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OBJECTIVE — To compare age-related changes in the mechanical properties of different
arterial segments in normal volunteers and subjects with type 2 diabetes.

RESEARCH DESIGN AND METHODS — In 169 subjects (diabetic n � 57 and non-
diabetic n � 112), we assessed the mechanical properties of three arterial segments of differing
wall composition. Pulse wave velocity (PWV) was measured noninvasively in a thoraco-
abdominal segment (carotid femoral PWV [PWVcf]), in an upper limb muscular artery (carotid
radial PWV [PWVcr]), and from the aorta to the finger (PWV from the aorta to the finger
[PWVfin]). Central aortic compliance (CAC) was also measured.

RESULTS — Average CAC was lower (0.662 vs. 0.850, P � 0.05) and all measures of PWV
tended to be faster in diabetic subjects despite the fact that they were, on average, 10 years
younger. However, these measures were not related to age in diabetic subjects. After correcting
for blood pressure, only PWVcf was associated with age in nondiabetic subjects (P � 0.001).
Expressing results as ratios of nonelastic to elastic arterial segments (i.e., PWVcr-to-PWVcf and
PWVfin-to-PWVcf) improved the relationship with age. Both PWVcr-to-PWVcf and PWVfin-to-
PWVcf were significantly associated with age in nondiabetic subjects (r � �0.59, P � 0.001; r �
�0.57, P � 0.001) but not in diabetic subjects (r � �0.15, P � 0.302; r � �0.24, P � 0.129).
Multivariate analysis showed that the ratios were not associated with systolic blood pressure.

CONCLUSIONS — There are significant differences in the rate of age-related decline in
vascular stiffness in elastic arteries of nondiabetic compared with diabetic arteries. Diabetic
arteries appear to age at an accelerated rate at an earlier age and then reach a functional plateau.
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T he mechanical properties of the
large conduit arteries are now recog-
nized as an important component of

cardiovascular pathophysiology. Less
compliant arteries are associated with
suboptimal cardiac energy supply-
demand balance with reduced subendo-
cardial blood flow and increased left
ventricular afterload (1). There are also

adverse effects of poor compliance on
wave reflection and systolic blood pres-
sure (SBP) (2). It is usually accepted that
the age-related increase in SBP and de-
crease in diastolic blood pressure (DBP)
are largely due to decreased proximal aor-
tic compliance, causing more rapid dia-
stolic run-off of a lower-contained
volume (hence decreasing DBP) along

with an early return of the reflected pres-
sure wave in systole, causing increased
pressure augmentation (increased SBP).
Thus, increased aortic stiffness is the pre-
dominant cause of increased pulse pres-
sure (3).

Pulse pressure is a marker of cardio-
vascular risk in a general population (4)
and, independent of SBP and DBP, has
been shown to be a predictor of cardio-
vascular events (5), particularly in older
individuals (6). It has also been shown
that aortic stiffness (measured as pulse
wave velocity [PWV]) is an independent
predictor of cardiovascular risk (7) and
all-cause mortality (8) in hypertensive pa-
tients. It is therefore probable that in-
creased aortic stiffness is a major factor
deleteriously affecting cardiovascular
health across all population groups.

It is known that large conduit arteries
lose their compliance with advancing age
even in the absence of concurrent overt
cardiovascular disease. Indeed, in most
studies age has been shown to have a pre-
dominant effect on indices of arterial me-
chanical behavior (9). It is also apparent
that different arterial segments respond
differently to aging, probably related to
differences in elastin-collagen smooth-
muscle proportions, with most studies
showing a much more pronounced rela-
tionship of stiffness to age in the more
proximal, more elastic, and less muscular
arteries (10). In view of this consistent
observation, we hypothesized that addi-
tional information regarding arterial
pathophysiology may be obtained by
comparing age-related changes in the me-
chanical properties of different arterial
segments in normal and in diabetic sub-
jects recognized as at increased risk of ar-
terial pathology.

RESEARCH DESIGN AND
METHODS — The study was approved
by the institutional ethics committee and
performed in accordance with the Decla-
ration of Helsinki. All subjects gave writ-
ten informed consent.

In 169 subjects (100 men [39 type 2
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diabetic] and 69 women [18 type 2 dia-
betic]), age range 34–90 years, we as-
sessed the mechanical properties of three
arterial segments of differing wall compo-
sition. PWV was measured using nonin-
vasively accessible superficial pulses and
the Complior device (Artech Medicine,
Pantin, France) in the predominantly
elastic thoraco-abdominal aorta (carotid
femoral PWF [PWVcf]) and in an upper-
limb muscular artery, over the carotid ra-
dial segment (carotid radial PWV
[PWVcr]). A different method was used to
determine the PWV from the aorta to the
finger (PWVfin) by the timing between the
R-wave of the electrocardiogram and ar-
rival of the pressure pulse in the index
finger (Finapress; Ohmeda) using a pur-
pose-devised software. In addition, as an
indicator of left-ventricular load and total
systemic arterial compliance, central arte-
rial compliance (CAC) was also assessed.

All methods have been described pre-
viously. Briefly, central PWV is deter-
mined from the time interval between the
identified foot of the carotid and femoral
arterial pulse waves and peripheral PWV
from the carotid to radial arterial pulse
interval (11). Distance was measured us-
ing a tape measure between transducer
points, as specified by the manufacturer,
and the PWV was automatically calcu-
lated by the Complior unit. In the case
of PWF from the aorta to the finger
(PWVfin), distance was taken as that be-
tween the suprasternal notch and the tip
of the index finger. CAC was assessed
from simultaneous measurements of as-
cending aortic blood velocity using
Doppler velocimetry and surrogate esti-
mates of aortic root pressure obtained by
applanation tonometry transducer (Millar

Instruments, TX) of the proximal right ca-
rotid artery. CAC was then derived from
the area method described by Liu et al.
(12) and previously reported from our
laboratory (13).

Statistics
Analysis was performed using SPSS for
Windows (release 10.0.5; SPSS, Chicago,
IL) with significance taken as P � 0.05.
The association of parameters with age
was investigated by correlation using
Pearson’s correlation coefficient and uni-
variate linear regression. Differences in
association of vascular parameters with
age were investigated by comparison of
the slope (�) of the appropriate regression
lines (y � � � � � age).

RESULTS — Subject demographics
and mean results are shown in Table 1.
Compared with the nondiabetic subjects,
the diabetic group was younger and
heavier with increased SBP and DBP.
Mean CAC was significantly higher in the
nondiabetic group, and PWVfin was sig-
nificantly lower. Mean PWVcf and PWVcr
were not significantly higher in the dia-
betic group (P � 0.580 and P � 0.233,

Table 1—Subject demographics and mean results

Diabetic subjects Nondiabetic subjects

Age (years) 61.47 � 7.37 (44–80) 71.23 � 11.18* (34–90)
Weight (kg) 79.68 � 1.81 72.49 � 1.25*
Height (cm) 168.10 � 1.13 165.81 � 0.85
SBP (mmHg) 144.63 � 2.61 137.36 � 2.06*
MBP (mmHg) 104.22 � 1.52 98.45 � 1.24*
DBP (mmHg) 84.02 � 1.28 79.00 � 0.98*
CAC (ACU) 0.662 � 0.043 0.850 � 0.056*
PWVcf (ms�1) 13.60 � 0.31 12.77 � 0.27†
PWVcr (ms�1) 11.41 � 0.19 11.07 � 0.19
PWVfin (ms�1) 5.13 � 0.073 4.79 � 0.066*

Data are means � SE except for age in means � SD (range). ACU, arbitrary compliance units. †Significantly
related to age, P � 0.05. *Significant difference between the diabetic and nondiabetic groups, P � 0.05.

Table 2—Relationship between measures of arterial compliance and age

Nondiabetic subjects Diabetic subjects

PWVfin

Correlation 0.053 0.083
Significance (two-tailed) 0.668 0.584
Slope 0.003 �0.006
n 67 46

PWVcr

Correlation �0.147 �0.040
Significance (two-tailed) 0.135 0.776
Slope �0.024 �0.008
n 105 53

PWVcf

Correlation 0.483 0.116
Significance (two-tailed) �0.001 0.408
Slope 0.119 0.037
n 106 53

CAC
Correlation 0.077 �0.064
Significance (two-tailed) 0.440 0.648
Slope 0.004 �0.008
n 103 54

PWVfin-to-PWVcf

Correlation �0.571 �0.235
Significance (two-tailed) �0.001 0.129
Slope �0.005 �0.002
n 65 43

PWVcr-to-PWVcf

Correlation �0.594 �0.149
Significance (two-tailed) �0.001 0.302
Slope �0.011 �0.003
n 104 50

Univariate association of PWV, central arterial compliance, and elastic-to-muscular ratios with age for
diabetic and nondiabetic subjects.
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respectively). Correlations of the mea-
sured parameters with age are shown in
Table 2, with univariate associations illus-
trated graphically in Fig. 1. Of note is the
disparity of findings between the nondia-
betic and diabetic groups. None of the un-
adjusted measures of arterial stiffness in
any segment was associated with age in
the diabetic group (� did not differ signif-
icantly from zero), whereas PWVcf (� �
0.12 ms�1/year � 0.021, P � 0.001) var-
ied significantly with age in the nondia-
betic subjects. Association of specific
parameters with blood pressure (DBP,
mean blood pressure [MBP], and SBP)
varied between groups, but PWVcf and
PWVfin were both positively associated
with SBP in diabetic and nondiabetic sub-
jects (Table 3). After adjusting for SBP,
PWVcf remained significantly correlated
with age in the nondiabetic subjects

[PWVcf � 0.186 � 0.109 (age) � 0.035
(SBP), r2 � 0.31, coefficient for age sig-
nificant at the 0.001% level and for SBP at
the 0.01% level]. Multiple regression
analysis including potential determinants
of PWV (age, MBP, DBP, SBP, height,
weight, and sex) was performed. MBP was
a significant determinant of all PWV ex-
cept PWVcr in the diabetic group.

Expression of results as a ratio involv-
ing predominantly nonelastic to elastic ar-
terial segments improved the relationship
with age (Fig. 2). In the nondiabetic
group the absolute correlation with age
tended to improve from 0.483 for PWVcf
to 0.594 when the ratio of PWVcr to
PWVcf was considered (P � 0.064 for the
difference). When PWVfin was used in the
numerator of the ratio, correlation with
age also tended to improve in relation to
the original parameter (nondiabetic sub-

jects 0.483 to 0.571 [P � 0.145 for the
difference]; 0.116 to 0.235 [P � 0.156 for
the difference] for the diabetic group).

Significant differences existed in the
rate of aging (�, slope of line) of the aortic
segment (PWVcf) compared with the ca-
rotid radial (PWVcr) segment in nondia-
betic subjects (slope � 0.12 vs. –0.02
ms�1/year, respectively; P � 0.01). The
changes for year of age for the nondiabetic
group were –0.011 (PWVcr-to-PWVcf, r2

� 0.35) and –0.0053 (PWVfin-to-PWVcf,
r2 � 0.33), both significant at the 0.001%
level, whereas in the diabetic group the
PWVfin-to-PWVcf slope was �0.0024 (r2

� 0.05, P � 0.13) and PWVcr-to-PWVcf
slope was –0.003 (r2 � 0.002, P � 0.30).

Correction of the ratios for measured
SBP, DBP, and MBP did not alter nondia-
betes associations, but the association be-
tween PWVfin/PWVcf and age in diabetes
was attenuated (r � 0.24, P � 0.10). Mul-
tivariate analysis on age and SBP with the
calculated ratios as the dependant vari-
able was performed. The ratios were asso-
ciated with age and not SBP. In
nondiabetic subjects PWVcr/PWVcf �
1.704 � 0.011(age) – 0.000(SBP), r2 �
0.35, and the coefficient for age was sig-
nificant at the 0.001% level; and PWVfin/
PWVcf � 0.844 � 0.005(age) �
0.001(SBP), r2 � 0.36, and the coefficient
for age was significant at the 0.001% level.

CONCLUSIONS — This study spe-
cifically investigates the relationship be-
tween arterial mechanical properties and
aging in predominantly elastic compared
with predominantly muscular arteries. In
this context a significant finding is the ap-
parent loss of the normal age-associated
deterioration in any of the indices in the
diabetic group. This is likely related to the
fact that even though the diabetic subjects
were on average younger, they had a
higher BP and their mean values of PWV
were higher in all segments than in non-
diabetic subjects, suggesting that in the
diabetic group age changes had occurred
at an accelerated rate at an earlier age and
had perhaps reached a functional plateau.
Biologically, the diabetic group (mean
chronological age 61 years) seems to have
reached an “arterial” age approximating
75 years in those without diabetes. This is
consistent with a relative lack of further
deterioration from the elderly to very el-
derly and also consistent with reports
suggesting that diabetic arteries stiffen
earlier (14,15) and the fact that earlier on-

Figure 1—Association of age and
PWV in the elastic carotid femoral
segment, the muscular carotid
radial segment, and the muscular
carotid-finger segment in nondia-
betic (A) and diabetic (B) subjects.
E, PWVcf; ■ , PWVcr; F, PWVfin.
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set of clinical arterial disease in diabetes is
well known.

Our findings also confirm the known
difference in age-related change between
elastic and muscular arteries (10,16). Our
nondiabetic subject group showed a non-
significant and small decrease in PWV
with age in the carotid to radial segment
(Table 2), possibly associated with a de-
crease in arterial stiffness. Conversely, the
predominantly elastic aortic artery dem-
onstrated a considerable age-related in-

crease in PWV. This is consistent with
previously reported changes and the loca-
tion of clinically related arterial disease.
CAC predominantly represents the buff-
ering capacity of the proximal aorta. The
arterial segment represented by CAC is
largely precluded from involvement in
PWVcf assessment, as the time taken for
the pressure pulse to reach the femoral
artery is long, and the time taken to prop-
agate to the transduction point at the ca-
rotid artery corresponds to passage of the

aortic pressure pulse around the aortic
arch. There was no statistically significant
age-associated changes in CAC in our
study group. However, despite their rela-
tive youth, we did demonstrate the ex-
pected lower CAC in those with diabetes
compared with those without diabetes
(17).

Change in specific arterial mechanical
properties has been shown to bear a closer
relation to chronological age than many
other parameters, such as graying of hair,
skin elasticity, etc., that are currently used
(18). In this context it has been proposed
that the assessment of “biological” as op-
posed to “chronological” age of an indi-
vidual’s artery may be of use in the
management or prevention of arterial dis-
ease. Our results suggest that use of a ratio
incorporating the differences between age
effects on elastic and muscular arteries
may be a useful means of improving the
age association of arterial change in non-
diabetic subjects and thus a means of im-
proving the accuracy of assessment of
arterial health. Our results further suggest
that if a ratio is to be used, then either
PWVcr or PWVfin may be used as the nu-
merator in nondiabetic subjects. For dia-
betic subjects, however, the numerator
should be PWVfin. This is most likely due
to the segment represented by PWVfin, in-
cluding small arteries such as those char-
acteristically affected by diabetes.

There were apparent differences in
the pressure dependence of PWV in the
arterial segments studied between
groups, with the effect of pressure on
PWVcr seemingly less in the diabetic
group. One potential explanation for this
could be that in this group intrinsic stiff-
ening changes (structural or functional)
had occurred to such an extent that fur-
ther pressure dependence was irrelevant.
However, this did not apply to PWVfin
and PWVcf. In the PWV ratios calculated
here pressure was not a significant deter-
minant, and this further suggests that a
ratio of muscular to elastic artery PWV
may be a useful parameter across individ-
uals.
Limitations of the study. There were
differences in the baseline characteristics
of the diabetic and nondiabetic groups.
This is not a significant drawback in the
current study because the aim was not to
compare absolute parameters between
groups but to look at relationships within
groups. Nevertheless, the results demon-
strate why there is much controversy re-

Table 3—Univariate relation between PWV, PWV ratios, and blood pressure

n DBP MBP SBP

Nondiabetic subjects
PWVcf 106

Correlation 0.032 0.204 0.336
Significance (two-tailed) 0.743 0.036 0.000
Slope 0.009 0.044 0.043

PWVcr 105
Correlation 0.255 0.31 0.318
Significance (two-tailed) 0.009 0.001 0.001
Slope 0.046 0.044 0.028

PWVfin 66
Correlation 0.085 0.196 0.273
Significance (two-tailed) 0.498 0.115 0.027
Slope 0.005 0.008 0.007

PWVcr-to-PWVcf 104
Correlation 0.155 0.02 �0.113
Significance (two-tailed) 0.116 0.841 0.251
Slope 0.003 0.000 �0.001

PWVfin-to-PWVcf 65
Correlation �0.088 �0.211 �0.296
Significance (two-tailed) 0.485 0.092 0.017
Slope �0.001 �0.001 �0.001

Diabetic subjects
PWVcf 53

Correlation 0.259 0.385 0.426
Significance (two-tailed) 0.061 0.004 0.002
Slope 0.062 0.08 0.054

PWVcr 53
Correlation 0.19 0.194 0.156
Significance (two-tailed) 0.173 0.165 0.265
Slope 0.029 0.024 0.011

PWVfin 46
Correlation 0.222 0.339 0.377
Significance (two-tailed) 0.139 0.021 0.01
Slope 0.011 0.014 0.009

PWVcr-to-PWVcf 50
Correlation �0.165 �0.26 �0.303
Significance (two-tailed) 0.251 0.068 0.033
Slope �0.003 �0.004 �0.003

PWVfin-to-PWVcf 43
Correlation �0.232 �0.295 �0.297
Significance (two-tailed) 0.135 0.055 0.053
Slope �0.002 �0.002 �0.001
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garding the effects of diabetes on arterial
compliance, positive deleterious results
arising from studies in younger persons,
and negative studies in older subjects in
which the normal control subjects also
have impaired compliance (11,18,19). All
arterial mechanical properties vary with
blood pressure level. As expected, all
measures of BP in this study increased
with age. This could have a confounding
effect on our measurements of age
changes in arterial properties. We do not
feel that this is a significant influence,

however, as conclusions were not altered
by adjustment for DBP, SBP, or MBP.

In addition, the method used for mea-
suring PWV also has limitations. The dis-
tance traveled by the pulse wave is
measured on the surface of the body. The
vessels in the human body do not travel in
a straight line, therefore possibly con-
founding the measurements. The PWVfin,
which is a time interval measurement, has
a latent period due to intraventricular ac-
tivation time. This may vary in different
people and may also be affected by diabe-

tes. Diabetes affects small vessels, thus
this may be a confounder in measuring
PWVfin.

In conclusion, we have shown signif-
icant differences in the rate of age-related
deterioration in elastic arteries of nondia-
betic compared with diabetic arteries.
Further, we have shown that an improve-
ment in the assessment of age-related
change in elastic arteries may be obtained
by the use of a ratio measure incorporat-
ing values obtained from assessment of
elastic and muscular arteries separately.

Acknowledgments— J.D.C. was supported
by a Wellcome Trust Travel Grant.

We thank Mr. Winston Banya, MSc, for sta-
tistics support.

References
1. Kass DA, Saeki A, Tunin RS, Recchia FA:

Adverse influence of systemic vascular
stiffening on cardiac dysfunction and ad-
aptation to acute coronary occlusion. Cir-
culation 93:1533–1541, 1996

2. Gatzka CD, Kingwell BA, Cameron JD,
Berry KL, Liang Y-L, Dewar EM, Reid CM,
Jennings GL, Dart AM, ANBP2 Investiga-
tors: Gender differences in the timing of
arterial wave reflection beyond differ-
ences in body height. J Hypertens 20:1–7,
2001

3. Dart AM, Kingwell BA: Pulse pressure: a
review of mechanisms and clinical rele-
vance. J Am Coll Cardiol 37:975–84, 2001

4. Benetos A, Safar M, Rudnichi A, Smulyan
H, Richard J-L, Cucimetiere P, Guize L:
Pulse pressure a predictor of long-term
cardiovascular mortality in a French male
population. Hypertension 30:1410–1415,
1997

5. Mitchell GF, Moye LA, Braunwald E, Rou-
leau J-L, Bernstein V, Geltman EM, Flaker
GC, Pfeffer MA, for the SAVE investi-
gators: Sphygmomanometrically deter-
mined pulse pressure is a powerful
predictor of recurrent events after myo-
cardial infarction in patients with
impaired left ventricular function. Circu-
lation 96:4254–4260, 1997

6. Franklin SS, Khan SA, Wong ND, Larson
MG, Levy D: The relation of blood pres-
sure to coronary artery disease risk as a
function of age: the Framingham Heart
Study (Abstract). J Am Coll Cardiol 35
(Suppl. A):291, 2000

7. Blacher J, Asmar R, Djane S, London GM,
Safar ME: Aortic pulse wave velocity as a
marker of cardiovascular risk in hyper-
tensive patients. Hypertension 33:1111–
1117, 1999

Figure 2—PWV ratios (PWVcr-
to-PWVcf and PWVfin-to-PWVcf)
vs. age for all subjects (A) and by
diabetes status (B). A: ■ , PWVcr-
to-PWVcf; F, PWVfin-to-PWVcf.
B: ■ , PWVcr-to-PWVcf for non-
diabetic subjects; F, PWVfin-to-
PWVcf for nondiabetic subjects;
E, PWVfin-to-PWVcf for diabetic
subjects.

Cameron and Associates

DIABETES CARE, VOLUME 26, NUMBER 7, JULY 2003 2137

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/26/7/2133/655894/dc0703002133.pdf by guest on 09 April 2024



8. Laurent S, Boutouyrie P, Asmar R, Gautier
I, Laloux B, Guize L, Ducimetiere P, Bene-
tos A: Aortic stiffness is an independent
predictor of all cause and cardiovascular
mortality in hypertensive patients. Hyper-
tension 37:1236–1241, 2001

9. Waddell TK, Dart AM, Gatzka CD, Cam-
eron JD, Kingwell BA: Women exhibit a
greater age-related increase in proximal
aortic stiffness than men. J Hypertens 19:
1–8, 2001

10. van der Heijden-Spek JJ, Staessen JA, Fa-
gard RH, Hoeks AP, Boudier HAS, Van
Bortel LM: Effect of age on brachial artery
wall properties differs from the aorta and
is gender dependent: a population study.
Hypertension 35:637–642, 2000

11. Rajkumar C, Mensah R, Meeran K, Arm-
strong S, Bulpitt CJ: Peripheral arterial
compliance is lower in Afro-Caribbeans
compared to white Caucasians with type

2 diabetes after adjustment for blood pres-
sure. J Hum Hypertens 13: 841–843, 1999

12. Lui Z, Brin KP, Yin FCP: Estimation of
total arterial compliance: an improved
method and evaluation of current meth-
ods. Am J Physiol 251 (Heart Circ Physiol
20):H588–H600, 1986

13. Cameron JD, Rajkumar C, Kingwell BA,
Jennings GL, Dart AM: Higher systemic
arterial compliance is associated with
greater exercise time and lower blood
pressure in a young older population.
J Am Geriatr Soc 47:653–656, 1999

14. Cheng K-S, Baker CR, Hamilton G, Hoeks
AP, Seifalian AM: Arterial elastic proper-
ties and cardiovascular risk/event. Eur J
Vasc Endovasc Surg 24:383–397, 2002

15. Aoun S, Blacher J, Safar ME, Mourad JJ:
Diabetes mellitus and renal failure: effects
on large artery stiffness. J Hum Hypertens
15:693–700, 2001

16. Benetos A, Laurent S, Hoeks AP, Boutouy-
rie PH, Safar ME: Arterial alterations with
aging and high blood pressure: a nonin-
vasive study of carotid and femoral arter-
ies. Arterioscler Thromb 13:90–97, 1993

17. Berry KL, Skyrme-Jones AP, Cameron JD,
O’Brien RC, Meridith IT: Systemic arterial
compliance is reduced in young patients
with IDDM. Am J Physiol (Heart and Circ
Physiol 45):H1839–H1845, 1999

18. Bulpitt CJ, Rajkumar C, Cameron JD: Vas-
cular compliance as a measure of bio-
logical age. J Am Geriatr Soc 47:657–663,
1999

19. Bulpitt CJ, Cameron JD, Rajkumar C,
Armstrong S, Connor M, Joshi J, Lyons D,
Moioli O, Nihoyannopoulos P: The effect
of age on vascular compliance in man:
which are the appropriate measures? J
Hum Hypertens 13:753–758, 1999

Aging of elastic and muscular arteries

2138 DIABETES CARE, VOLUME 26, NUMBER 7, JULY 2003

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/26/7/2133/655894/dc0703002133.pdf by guest on 09 April 2024


