengths of

the descending aorta and carotid and iliac arteries were not associated with age. The elongation of the

ascending aorta was associated with the corresponding increases in aortic PWV (beta � 0.50) and

brachial/aortic pulse pressure ratio (beta � 0.24), which is an index of pulse wave amplification. The

straight distance between carotid and femoral sites (car-fem), the most popular arterial length

measurement, overestimated the aortic length measured with the magnetic resonance image by �25%.

The most accurate arterial length estimation was the distance obtained by subtracting carotid length

from the car-fem, with �5% difference from the magnetic resonance image-measured length. Because

the ascending aorta was omitted or subtracted from the length estimation in PWV, the impact of

age-related elongation of the aorta on PWV was small.

C O N C L U S I O N S The aorta lengthens with age, even in healthy humans, due primarily to the

elongation of the ascending aorta. Age-related aortic elongation has little impact on PWV measure-

ments, as the ascending aorta, which undergoes lengthening with age, is not included in the arterial

length measurements. (J Am Coll Cardiol Img 2008;1:739–48) © 2008 by the American College of

Cardiology Foundation
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he incidence and prevalence of vascular
disease increase steeply with advancing age,
and advancing age itself unequivocally confers
the major risk (1). A currently prevalent view

s that changes in vascular structure and function
ccur with the aging process and alter the substrate
n which specific pathological disease mechanisms
ecome superimposed (2). Cross-sectional studies
ave demonstrated that wall thickening and

See page 749

ilation or enlargement of central elastic arteries are
rominent structural changes that occur within

arge arteries (e.g., aortic and carotid arteries) with
dvancing age (3–5). Noninvasive studies in hu-
ans as well as histochemical analyses of animals

ndicate that the arterial wall thickness increases
arkedly even in a population with a low incidence

f atherosclerosis and in beagles who do not de-
velop atherosclerosis (6–8). These cross-
sectional morphologies of central elastic
arteries have been studied relatively exten-
sively in relation to the arterial remodeling
with aging. However, little information is
available regarding the longitudinal mor-
phological changes in the aorta (i.e., the
aortic length) (9). It is generally thought
that the aorta and large elastic arteries
become longer and tortuous with aging
(10–12). However, there are no systematic
scientific studies to date to support such a
claim. Additionally, the available informa-

ion was derived from case studies of cardiac pa-
ients and autopsy samples, and it is unclear
hether these changes are a specific manifestation
f the aging process or reflect a chronic adaptation
o pathology. Moreover, because the artery is under
onstant modulatory influence by autonomic ner-
ous system activity and humoral factors and is
nown to retract when excised (11), its in situ
ength may be markedly different from in vitro
ength derived from the autopsy. Accordingly, the
rimary aim of the present cross-sectional study was
o determine whether the human aorta lengthens
ith advancing age.
Another characteristic feature of the aging pro-

ess is vascular stiffening. There is a growing aware-
ess that the cushioning function of cardiothoracic
rteries plays an important role in the pathogenesis
f cardiovascular disease (13). The most widely
sed approach for determining central arterial stiff-

ess in humans is aortic pulse wave velocity (PWV), h
hich is calculated using the time delay and the
istance traveled by a pulse between the carotid
rtery and the femoral artery (14). Even though the
easurement of time delay required for the calcu-

ation of PWV has been performed automatically
sing a variety of algorithms to detect the “foot” of
he blood pressure waveforms, the measurement of
he distance component still relies on a rough
stimation of the aortic length on the body surface
sing a tape measure. Because of the uncertainty
ssociated with the body surface measurements, a
ariety of methods have been proposed to approx-
mate the aortic length. Currently, it is not known
ow accurate these superficial measurements are to
he actual length of the arterial segments. Addition-
lly, if the aorta and elastic arteries were to become
ortuous with aging (11,12), it may be a confound-
ng factor for the evaluation of arterial stiffness in
he elderly patients. Thus, the secondary aim of the
resent study was to evaluate the impact of the
ypothesized age-related elongation of the aorta on
WV measurement.
We performed a systematic investigation to ad-

ress these aims. First, we measured the lengths of
he aorta and carotid and iliac arteries using the
-dimensional artery tracing on transverse magnetic
esonance images (MRI). Before doing so, these
ength measurements were validated by the custom-

ade phantom. Second, we compared the MRI-
erived arterial length with the body surface mea-
urements typically performed for the PWV in the
apanese population. Then the same measurements
ere applied to a U.S. population to determine
hether there were any systematic racial differences

n the measurement of the aortic length. Our overall
ypotheses were that the aorta would elongate with
ging and that the lengthening of the aorta would
nderestimate aortic PWV in older adults.

E T H O D S

articipants. We studied 256 apparently healthy
dults (130 men and 126 women, age 19 to 79
ears). Participants were recruited from the city and
ts surrounding community using flyers, direct mail-
ngs, and e-mail ads (with proper approval).

omen who were pregnant or participants with
mplants that are electrically, magnetically, or me-
hanically active, with intracranial aneurysm clips,
ith cardiovascular disease, or with epileptic sei-
ures, or claustrophobic symptoms were excluded.

total of 27 patients were taking prescribed anti-
B B R E V I A T I O N S

N D A C R O N YM S

ar � carotid artery

em � femoral artery

RI � magnetic resonance

mage

P � pulse pressure

WV � pulse wave velocity

sn � suprasternal notch
ypertensive (n � 24), cholesterol lowering (n � 6),
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iabetic (n � 4), and other (e.g., thyroid hormone,
nticoagulation) (n � 8) medications. Data were
ollected both at the National Institute of Ad-
anced Industrial Science and Technology in Japan
nd at the University of Texas at Austin in the U.S.
his study was reviewed and approved by the

nstitutional review boards of both institutions. All
otential risks and procedures of the study were
xplained to the participants, and they gave their
ritten informed consent to participate in the

tudy.
xperimental protocol. All measurements were per-
ormed after 3 h of fasting and an abstinence of
affeine. Participants were studied under supine
esting conditions in a quiet, temperature-
ontrolled room (24°C to 26°C).
easurements. ARTERIAL LENGTH. Using a 1.0-T

Magnetom Impact, Siemens Japan, Tokyo, Japan) or
.0-T MRI (Signa Exite HD, GE Medical Systems,
ilwaukee, Wisconsin) system, transverse images

ere taken at end diastole (gradient echo method;
cho time/repetition time: 11.0/4.2 or 3,400/73.7 ms;
ip angle: 25° or 90°; field of view: 400 mm; slice
hickness: 5 mm; interslice gap: 0 mm). The arterial
ength was computed by 3-dimensional tracing of the
rtery with image analysis software (MRIcro 1.40,
hris Roden, Columbia, South Carolina). The as-

ending and descending aortic lengths were defined as
istances from the sinus of Valsalva to the top of the
ortic arch and from the top of the aortic arch to the
evel of common iliac bifurcation. Carotid arterial
ength was defined as a distance from the origin of left
ommon carotid artery to the level of the carotid
rterial pressure-recording site. Iliac arterial length was
efined as a distance from the level of common iliac
ifurcation to the level of femoral arterial pressure-
ecording site. Prior to data collection, the accuracy of
he 3-dimensional artery tracing was verified using the
ustom-made phantom simulating the human aorta
n � 14, length: 608 to �700 mm, diameter: 7 mm)
or both MRI systems. The mean measurement errors
or both 1.0-T and 3.0-T systems were similar at 0.3

0.2% and 0.1 � 0.1%, respectively.
The following body surface lengths typically
easured in the calculation of aortic (carotid-

emoral) PWV were assessed: car-fem (15), (car-
em) � (ssn-car) (16), (ssn-fem) � (ssn-car) (17),
ssn-umb-fem) � (ssn-car) (18). In these measure-
ents, “car-fem” is the straight distance between

he carotid (car) and the femoral (fem) artery
ecording sites, “ssn-fem” is the straight distance
etween the suprasternal notch (ssn) and the fem-

ral artery site, “ssn-car” is the straight distance p
etween the suprasternal notch and the carotid
rtery site, and “ssn-umb-fem” is the combined
istances from the suprasternal notch to the umbi-

icus (umb) and from the umbilicus to the femoral
ite. When appropriate (e.g., assessing its relation
ith age), these segmental lengths were also ad-

usted for height or torso length (to standardize for
he overall size). The horizontal distance between
he suprasternal notch and the umbilicus was de-
ned as the torso length. Aortic length used to
alculate PWVMRI was the distance derived by
ubtracting the carotid artery from the combined
istance from the aortic arch to the iliac artery to
he femoral recording site.

To minimize the effects of body contours (e.g.,
arge stomach and bust) on body surface, we mea-
ured the straight horizontal distances using a
pecial segmometer specifically designed for PWV
tudies (Rosscraft Anthropometric Calipers, Surray,
anada) instead of superficial tracing using a tape
easure.

ORTIC PWV. Carotid and femoral artery pulse
aves were obtained using arterial applanation

onometry incorporating an array of 15 micropi-
zoresistive transducers placed on the carotid and
emoral arteries (VP-2000, Colin Medical, San
ntonio, Texas) as previously described (19).
he time delay was measured automatically with

he foot-to-foot method. Carotid-femoral PWV
ere subsequently calculated from the time delay

nd a variety of arterial path lengths measured
ith the body surface measurement (PWVcar-fem,
WV(car-fem) � (ssn-car), PWV(ssn-fem) � (ssn-car), and
WV(ssn-umb-fem) � (ssn-car)) and by 3-dimensional
rtery tracing on MRI (PWVMRI).

AROTID AUGMENTATION INDEX. The carotid
ugmentation index was calculated as pressure wave
bove its systolic shoulder (�P) divided by pulse
ressure (19,20). The foot and the first and second
eaks of the systolic pressure of the carotid arterial
ressure waveforms were automatically detected by
sing algorithms of the measurement device based
n a band-pass filtering (5 to 30 Hz) and fourth
erivatives (19).

LOOD PRESSURE AND HEART RATE. Brachial blood
ressure and heart rate were measured with oscillo-
etric pressure sensor cuffs and electrocardiograms

VP-2000, Colin Medical, San Antonio, Texas). Aor-
ic blood pressure was estimated from the second peak
f the radial artery pressure wave (21) with a validated
pplanation tonometry-based automated radial blood

ressure measurement device (HEM-9010AI, Om-
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on Healthcare, Kyoto, Japan). The brachial/aortic
ulse pressure (PP) ratio was obtained as an index of
ulse wave amplification (11).
tatistical analyses. Univariate and partial correla-
ion and regression analyses were performed to
etermine relations of interests. Stepwise forward
ultiple-regression analyses were used to determine

ndependent physiological correlates of the age-
ssociated changes in arterial length. Before the
nalyses, only variables that showed significant uni-
ariate correlations were included in the model.
nalysis of variance was used to compare arterial
ath lengths measured with the body surface mea-
urement and by the 3-dimensional artery tracing
n MRI. In the case of a significant F value, a
ost-hoc test using the Newman-Keuls method
dentified significant differences among mean val-
es. The racial differences were determined by the
npaired t test and analysis of covariance. All data
re reported as mean � SD. Statistical significance
as set a priori at p � 0.05.

E S U L T S

articipant characteristics. Selected participant char-
cteristics and hemodynamic variables are presented
n Tables 1 and 2. Mean length of ascending aorta
as shorter in U.S. participants compared with the

apanese population due to younger mean age of the
.S. participants. Although the U.S. participants
ad significantly longer carotid arterial length com-
ared with Japanese participants, this difference was
bolished when height was taken into account.
ging and arterial length. There were no systematic
ifferences in the data obtained in Japan and the
.S., so the data were combined. As shown in

Table 1. Selected Subjects Characteristics

Japanese U.S.

Male/female, n 115/117 9/15

Age, yrs 54 � 15 43 � 18*

Height, cm 162 � 9 172 � 9*

Body mass, kg 60 � 11 73 � 16*

Body mass index, kg/m2 22.9 � 2.8 24.4 � 3.7

Torso length, mm 363 � 21 359 � 23

Ascending aortic length, mm 75 � 20 62 � 16*

Descending aortic length, mm 395 � 23 396 � 24

Carotid arterial length, mm 112 � 14 121 � 14*

Iliac arterial length, mm 210 � 26 218 � 27

Arterial path length, mm 493 � 35 493 � 32

Data are mean � SD. *p � 0.05 versus Japanese. Arterial path length �
(descending aortic length) � (iliac arterial length) � (carotid arterial length).
igure 1, the ascending aortic length was positively
nd strongly associated with age (r � 0.72; p �
.0001). Lengths of the descending aorta and the
arotid and iliac arteries were not related to age.

hen the arterial lengths were adjusted for torso
ength using partial correlation analyses, the descend-
ng aorta was weakly correlated with age (r � 0.13;
� 0.05). The length of the ascending aorta was not

elated to height or torso length. The arterial path
ength measured with the MRI (i.e., the distance
erived by subtracting carotid artery from the top of
he aortic arch to the femoral artery site) was not
ssociated with age (r � 0.08; p � NS).
lood pressure, arterial stiffness, and arterial length.
he relation between arterial length and blood
ressure (BP) was determined in a subset of 228
articipants who underwent measurements of aortic
nd brachial blood pressures. The ascending aortic
ength was positively and significantly associated
ith brachial diastolic BP (r � 0.42), aortic systolic
P (r � 0.47), aortic PP (r � 0.37), brachial/aortic
P ratio (r � �0.44), carotid augmentation index

r � 0.44), and PWVMRI (r � 0.58) (Table 3, Fig.
). When the influence of age was taken into
ccount using partial correlation analyses, the rela-
ion between the ascending aortic length and
WVMRI remained statistically significant (p �
.05), whereas brachial/aortic PP was no longer
ignificantly associated with the ascending aortic
ength. Stepwise multiple regression analyses re-
ealed that PWVMRI (beta � 0.47) and brachial/
ortic PP ratio (beta � �0.32) were significant,
ndependent physiological determinants of the as-
ending aortic length. The lengths of the descend-

Table 2. Hemodynamic Variables of Subjects

Heart rate, beats/min 60 � 8

Brachial systolic BP, mm Hg 124 � 16

Brachial diastolic BP, mm Hg 75 � 11

Brachial mean BP, mm Hg 94 � 13

Brachial PP, mm Hg 49 � 9

Aortic systolic BP, mm Hg 115 � 19

Aortic PP, mm Hg 40 � 12

Brachial/aortic PP ratio, U 1.27 � 0.31

Carotid augmentation index, % 16.4 � 19.3

PWVMRI, cm/s 860 � 199

Ascending aortic length, mm 74 � 20

Descending aortic length, mm 395 � 23

Carotid arterial length, mm 113 � 14

Iliac arterial length, mm 211 � 26

Arterial path length, mm 493 � 35

BP � blood pressure; PP � pulse pressure; PWVMRI � aortic pulse wave
velocity obtained with arterial path length measured with the 3-dimensional

artery tracing on magnetic resonance image.
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ng aorta, carotid artery, and iliac artery were not
ssociated with brachial or aortic BP.
rterial length for aortic PWV measurement: MRI ver-
us body surface measurements. Table 4 displays
rterial path length measured with the 3-dimensional
rtery tracing on MRI and with a segmometer on
he body surface. The most popular way to

Figure 1. Changes in Aortic and Arterial Lengths With Age

The ascending aortic length was positively and strongly associated
and iliac arteries were not related to age.

Table 3. Univariate Correlation and Forward Step Multiregressio
Ascending Aortic Length

r

PWVMRI, cm/s 0.58*

Brachial/aortic PP ratio, U �0.44*

Aortic PP, mm Hg 0.37*

Brachial diastolic BP, mm Hg 0.42*

Aortic systolic BP, mm Hg 0.47*

Carotid augmentation index, % 0.44*

Brachial mean BP, mm Hg 0.40*

Brachial systolic BP, mm Hg 0.37*

Brachial PP, mm Hg 0.15

Heart rate, beats/min �0.09

*p � 0.05. Total variance explained R2 � 0.40 (p � 0.0001).

Abbreviations as in Table 2.
stimate aortic length, the car-fem length, was
25% greater than the MRI-derived arterial

ength. The body surface length measured using
he (car-fem) � (ssn-car) equation displayed the
ignificantly smallest difference to the actual ar-
erial length for carotid-femoral PWV measured
ith the MRI.

age, whereas lengths of the descending aorta and the carotid

nalyses for Predicting “Physiological” Determinants of the

R2 Increment Beta Coefficient

0.34 0.47*

0.05 �0.32*

0.01 �0.15

0.01 0.11

(not entered)

(not entered)

(not entered)

(not entered)
with
n A
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All of the carotid-femoral PWV obtained with
he body surface length measurements were signif-
cantly and linearly associated with PWVMRI (r �
.96 to 0.97) (Fig. 3). The PWV estimated with the
car-fem) � (ssn-car) equation was the closest to
he line of identity in relation to the PWVMRI with
he mean � SD difference of 35 � 41 cm/s. The
land-Altman plots reveal that PWV obtained
ith the carotid-femoral length overestimated
WVMRI, whereas PWV calculated with the (ssn-

em) � (ssn-car) equation and the (ssn-umb-fem)
(ssn-car) equation were underestimated

WVMRI.

I S C U S S I O N

n the present study, we addressed 2 questions that
re pertinent to vascular aging. First, we determined

Figure 2. Associations Among the Ascending Aortic Length,
Arterial Stiffness, and Pulse Wave Amplification

The ascending aortic length was positively and significantly
associated with carotid-femoral pulse wave velocity (PWV),
which was obtained by the 3-dimensional artery tracing on
magnetic resonance image (PWVMRI), and brachial/aortic pulse
pressure (PP) ratio.
hether aging is associated with the lengthening or
longation of the aorta and large conduit arteries.
e found that the length of the ascending aorta

ncreased significantly with advancing age, whereas
he descending aorta did not demonstrate age-
ssociated lengthening. The age-related elongation
f the ascending aorta was associated with the
orresponding increase in central arterial stiffness
nd pulse wave amplification, suggesting that the
eduction in the elastic property as well as local
ulsatile pressure might play a causative role. Sec-
nd, we determined what impact the aortic elonga-
ion has on PWV, which is 1 of the most estab-
ished measures of arterial stiffness. We found that
ge-related aortic elongation has little impact on
WV measurement because the segment of the
scending aorta is omitted from the arterial length
easurements for carotid-femoral PWV. More-

ver, the most accurate procedure in estimating
ortic length appears to be the (car-fem) � (ssn-
ar) equation.

The present results indicated that the ascending
orta elongated markedly with aging even in adults
ithout apparent cardiovascular disease. Interest-

ngly, such marked elongation of the aorta was
bsent in the descending aorta or more peripheral
rteries (i.e., carotid artery, iliac artery). What
hysiological mechanisms explain the age-related

engthening of the proximal aorta? Because the
roximal aorta is the principal segment to absorb

eft ventricular ejection and dampen pulsatile flow,
t is more likely to experience “material fatigue”
ith advancing age (11). We observed that aortic
WV and brachial/aortic PP ratio, an index of
ulse wave amplification, were independent deter-
inants of the age-related increase in ascending

ortic length, suggesting the prominent roles of the
ecreased buffering function and the increased local
ulse pressure for the longitudinal arterial remod-
ling. A number of structural changes in the arterial
all, including the thinning, splitting, fraying, and

Table 4. Arterial Path Lengths for PWV Measurement

Arterial Path
Length Difference

MRI, mm 493 � 35

car-fem, mm 621 � 37* 128 � 34†

(car-fem) � (ssn-car), mm 518 � 31* 25 � 26

(ssn-fem) � (ssn-car), mm 427 � 29* �66 � 24†

(ssn-umb-fem) � (ssn-car), mm 458 � 30* �35 � 24†

Data are mean � SD. MRI � arterial path length measured with the
3-dimensional artery tracing on magnetic resonance image. Difference �
versus arterial path length of MRI. *p � 0.0001 versus arterial path length of
MRI. †p � 0.0001 versus difference in (car-fem) � (ssn-car).
car � carotid artery; fem � femoral artery; ssn � suprasternal notch; umb �
umbilicus; other abbreviations as in Table 2.
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Figure 3. Comparisons of PWV

Scatter plots (left) and Bland-Altman plots (right). All of the carotid-femoral PWVs obtained with the body surface length measurements
were significantly and linearly associated with that obtained by PWVMRI. The PWV estimated with the (car-fem) � (ssn-car) equation was
the closest to the line of identity in relation to the PWVMRI with the mean � SD difference of 35 � 41 cm/s. car � carotid artery; fem �
femoral artery; ssn� suprasternal notch; umb � umbilicus; other abbreviations as in Figure 2.
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ragmentation of elastin fibers as well as loss of
rderly arrangement of elastin fibers and elastic
aminae, have been reported with aging (11,22,23).
hese changes could, in turn, induce dilation,

tiffening, thickening, and elongation of the artery
ttributable to fibrous remodeling. Because the ratio
f elastic fibers to collagen fibers is highest in the
roximal ascending aorta (24), the progressive
hanges in elastic fibers that occur with advancing
ge would be expected to have a greater effect on the
roximal aorta. In this context, patients with
arfan syndrome, which is characterized by the

onnective tissue disorder, demonstrate pronounced
ilation of the proximal aorta (25) as well as the
ecreased buffering function of large conduit artery
26,27). Similar to the present study focusing on the
ging process, the vascular alterations associated
ith the Marfan syndrome manifested only in the
roximal aorta as the aortic arch, abdominal aorta,
nd carotid and femoral arteries did not demon-
trate such structural changes (25).

It is well established that elastic arteries un-
ergo enlargement in diameter with advancing
ge (2,11). Aortic dilation is likely due to the
ailure of elastic fibers to sustain physiological
emodynamic stress and is thought to be an

ndication of mechanical failure and fatigue of
iomaterials in the arterial wall (11) mediated by
he interaction of various factors including met-
lloproteinases, integrins, and endothelial func-
ion (2). Unfortunately, aortic diameter was not
easured in the present study. However, it is

nteresting to note that the extent of age-related
hange in the ascending aortic length observed in
he present study (12% per decade) is substan-
ially greater than that in the cross-sectional
xpansion of the ascending aorta (�3% per de-
ade) reported in previous studies (28,29).

As the early detection and prevention of cardio-
ascular disease using arterial stiffness were widely
romoted, the use of carotid-femoral PWV has
een gaining popularity as the primary modality to
ssess arterial stiffness (15–17,30,31). Indeed, aortic
WV has been considered a gold standard index of
rterial stiffness that has been directly linked with
ardiovascular disease risk, mortality, and morbidity
15–17,30–33). The distance component (i.e., the
ength of the aorta) required for the carotid-femoral
WV calculation, however, is still being measured
n the body surface using a tape measure. The most
ommonly used procedure is to measure the straight
istance between the carotid and the femoral arte-

ial pulse recording sites (15,30,31). However, this p
rocedure ignores the distance traveled by the pulse
ave in the opposite direction. Indeed, we found

hat the straight body surface distance between the
arotid and femoral recording sites overestimated
he MRI-derived arterial length as much as 25%.
lternatively, carotid-femoral transit distance is

stimated by measuring the straight distance from
he carotid to femoral artery recording sites and
hen subtracting the length between the supraster-
al notch and the carotid recording site (16,17).
he body surface length measured this way was the

losest to the arterial length measured with the
RI. Moreover, PWV estimated with this distance

as the closest to the line of identity in relation to
he PWVMRI with the mean � SD difference of 35

41 cm/s. Thus, the (car-fem) � (ssn-car) equa-
ion appears to be the most accurate way to estimate
ctual arterial length required for carotid-femoral
WV.
What impact does the age-related elongation of the

scending aorta exert on the measurement of carotid-
emoral PWV? As described, carotid-femoral transit
istance is estimated by the distance from the carotid
o femoral artery recording sites minus the supraster-
al notch to the carotid recording site distance to
ccount for the parallel transmission along carotid
rteries and aortic arch, where the pulse is traveling in
he opposite direction. By doing so, the segment of
he ascending aorta is dropped from the distance
stimation. As such, the age-related aortic elongation
as little impact on PWV measurement because the
scending aorta, which elongates with age, is not
nvolved in the arterial paths typically estimated for
orta-femoral and/or carotid-femoral PWV measure-
ents. It should be noted, however, that there are

everal reports showing the elongation of descending
orta in the patient population. For example, patients
ith claudication demonstrate tortuosity of the distal

orta and the iliac arteries (34). Additionally, in renal
isease patients, the tortuosity of the abdominal aorta

s reported to increase with increasing age (12).
tudy limitations. Several limitations of the present
tudy should be noted. First, because we conducted
he cross-sectional study design, it is difficult to
liminate the possibility that genetic or other con-
titutional factors may have influenced our cross-
ectional findings. Second, the sample size of the
.S. population was smaller than that of the Japa-
ese population. Third, we collected the data at 2
ifferent sites using different MRI machines that
se different field strengths. However, both MRI
ystems were validated using the custom-made

hantom prior to the study and mean measurement
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rrors for both 1.0- and 3.0-T systems were very
mall and similar (0.3 � 0.2% vs. 0.1 � 0.1%).

O N C L U S I O N S

ur findings indicate that the ascending aorta
engthens with advancing age even in healthy hu-

ans. However, the age-related aortic elongation
as little impact on PWV measurement as the
1458–64. 463–8.
easurements. The estimation of arterial path
ength by measuring the distances obtained by
ubtracting the carotid arterial length from the
istance of the carotid to femoral sites is closest to
he MRI-measured arterial path length.
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scending aorta is omitted from the arterial length Texas 78712-1204. E-mail: jun.sugawara@mail.utexas.edu.
1

2

2

2

2

2

2

2

2

2

E F E R E N C E S

1. Rosamond W, Flegal K, Friday G, et
al. Heart disease and stroke statis-
tics—2007 update: a report from the
American Heart Association Statistics
Committee and Stroke Statistics Sub-
committee. Circulation 2007;115:
e69–171.

2. Lakatta EG. Arterial and cardiac ag-
ing: major shareholders in cardiovas-
cular disease enterprises: part III: cel-
lular and molecular clues to heart and
arterial aging. Circulation 2003;107:
490–7.

3. Crouse JR, Goldbourt U, Evans G, et al.
on behalf of the ARIC Investigators.
Arterial enlargement in the Athero-
sclerosis Risk In Communities
(ARIC) cohort. In vivo quantification
of carotid arterial enlargement. Stroke
1994;25:1354–9.

4. Sugawara J, Otsuki T, Maeda S, et al.
Effect of arterial lumen enlargement
on carotid arterial compliance in nor-
motensive postmenopausal women.
Hypertens Res 2005;28:323–9.

5. Virmani R, Avolio AP, Mergner
WJ, et al. Effect of aging on aortic
morphology in populations with
high and low prevalence of hyper-
tension and atherosclerosis. Com-
parison between occidental and Chi-
nese communities. Am J Pathol
1991;139:1119 –29.

6. Haidet GC, Wennberg PW, Finkel-
stein SM, Morgan DJ. Effects of ag-
ing per se on arterial stiffness: systemic
and regional compliance in beagles.
Am Heart J 1996;132:319–27.

7. Moreau KL, Donato AJ, Seals DR, et
al. Arterial intima-media thickness: site-
specific associations with HRT and ha-
bitual exercise. Am J Physiol Heart Circ
Physiol 2002;283:H1409–17.

8. Tanaka H, Seals DR, Monahan KD,
Clevenger CM, DeSouza CA, Di-
nenno FA. Regular aerobic exercise
and the age-related increase in carotid
artery intima-media thickness in
healthy men. J Appl Physiol 2002;92:
9. Dotter CT, Roberts DJ, Steinberg I.
Aortic length: angiocardiographic
measurements. Circulation 1950;2:
915–20.

10. Hallock P. Arterial elasticity in man in
relation to age as evaluated by the
pulse wave velocity method. Arch Int
Med 1934;54:770–98.

11. Nichols W, O’Rourke MF. Mc-
Donald’s Blood Flow in Arteries:
Theoretical, Experimental and Clini-
cal Principles. 5th edition. London:
Arnold, 2005.

12. Wenn CM, Newman DL. Arterial
tortuosity. Australas Phys Eng Sci
Med 1990;13:67–70.

13. Safar ME, London GM, on behalf of
the Clinical Committee of Arterial
Structure and Function: Working
Group on Vascular Structure and
Function of the European Society of
Hypertension. Therapeutic studies
and arterial stiffness in hypertension:
recommendations of the European
Society of Hypertension. J Hypertens
2000;18:1527–35.

14. Asmar R. Arterial Stiffness and Pulse
Wave Velocity: Clinical Application.
New York, NY: Elsevier, 1999.

15. Blacher J, Asmar R, Djane S, et al.
Aortic pulse wave velocity as a marker of
cardiovascular risk in hypertensive pa-
tients. Hypertension 1999;33:1111–7.

16. Avolio AP, Deng FQ, Li WQ, et al.
Effects of aging on arterial distensibil-
ity in populations with high and low
prevalence of hypertension: compari-
son between urban and rural commu-
nities in China. Circulation 1985;71:
202–10.

17. Mitchell GF, Parise H, Benjamin EJ,
et al. Changes in arterial stiffness and
wave reflection with advancing age in
healthy men and women: the Fram-
ingham Heart Study. Hypertension
2004;43:1239–45.

18. Sutton-Tyrrell K, Mackey RH, Hol-
ubkov R, Vaitkevicius PV, Spurgeon
HA, Lakatta EG. Measurement vari-
ation of aortic pulse wave velocity in
the elderly. Am J Hypertens 2001;14:
9. Sugawara J, Hayashi K, Yokoi T, et al.
Brachial-ankle pulse wave velocity: an
index of central arterial stiffness? J
Hum Hypertens 2005;19:401–6.

0. Kelly R, Hayward C, Avolio A,
O’Rourke M. Noninvasive determina-
tion of age-related changes in the
human arterial pulse. Circulation
1989;80:1652–9.

1. Pauca AL, Kon ND, O’Rourke MF.
The second peak of the radial artery
pressure wave represents aortic sys-
tolic pressure in hypertensive and
elderly patients. Br J Anaesth 2004;
92:651–7.

2. Guyton JR, Lindsay KL, Dao DT.
Comparison of aortic intima and inner
media in young adult versus aging rats.
Stereology in a polarized system. Am J
Pathol 1983;111:234–46.

3. Lakatta EG, Mitchell JH, Pomerance
A, Rowe GG. Human aging: changes
in structure and function. J Am Coll
Cardiol 1987;10:42A–7A.

4. Apter JT. Correlation of visco-elastic
properties with microscopic structure
of large arteries. IV. Thermal re-
sponses of collagen, elastin, smooth
muscle, and intact arteries. Circ Res
1967;21:901–18.

5. Jondeau G, Boutouyrie P, Lacolley P,
et al. Central pulse pressure is a major
determinant of ascending aorta dila-
tion in Marfan syndrome. Circulation
1999;99:2677–81.

6. Hirata K, Triposkiadis F, Sparks E,
Bowen J, Wooley CF, Boudoulas H.
The Marfan syndrome: abnormal aor-
tic elastic properties. J Am Coll Car-
diol 1991;18:57–63.

7. Jeremy RW, Huang H, Hwa J, Mc-
Carron H, Hughes CF, Richards JG.
Relation between age, arterial disten-
sibility, and aortic dilatation in the
Marfan syndrome. Am J Cardiol
1994;74:369–73.

8. Gerstenblith G, Frederiksen J, Yin
FC, Fortuin NJ, Lakatta EG,
Weisfeldt ML. Echocardiographic
assessment of a normal adult aging
population. Circulation 1977;56:

273– 8.

mailto:jun.sugawara@mail.utexas.edu


2

3

3

3

K
p

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 1 , N O . 6 , 2 0 0 8

N O V E M B E R 2 0 0 8 : 7 3 9 – 4 8

Sugawara et al.

Age, Aortic Elongation, and Arterial Stiffness

748
9. Vasan RS, Larson MG, Levy D. De-
terminants of echocardiographic aor-
tic root size. The Framingham Heart
Study. Circulation 1995;91:734–40.

0. Laurent S, Boutouyrie P, Asmar R, et
al. Aortic stiffness is an independent
predictor of all-cause and cardiovascu-
lar mortality in hypertensive patients.
Hypertension 2001;37:1236–41.

1. Meaume S, Benetos A, Henry OF,
Rudnichi A, Safar ME. Aortic pulse

wave velocity predicts cardiovascular
mortality in subjects �70 years of age.
Arterioscler Thromb Vasc Biol 2001;
21:2046–50.

32. Mattace-Raso FU, van der Cammen
TJ, Hofman A, et al. Arterial stiffness
and risk of coronary heart disease and
stroke: the Rotterdam Study. Circula-
tion 2006;113:657–63.

33. Sutton-Tyrrell K, Najjar SS, Boud-
reau RM, et al. Elevated aortic pulse
wave velocity, a marker of arterial

stiffness, predicts cardiovascular m
events in well-functioning older
adults . Circulat ion 2005;111:
3384 –90.

4. Hyvarinen S. Arteriographic findings
of claudication patients. Ann Clin Res
1984;16 Suppl 41:1–45.

ey Words: arterial stiffness y
ulse wave velocity y

orphology y MRI.


	Age-Associated Elongation of the Ascending Aorta in Adults
	METHODS
	Participants
	Experimental protocol
	Measurements
	ARTERIAL LENGTH
	AORTIC PWV
	CAROTID AUGMENTATION INDEX
	BLOOD PRESSURE AND HEART RATE

	Statistical analyses

	RESULTS
	Participant characteristics
	Aging and arterial length
	Blood pressure, arterial stiffness, and arterial length.
	Arterial length for aortic PWV measurement: MRI ver-sus body surface measurements

	DISCUSSION
	Study limitations

	CONCLUSIONS
	REFERENCES


