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Local pulse wave velocity directly reflects increased
arterial stiffness in a restricted aortic region with
progression of atherosclerotic lesions

Shin-ichiro Katsuda1, Kenji Takazawa2, Masao Miyake1, Daisuke Kobayashi1, Masahiko Kusanagi3

and Akihiro Hazama1

We investigated local pulse wave velocity (LPWV) in different aortic segments with respect to the rheological properties of the

aorta with age-related progression of atherosclerosis in Kurosawa and Kusanagi-hypercholesterolemic (KHC) rabbits. Normal and

KHC rabbits aged 10–12, 22–24 and 34–36 months were anesthetized with pentobarbital sodium (30mgkg�1, intravenous).

Pulse waves at the ascending aorta were recorded simultaneously with those at the proximal, middle and distal thoracic and

abdominal aortas by moving a catheter with three micromanometers (40-mm intervals) at 80-mm intervals from the origin of

the descending thoracic aorta. The aortic diameter was measured using an intravascular imaging system at the same aortic

position at which the pulse waves were measured. LPWV was the greatest in the aortic arch, decreased gradually in the thoracic

aorta and increased again in the abdominal aorta in KHC rabbits, whereas it was the lowest in the aortic arch, increased

slightly in the thoracic aorta and increased gradually in the abdominal aorta in normal rabbits. LPWV increased significantly

with age in most aortic segments. The change pattern of LPWV resembled that of the percent fractional lesioned area where

LPWV was determined. The significant increase in LPWV with age was mainly due to the increase in the elastic modulus of the

aortic wall with atherosclerotic progression as well as the increase in wall thickness. LPWV accurately detected the presence of

atherosclerotic lesions and alteration in the rheological properties of the aortic regions through which pulse waves travelled.
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INTRODUCTION

Pulse wave velocity (PWV) has been widely used as a direct measure
of arterial stiffness.1,2 PWV has been well shown to increase with
age3–6 and with the progression of atherosclerotic lesions in humans7,8

and animals.9,10

Atherosclerotic lesions have been observed to develop in a favored
aortic region such as the ascending aorta (AA) and areas around the
orifices of branch arteries and progress toward the peripheral aortic
sites with age in Kurosawa and Kusanagi-hypercholesterolemic (KHC)
rabbits,11 while sclerotic lesions have been observed to develop mainly
in the proximal abdominal aorta and spread peripherally with age in
humans.12 Sawabe et al.13 reported that aortic PWV before death
showed a significant positive correlation with the degree of
atherosclerosis evaluated by autopsy examination in elderly patients.
On the other hand, some investigators14–16 reported that PWV had
no association with carotid intima-media thickening, one of the
useful surrogate indices of the early stage of atherosclerosis. We
previously reported that local pulse wave velocity (LPWV) in different

aortic segments reflected extent and severity of the sclerotic lesions in
young-adult KHC rabbits.17 Atherosmatous plaques have been shown
to stiffen and develop toward the peripheral aortic regions with age in
KHC rabbits in the previous studies.11,18 It is advisable to measure
PWV in a restricted aortic region, because this makes it possible to
precisely detect age-related changes in arterial stiffness in different
aortic segments.

In the present study, we investigated changes in LPWV in different
aortic regions with progression of atherosclerotic lesions with respect
to the alterations in the rheological properties of the aortic wall in
KHC rabbits.

MATERIALS AND METHODS

Animals
Thirty normal and 30 KHC rabbits of both sexes aged 10–12, 22–24 and 34–36

months (n¼ 10, for normal and KHC rabbits for any age group) were used in

the present study. They were given a commercial diet (RC-4, Oriental Yeast,

Tokyo, Japan) and raised in an air-conditioned, clean room at a room
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temperature of 22±2 1C, relative humidity of approximately 50% and light

and dark cycle at 12L/12D. The present study was approved by the

Experimental Animal Committee of Fukushima Medical University and was

performed according to the Guidelines for Animal Care and Use of the US

National Institutes of Health.

Serum biochemical assays
Blood was sampled from the posterior earlobe artery in the morning after

overnight fastening. Serum was obtained by centrifugation at 3000 r.p.m. at

4 1C for 10 min. Serum total and high-density lipoprotein cholesterols,

triglyceride and glucose levels were determined by enzymatic methods using

an automatic analyzer (AU-5232, Olympus Corporation, Tokyo, Japan).

Surgical procedure and pressure wave recording
The surgical procedure was almost the same as that reported previously.17,19

The rabbits were anesthetized with an intravenous administration of

pentobarbital sodium (Nembutal; Abbott Laboratories, Chicago, IL, USA) at

a dose of 30 mg kg�1 and were fixed in a supine position. Procaine chloride

was applied to the incised regions to reduce pain. A catheter with a

micromanometer at the tip (3Fr, SPS-330; Millar Instruments, Dallas, TX,

USA) was introduced to the AA via the left common carotid artery. Another

catheter with three micromanometers (3Fr, SPS-892; Millar Instruments) at

the tip (40-mm intervals) was advanced to the distal end of the aortic arch via

the left femoral artery. After stable blood pressure had been established

approximately 30 min after the catheterization, pressure waves were measured

simultaneously at four aortic positions: one in the AA and the others at the

distal end of the aortic arch (position 0; P.0), proximal (P.1), middle (P.2) and

distal (P.3) thoracic aortas and proximal (P.4), middle (P.5) and distal (P.6)

abdominal aortas by carefully moving the tip of the catheter with three

micromanometers from P.0 to P.4 at intervals of 80 mm. Pulse waves at these

aortic positions were measured at almost the same mean arterial pressure

(MAP) level before and after moving the catheter and were fed into a

computer (PowerBook G4 M9691J/A; Apple, Cupertino, CA, USA) through an

analogue-to-digital converter (PowerLab system 16s/, AD Instruments, Sydney,

NSW, Australia) at intervals of 0.1 ms.

Measurement of intravascular ultrasound images
Pulsatile changes in the internal diameter (D) of the aorta were measured using

an intravascular ultrasound (IVUS) imaging system (In-Vision Tsunami,

EndoSonic Corp., Rancho Cordova, CA, USA). After pulse wave recording

was completed, the catheter in the descending aorta was withdrawn, and an

IVUS catheter (2.9Fr, 20 MHz, Eagle Eye Gold, Volcano Corp., Rancho

Cordova, CA, USA) was advanced to P.1 from the left femoral artery. IVUS

images were measured at P.1, P.4 and P.6 at almost the same MAP level as that

when the pulse waves had been measured and were fed into a computer.

Determination of LPWV
LPWV was determined as Dd/Dt, where Dd is the distance between two

adjacent aortic positions and Dt is the difference in the rising point of the

pressure waves between two adjacent aortic positions. The rising point of the

pressure waves was defined as the peak of the second derivative of the original

pressure waves, as reported previously.17,19 The distance between AA and

P.0 was calculated as D1�D2, where D1 is the distance between the

micromanometer at AA and the entry site of the catheter in the left femoral

artery, and D2 is the distance between P.0 and the entry site. D1 was measured

at least twice in situ and was averaged after pulse wave measurement had been

completed. Heart rate was calculated from the interval of rising point of pulse

waves at AA.

Analysis of the rheological properties
The internal diameter of the aorta was measured using an IVUS catheter.

Circumferential pressure–strain elastic modulus (Ep) was determined as

Ep¼PP/(Ds�Dd)/Dm, where PP is the pulse pressure and Ds, Dd and Dm

were the systolic, diastolic, and mean ((DsþDd)/2) diameters at P.1, P.4 and

P.6, respectively.17,19,20 The aorta was stored at �85 1C and thawed rapidly at

37 1C before the measurement of wall thickness. Wall thickness (h) in situ was

estimated using the following formula: h¼W/(1.06� p�Dm�Wd), where

1.06, W, and Wd were the density of the wall,21 sample weight and sample

width, respectively.

Determination of the percent fractional lesioned area (PFLA)
The aorta was excised from its origin to the bifurcation of the common iliac

arteries, and the intimal surface of the aorta was xerox-copied. Monochromatic

images were scanned and stored into a computer, after the outlines of the

atheromatous plaques and the aorta had been carefully traced. The aortic

surface was divided into seven aortic segments by the eight aortic positions at

which pulse waves were measured; AA–P.0, P.0–P.1, P.1–P.2, P.2–P.3, P.3–P.4,

P.4–P.5 and P.5–P.6, which were located in the aortic arch, proximal, middle

and distal thoracic aortas and proximal, middle and distal abdominal aortas,

respectively. The lesioned area at each segment was automatically selected and

displayed in black with the Magic Wand Tool in Photoshop (Photoshop 6.0,

Adobe Systems Inc, San Jose, CA, USA). The lesion-free area at each segment

was displayed in white. PFLA at each aortic segment was calculated as a

percentage of ratio of lesioned to entire areas in 10 KHC rabbits in each age

group using the NIH Image software (Scion Corporation, Houston, TX, USA),

as reported previously.17,19

Statistical analysis
The data were analyzed with a three-level nested analysis of variance using a

commercial statistical software (StatFlex version 6; Artech, Osaka, Japan). The

difference between a pair of data was tested using the Scheffe’s multiple

comparison test at each position if a significant difference was observed in the

Table 1 Body weight and serum lipid and glucose levels in the normal and KHC rabbit groups aged 10–12, 22–24 and 34–36 months old

Age (months) Strain 10–12 22–24 34–36

Body weight (kg) Normal 3.8±0.4 3.9±0.3 3.8±0.3

KHC 3.5±0.2 3.6±0.3 3.6±0.4

Serum total cholesterol (mg dl�1) Normal 29.9±8.2 34.0±12.7 35.6±14.4

KHC 564.9±104.1***,a 554.8±79.3***,b 541.0±96.5***,c

Serum triglyceride (mg dl�1) Normal 24.9±10.5 31.6±11.0 36.8±17.6

KHC 182.4±38.3***,a 179.8±48.4***,b 138.6±39.6***,c

Serum HDL cholesterol (mg dl�1) Normal 20.8±5.8 26.0±8.0 25.8±8.6

KHC 9.9±2.6***,a 10.8±4.3***,b 9.3±4.0***,c

Serum glucose (mgdl�1) Normal 123.7±6.5 137.0±19.1 124.0±18.4

KHC 127.3±7.1 134.4±15.7 129.0±16.8

Abbreviations: HDL, high-density lipoprotein; KHC, Kurosawa and Kusanagi-hypercholesterolemic.
*Po0.05, **Po0.01, ***Po0.001.
aNormal 10–12 vs. KHC 10–12 months.
bNormal 22–24 vs. KHC 22–24 months.
cNormal 34–36 vs. KHC 34–36 months.
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three-level nested analysis of variance. A value of Po0.05 was considered as

significant.

RESULTS

Serum lipid and glucose levels
Table 1 shows body weight, serum lipid and glucose levels in the
normal and KHC rabbit groups aged 10–12, 22–24 and 34–36
months. There was little difference in body weight and glucose level
between the KHC and age-matched control rabbit groups and among
the three age groups in the two strains. Serum total cholesterol
(Po0.001) and triglyceride (Po0.001) levels were extremely high in
the KHC rabbit group compared with those in the age-matched
control group, while high-density lipoprotein cholesterol (Po0.001)
was significantly lower in the KHC rabbit group than in the
age-matched control group.

Pathological findings of the atherosclerotic aorta in the KHC
rabbit group
Figure 1 illustrates photocopies of the intimal surface of the aorta in
the KHC rabbits aged 12, 24 and 36 months (a) and age-related
change in PFLA at different aortic segments (b). Atheromatous
plaques were located in the aortic arch and around the orifices of
branch arteries at 12 months of age and developed at the peripheral
arterial sites with age. At 36 months of age, most of the intimal
surface was covered with atheromatous plaques. PFLA was the greatest
in the aortic arch (AA–P.0), decreased gradually in the thoracic aorta
and increased in the proximal abdominal aorta (P.3–P.4) in any age
group, whereas it was small in the middle and distal thoracic aortas at
10–12 months of age and in the middle and distal abdominal aortas

in any age group. The histological findings of the aortic wall were the
same as those reported previously.18 Abundant cholesterol-rich foam
cells were observed at 12 months of age in the ascending, proximal
thoracic and proximal abdominal aortas. The foam cells were being
replaced by proliferated collagenous and elastin fibres with age.

Age-related changes in blood pressure at different aortic positions
Systolic and diastolic blood pressures (SBPs and DBPs, respectively) at
each aortic position in the normal and KHC rabbit groups were listed
in Table 2. SBP was significantly greater in the KHC rabbit group than
in the age-matched control group at any aortic position at different
ages and increased significantly with age between AA and P.4 in the
KHC rabbit group. DBP was significantly greater in the KHC rabbit
group than in the age-matched control group at any aortic position,
except AA, P.0, P.1, P.5 and P.6 at 34–36 months of age. MAP, PP and
heart rate in the normal and KHC rabbit groups were shown in
Table 3. MAP in the KHC rabbit group showed a significant increase
compared with that in the age-matched control group at any aortic
position, but did not increase significantly with age. PP was
significantly higher in the KHC rabbit group than in the age-matched
control group at AA, P.0 and P.1 at 22–24 months of age and at any
aortic position at 34–36 months of age and showed age-associated
increase at any aortic position. There was no significant difference in
heart rate between the KHC and age-matched control rabbit groups
and among the three age groups in the two strains.

Age-related changes in LPWV in different aortic segments
Figure 2 shows age-related changes in LPWV in different aortic
segments in the normal and KHC rabbit groups. In the normal rabbit
group, LPWV was the lowest in AA–P.0, increased slightly in the
thoracic aorta and increased gradually in the abdominal aorta with
increasing distance from the heart at different ages. There was no age-
related significant difference in LPWV at any aortic segment. In the
KHC rabbit group, LPWV was the greatest in the aortic arch,
decreased gradually in the thoracic aorta and increased again in the
abdominal aorta at any age. LPWV was significantly greater in the
KHC rabbit group than in the age-matched control group between
AA–P.0 and P.3–P.4. It is interesting that LPWV in the KHC rabbit
group was almost identical to that in the age-matched control group
in almost all lesion-free aortic segments. LPWV increased significantly
with age in the KHC rabbit group in all of the aortic segment except
P.5–P.6. The change pattern of the LPWV resembled that in the PFLA
in the aortic regions proximal to P.3–P.4 in any age group.

Age-related changes in the rheological properties of the aorta
Figure 3 shows the effect of age on PE (panel a), h (panel b), D
(panel c) and PEh/D (the inside value of the root sign in the
Moens–Korteweg equation22,23) (panel d) in the proximal thoracic
aorta in the normal and KHC rabbit groups. The PE value was
significantly greater in the KHC rabbit group than in the age-matched
control group, whereas Ep at 10–12 months of age in the KHC rabbit
group was nearly equal to that in the age-matched control group. The
Ep value increased significantly with age in the KHC rabbit group.
The h value was significantly greater in the KHC rabbit group than in
the age-matched control group at 22–24 and 34–36 months of age
and increased significantly with age in the KHC rabbit group. There
were neither significant differences in the D value between the two
groups nor significant age-related changes in the D value in the two
groups. The Eph/D value was significantly greater in the KHC rabbit
group than in the age-matched control group at 22–24 and 34–36
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months of age and showed a significant age-related increase in the
KHC rabbit group.

Figure 4 illustrates the effect of age on Ep (panel a), h (panel b),
D (panel c) and Eph/D (panel d) in the proximal abdominal aorta in
the normal and KHC rabbit groups. The Ep value showed a significant
increase in the KHC rabbit group compared with that in the
age-matched control group at 22–24 and 34–36 months of age and
also showed a significant age-related increase in the KHC rabbit
group. The h value was significantly greater in the KHC rabbit group
than in the age-matched control group and increased significantly
with age in the KHC rabbit group. The D value did not show any
significant differences between the KHC and age-matched control
rabbit groups nor any significant age-related changes in the two
groups. The Eph/D value showed a significant increase in the KHC

rabbit group compared with that in the age-matched control group at
22–24 and 34–36 months of age and also showed a significant age-
related increase in the KHC rabbit group.

Figure 5 shows the effect of age on Ep (panel a), h (panel b),
D (panel c) and Eph/D (panel d) in the distal abdominal aorta (P.6)
in the normal and KHC rabbit groups. There were no significant
difference in Ep, h, D and Eph/D values between the KHC and age-
matched control groups. The Ep and D values changed little with age
in the two strains. The h and Eph/D values tended to increase slightly
with age in the KHC rabbit group, which was not significant.

DISCUSSION

Blood pressure level in KHC rabbits
SBP, DBP and MAP were significantly greater in the KHC rabbit
group than in the age-matched control rabbit group. SBP showed the
age-associated increase in the KHC rabbit group. Akita et al.24

previously measured SBP, DBP and MAP for 24 h using a telemetry
system in the normal and KHC rabbits aged 5 and 10 months
through a catheter chronically indwelt in the abdominal aorta under
conscious conditions. They reported that SBP and DBP in the two
rabbit strains were distributed below 100 and 70 mm Hg, respectively,
in both light and dark phases. We recorded pulse waves under
anesthetized conditions. Pentobarbital anesthesia has been shown to
exert on cardiovascular system due mainly to modulating sympathetic
tone.25,26 We considered that pentobarbital sodium affected
cardiovascular system and elevated strongly blood pressure level
especially in the aged KHC rabbits, although precise pressor
mechanism has not been investigated in the present study.

Effects of the rheological characteristics on LPWV
PWV could be theoretically expressed by the Moens–Korteweg
equation: PWV¼K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Eh=rD

p
, where K, E, h, r, and D are a constant,

elastic modulus, wall thickness, density of blood and internal
diameter, respectively.22,23 In the present study, the Ep value at
22–24 and 34–36 months of age in the KHC rabbits showed a
significant increase compared with that in the age-matched control
groups in the proximal thoracic and proximal abdominal aortas and
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increased significantly with age in the KHC rabbit group. The h value
was also significantly greater in the KHC rabbit group than in the
age-matched control group in the proximal thoracic and proximal
abdominal aortas and increased significantly with age in the KHC
rabbit group. There was no significant difference in the D value
between the normal and KHC rabbits in any age group. Although the
r value was not determined in the present study, Hasegawa et al.27

confirmed no significant difference in the r value between normal
and heritable hyperlipidemic rabbits. Therefore, the significant
increase in LPWV at 22–24 and 34–36 months of age in the KHC
rabbits is mainly due to the significant increase in the Eph/D value in
the proximal thoracic and proximal abdominal aortas. The age-
associated increase in LPWV in the KHC rabbit group is also mainly
ascribed to the significant age-related increase in Ep and h in the
proximal thoracic and proximal abdominal aortas.

In the relatively early-to-middle stages of atherosclerosis, the aortic
wall was thickened with abundant foam cells in KHC rabbits at

10–12 months of age. The abundant foam cells are thought to endow
softness to the wall,18,28 which was thought to be partly reflected by
the absence of a significant difference in Ep and LPWV in the thoracic
aorta between the young-adult KHC and age-matched control rabbit
groups. Farrar et al.10 reported that PWV tended to decrease at the
early stage of dietary-induced atherosclerosis in cynomolgus monkeys.

LPWV increased gradually along the aorta and reached maximum
in the distal abdominal aortic segment (P.5–P.6) in the normal rabbit
group at any age. The Ep value increased, whereas the h and D values
decreased with increasing distance from the heart. The Ep value at P.6
was nearly twice as large as that at P.1. The Eph/D value resulted in
increasing toward peripheral aortic position (Figures 3–5), which was
considered to be responsible for the maximum level of LPWV in
P.5–P.6 in the normal rabbit group.

Change pattern of LPWV did not reflect that of PFLA in the aortic
segments distal to P.3-P.4, in which PFLA decreased drastically in any
age group. LPWV was the greatest in P.5–P.6 compared with that in
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the lesion-rich aortic segments (AA–P.0 and P.3–P.4) in the 10–12-
month-old KHC rabbit group although sclerotic lesion was few in
P.5–P.6. The Ep value at P.6 was nearly twice as large as that at P.1,
whereas the h and D values decreased toward peripheral aortic region.
The Eph/D value at P.6 resulted in exceeding that at P.1 and P.4, which
was thought to be responsible mainly for reaching a maximum LPWV
level in P.5–P.6 in young KHC rabbit group. LPWV reduced in the
segment of P.5–P.6 in the aged KHC rabbit group. This was thought
to be responsible for the decreased Ep, h, D and Eph/D values at P.6
compared with those at P.1 and P.4. LPWV in the segment of P.5–P.6
also showed no significant differences between the KHC and age-
matched control rabbit groups. This was due mainly to the fact that
there was no significant difference in the Ep, h, D and Eph/D values at
P.6 between the KHC and age-matched control rabbit groups
although the h and Eph/D values tended to increase a little in the
aged KHC rabbit group.

In human studies, Zureik et al.14 observed that a significant
correlation was not present between cerotid–femoral PWV and
intima-media thickening after adjusting for age and blood pressure.
Nishi et al.15 demonstrated no association between brachial–ankle
PWV and intima-media thickening even in the presence of athero-
matous plaques. Cecelja and Chowienczyk16 reported in their review
that hypertension was the only risk factor of cardiovascular disease
associated with the progression of cerotid–femoral PWV. Although
cerotid–femoral PWV and brachial–ankle PWV are not adequate to
estimate the localization of atherosclerotic lesions, LPWV makes it
possible to identify the relatively early-to-middle stages of athero-
sclerotic lesions.

Effects of blood pressure on LPWV
PWV has been shown to be dependent on SBP3,6,29,30 and DBP.6,29,31

Hayashi et al.32 reported that PWV from the aortic root to the
bifurcation of the common iliac arteries increased by 0.54 m s�1 and
0.66 m s�1 in the young-adult normal and KHC rabbit groups,
respectively, when the MAP level was increased by 20 mm Hg. In
the present study, SBP, DBP, MAP (Tables 2 and 3) and LPWV
(Figure 2) distributed in a relatively narrow range at different
positions in the two strains. There was no significant correlation
between SBP and LPWV, between DBP and LPWV and between MAP
and LPWV at most aortic positions in the two rabbit strains except
P.0, P.1 and P.2 in the normal rabbit group aged 34–36 months.
Significant correlation may be incidentally detected depending on
variation of the correlation plot within a small pressure range. SBP,
DBP and MAP showed a relatively small but significant difference
between the two rabbit strains at different aortic positions in any age
group, which might slightly contribute to the increase in LPWV in the
KHC rabbit group.

Usefulness of LPWV as an index of arterial stiffness
Augmentation index (AI) of central pressure waves has been used as
an indirect index of arterial stiffness.4 AI was calculated as a ratio of
the height of the early-to-late (¼ pulse pressure) systolic waves.33,34

The former is mainly affected by the distensibility of the arterial wall,
stroke volume or ejection rate from the left ventricle, and the latter is
mainly affected by the magnitude and arrival time of reflected waves
from the peripheral arterial sites.2 We reported previously that AI in
the AA did not show an age-associated increase in KHC rabbits
although atherosclerotic lesions were prominent in the AA and
progressed with age.35 This was mainly because the height of the
early as well as the late systolic waves increased progressively with age
in the KHC rabbits.35 Furthermore, the rise in AI was inhibited by the

increase in the early systolic pressure with the considerable increase in
LPWV in the AA (Figure 2). The incremental elastic modulus of the
aortic wall increased progressively with age,18 whereas stroke volume
and heart rate did not show a significant age-associated change.35 The
age-related decrease in the distensibility of the aortic wall does not
increase AI but increases LPWV. Therefore, LPWV, rather than AI, is
useful for evaluating the increase in arterial rigidity in a restricted
aortic region.

Limitations
Atheromatous plaques are the most dominant in the aortic arch and
around the bifurcations of branch arteries in rabbits, whereas they are
prominent in the abdominal aorta in humans.12 It is necessary to
consider the differences in the localization and development of
atherosclerotic lesions between rabbits and humans. In this study,
we measured LPWV invasively by using a catheter with multiple
micromanometers at the tip in anesthetized hypercholesterolemic
rabbits. However, this method is allowed in patients only during
cardiac catheterization. It is therefore necessary to develop non-
invasive techniques to precisely measure pulse waves and other
hemodynamic parameters such as aortic diameter and wall
thickness of narrowed aortic areas for LPWV measurement.

CONCLUSIONS

In conclusion, LPWV accurately detected the presence of athero-
sclerotic lesions and alteration in the rheological properties of the
aortic wall of the aortic regions through which pulse waves travelled.
LPWV could thus be a useful aid for the diagnosis of the location and
severity of atherosclerotic lesions.
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