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ATHEROSCLEROSIS

Relation of Arterial Pressure Waveform to Left Ventricular and
Carotid Anatomy in Normotensive Subjects

PIER SERGIO SABA, MD,* MARY J. ROMAN, MD, FACC, RICCARDO PINI, MD,
MARIANE SPITZER, RDMS, ANTONELLO GANAU, MD,*

RICHARD B, DEVEREUX, MD, FACC
New York, New York and Sassari, Italy

Objectives, The purpose of this study was ¢o examine the
relation ef the central arferial pressure waveform to left ventric-
ular and carofid siructure.

Background. The pressure waveform i the central artevies is
affecied by reflection of the pressure wave from the periphery.
When rellecied waves merge with the incident wave during
systole, a late systolic penk and incroment in systolic bloed
pressure are ebserved. The consequent increase in hemodynamic
load may stimulate left ventricviar and vaseular adaptive changes.

Methods. Sixty-seven normotensive adulis were studied by
noninvasive techniques. Anatomy and function of the left venticle
and carotid artery were investigated by ultrasomography. Pres-
sure waveferms were recorded by an external tonometer applied
to the carotid artery, and waveform shape was expressed by the
augmengation index, calculated from the difference between the
maximal systolic pressure and that at the inflection between early
and late systolic pressure peaks divided by the pulse pressure.

Subjects were assigned to groups with a dominant early (group 1,
angmentation index =0) or dominant late systolic peak (group 2,
augmentation index >8).

Results. Left ventricular mass index was significantly higher in
group 2 than in group 1, a diflerence that persisted after control-
ling for the confounding effects of gender, age and bleod pressure.
Carotid wall thickuess and regional arterial stifiness were signif-
feantly increased in group 2, but differences disappenred in the
analysis of covariance for age.

Conclusions. Left ventricular and cavotid artery structure are
related to the shape of the central pressure waveform. Although
the increase in left vemtricular mass seen in subjects with a
dominant late systolic peak pressure appears to be directly related
to the shape of the pressure waveform, changes in ¢he structural
and physical properties of the carofid artery appear {0 be more
closely related to the aging process.

(J Am Coll Cardiol 1993;22:1873-80)

The arterial pressure waveform is the product of the inter-
action between the left ventricle and the vasculature. Blood
ejected by the left ventricle penerates a pressure wave that
distends the wall of the aorta and subsequent arterial
branches as it propagates along the arterial tree. Two com-
ponents determine the shape of this wave: a forward wave
that travels toward the periphery and a reflected wave that
travels toward the heart (1,2). In the presence of optimal
functional matching between the left ventricle and the vas-
cular system, reflected waves fall in the diastolic portion of
the central arterial waveform and generate a pressure in-
crease that enhances coronary perfusion (3,4).
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Alterations in vascular propertics due to aging (5.6),
hypertension (7,8), atherosclerosis (9,10) and high salt intake
(7,11) lead to increased pulsed wave velocity and cardier
return of reflected waves. Early reflected waves may reach
the central circulation in late systole rather than diastoic,
further augmenting systolic pressure (2,3). The relevance of
this phenomenon to left ventricular performance is sug-
gested by evidence that early return of reflected waves (12)
and a late systolic peak in the central pressure waveform
(13-15) are associzted with higher vascular impedance, an
index of cardiac hydraulic load (16). Furthermore, an in-
crease in systolic wall stress in the central arteries may
induce structural adaptive changes of the vasculature.

Traditionally, high quality central pressure waveforms
could be obtained only by invasive techniques. Thus, study
of their configuration and significance has been limited to
small numbers of subjects undergoing cardiac catheteriza-
tion (12-16). The recent development of noninvasive devices
that accurately record pressure waveforms in the carotid
artery or other large arteries has led to evaluation in larger
groups (17).

Nevertheless, there is a lack of information with regard o
the influence of the arterial pressure waveform on left
ventricular and asterial structure. The presem study utilized
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noninvasive, high fidelity recording of central pressure
waveforms and ultrasound evaluation of carotid and left
ventricular structure to examine these relations in normo-
tensive, apparently normal, subjects.

Methods

Subjects. The study group comprised 67 normotensive
adults (blood pressure <140/90 mm Hg on repeated measure-
ments), with a mean age of 47 = 15 years (range 26 to 85).
Twenty-eight percent (19 subjects) were women, and 24%
(16 subjects) were black. Fifty-one subjects (77%) had never
smoked, 15 subjects (23%) were current or formet smokers
and information with regard to smoking history was unavail-
able in 1 subject. No subject had clinical evidence of
coronary or cerebrovascular disease or diabetes mellitus,
and none were taking medications. The presence of valvular
heart disease was excluded by Doppler echocardiography.
Body habitus was evaluated by body mass index, a measure
of obesity (weight [kg] divided by height {m?]) and body
surface area. The study was conducted in accordance with
protocols approved by the Committee on Human Rights in
Research, Cornell University Medical College in 1989 and
thereafier.

Echocardiography. A skilled research technician per-
formed standard M-mode and two-dimensional echocardio-
grams in all subjects using a commercially available echocar-
diograph with 2.5- and 3.5-MHz imaging transducers. Left
ventricular dimensions were obtained by averaging measure-
ments made from two-dimensionally guided M-mode trac-
ings according to recommendations of the American Society
of Echocardiography (18} on up to six cycles with the use of
a digitizing tablet. When M-mode tracings were technically
inadeguate, left ventricular dimensions were measured from
the two-dimensional study using the method recommended
by the American Society of Echocardiography (19). Left
ventricular mass was calculated using the Penn convention
(20) and adjusted for body surface area. Left ventricular
geometry was further characterized by the relative wall
thickness, calculated as follows: (2 % Posterior wall thick-
nessyEnd-diastolic dimension. Left ventricular end-systolic
and end-diastolic volumes were calculated according to the
Teichholz formula (21) to determine stroke volume. Total
perigheral resistance and leRt ventricular fractional shorten-
ing were calculated using standard formulas. End-systolic
meridional wall stress was calculated by the method of
Reichek et al. (22). Carotid blood pressure at the dicrotic
notch (aonic valve closure), derived from arterial pressure
recording (see Inter), was used to estimate left ventricular
end-systolic pressurs,

Caretid uitresoneyraphy. Carotid ultrasonography was
performed using a Biosound Genesis I system (OTE Bio-
medica) equipped with a 7.5-MHz probe. With the subject
supine and the aeck in slizht hyperexiension, the common
carotid artery, carotid bulb and extracranial portions of the
interna! and external carotid arteries were identified (23).
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Two-dimensionally guided M-mode tracings of the distal
common carotid artery (approximately ! cm proximal to the
carotid bulb) with a simultaneous electrocardiogram and the
pressure waveform from the contralateral carotid artery
{(described later) were recorded on 0.5-in. {1.27 cm) Super
VHS videotape. Suitable frames for measurement of
M-mode images were digitized using a frame-grabber (Imag-
ing Technology, Inc.) interfaced with a high resolution
(640 x 480 pixel) video monitor and stored on diskette. The
axial resolution of the M-mode system is 0.2 mm at -6 dB.

Carotid measurements were performed on stored images
using mouse-driven software written by one of us (\.P.)
after calibration for depth and time, The simultaneous ca-
rotid pressure tracing was used to time carotid artery mea-
surement at end-diastole (minimal arterial pressure) and at
the time of peak systolic pressure. Measurements included
the combined intimal-medial thickness of the far wall at
end-diastole, as has been validated in anatomic correlation
studies (24,25), and end-diastolic and peak systolic internal
dimensions obtained by continuous tracing of the intima-
lumen interfaces of the near and far walls. All measurements
were performed during several cycles and averaged. Arterial
relative wall thickness at end-diastole was calculated as
follows: (2 x Far-wall thickness)/Internal dimension.

Both carotid arterics were scanned to identify the pres-
ence and size of atherusclerotic plagues (25,26). Standard
wall thickness measurements were never obtained at the
level of a discrete plaque.

Carotid pressure waveforms. A high fidelity external
pressure transducer (model SPT-301, Millar Instruments)
applied to the skin overlying the pulse of a common carotid
artery was used to obtain carotid pressure waveforms.
Applanation of the curved surface of the artery, balancing
ciccumferential stresses in its wall, allows accurate registra-
tion of pressurc waveforms, as previously described by
Drzewiecki et al. (27). Waveforms and modulus and phase of
harmonic components obtained by using this external trans-
ducer closely resemble those derived from intraarterial re-
cordings (28). The accuracy of the tonometer compared to
simultaneous intraarterial recordings has been validated in
the femoral artery in dogs (28) and the radial (28) and carotid
(29-31) arteries in humans.

The transducer is internally calibrated (1 mV =
10 mm Hg) and registers absolute changes in biood pressure
over a range of 300 mm Hg. Te obtain actual carotid bloed
pressure values, the waveform tracings were also externally
calibrated. On the basis of the observation that mean arterial
pressure does not significantly vary within the capacitance
vessels (32,33), brachial artery pressure was measured by
cuff and mercury sphygmomanometer with the patient su-
pine, and mean pressure was calculated as follows: Diastolic
blood pressure + (1/3 x Pulse pressure). The obtained value
was assigned to the planimetrically computer-derived mean
blood pressure of the carotid waveforms. After calibration,
carotid peak systolic and end-diastolic pressures were cal-
culated by computer.
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Figure 1. Calculation of the aug.
mentation index (ratio P, — P/
{pulse pressuiz) from a central
pressure recerding in subjects
with dominant late {type A beat)
or early {type C beat} peak sys-
tolic pressure <see text). Repro-
duced from Murgo et al. (13), with
permission of the American Heast
Association, Inc. AP = the differ-
ence between peak sysiolic pres-
sure and pressure at the inflection
point; At, = time to inflection
point; P, = inflection point; PP =

PRESSURE WAVEFORMS AND CARDIOVASCULAR ADAPTATION
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pulse pressure; P, = peak sys-

tolic pressure. TYPE A BEAT

The systolic portion of the carotid waveform was further
analyzed to calculate the augmentation index (15,17,34), a
means of quantifying the angmentation of systolic pressure
due to the late systolic peak as a proportion of the pulse
pressure. After identification of the early and late systolic
peaks and the inflection that separates them, pressures were
determined at peak systolic pressure (P,,) and at the inflec-
tion point (P, using the previously described calibrated
computer system. The augmentation index was calculated as
(Pox — P)/Pulse pressure, when P, occurred in late systole,
or as (P; — Py )/Pulse pressure, when P occurred in early
systole (13) (Fig. 1). Measurements were repeated during
several cycles and averaged. Intraobserver reproducibility
for this index was good (r = 0.84, SEE = 0.06, mean
variation 6%) and was comparable to that of previous studies
(34). On the basis of the configuration of the pressure
waveform, subjects were classified according to the pres-
ence of type A, B, or C beats as classified by Murgo et al.
(13): type A beat = augmentation index >0.12 (late systolic
peak markedly higher than the early systolic peak); type B
beat = augmentation index >0 but <0.12 (late systolic peak
slightly higher than early systolic peak); type C beat =
augmentation index <0 (early systolic peak eaual to or
higher than late systolic peak).

Arterial stiffness. Carotid artery stiffness was estimated
by three methods (35). Peterson’s elastic modulus (E,) was
calculated according to the following formula:

Ep = ([Ps - PaJID; ~ Dy]) X Dy,

where P, and P, are systolic and diastolic pressures, respec-
tively, and D, and Dy are systolic and diastolic carofid
diameters, respectively (36). Young’s modulus (F) (wall
tension per centimeter wall thickness for 100% diameter
increase) was calculated according to the following formula:

E = ([P; - PyJID; ~ D4 x (D/h),

where P, Py, D, and Dy are, as defined previously, the
systolic and diastolic pressures and diameters, respectively,
and D and h are the carotid mean diameter and wall
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thickness, respectively (37). Carotid stiffness was also cal-
culated as @' (beta), according to the following formula
(38,39):

B' = ([Py/PDAID; ~ Dg)/Dy),

which takes into account the curvilinear relation between
arterial pressure and diameter. Because our system records
simultaneous carotid images and pressure (Fig. 2), g was
also determined at a standardized pressure of 100 min Hg
(By00), according to the formula of Hirai et al. (35,39):

B = (in[P/P4DAID; - Dal/Diog),

where Dy, is the carotid diameter at 100 mm kg, This
approach allows the influence of distending pressure on
vascular stiffness to be standardized. Because of limitations
of simultaneous pressure-dimension recordings, it was not
possible to obtain 8’ in seven subjects and By, in an
additional five subjects whose range of arterial pressure did
not include 100 mm Hg.

Statisticnl amalysis. Data were analyzed using the
Crunch? Statistical Package (Crunch Software Corporation)
(40). Relations between continuous variables were evaluated
by linear regression. Comparisons among more than two
groups were performed by analysis of variance, followed by
the Ryan, Einot, Gabriel and Welsch F test multiple com-
parison procedure, which is the most powerful of the tests
based on the F distribution (40,41). Comgarisons between
subjects with ar augmentation index =G (group 1} and
subjects with a positive augmentation index (>0) (group 2)
were performed using the Student ¢ test. Independent pre-
dictors of the augmentation index were determined using
muitiple regression analysis. To take into account the effect
of gender, age and blood pressure, comparisons between the
two groups of subjects were aiso performed by analysis of
covariance. Mean values corrected for gender and age and
for gender, age and mean blood pressure of subjects were
calculated for each dependent variable. Data are expressed
as mean value = SD. A p value < 0.05 was considered
significant.
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Results

Augmentation index and dersogrephic varisbles, The 2i
subjects with type A beats and the 21 subjects with type B
beats were similar with regand to age, body size and blood
pressure, although both groups were older and had a higher
systolic and mean arterial blood pressure than did the 25
subjects with type C beats (Table {). When the subjects with
types A and B beats wers combined (group 2) and compared
with subjects with type C beats (group 1), the proportion of
women was greater in group 2, and height was therefore
lower (Table 2).

Carotid pulse pressure showed a tendency to be higher in
group 2. As a consequence, the increase in pulse pressure
between the carotid and brachial arteries, was less in sub-
Jecis with a positive augmsntation index (15% vs. 29%),
although this difference did not reach statistical significance.

Augmentation index and left ventricular structure and
function. Left ventricular wall thicknesses were greater in
subjects with a dominant late systolic peak (group 2) than in
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Figure 2, Examgples of simultancous M-mode teae-
ing and pressure waveform of the comaton carofid
artery in two subjects with 2 dominant late {A, type
A beat in a Slevear okl man) or early (B, type C
beat in a 27 year-old mand peak systolic pressuse
and similar systolic blood pressure (118 ond
120 mm Hg, respectively). P, = diastolic pressure;
other abbreviations as in Figure 1.

those with a higher early systolic peak (group 1) (Table 3).
Although left ventricular mass was not statistically different
between the two groups, adjustment for body size identified
larger indexed ventricular mass in group 2 (81 = I8 vs. 69
14 ghm?, p < 0.006). After controlling for gender effects, left
ventricular mass index was positively related (r = 0.30, p <
©.02) to the augmentation index (Fig. 3), whereas relations of
ventricular mass to measures of arterial stiffness did not
attain statistical significance. Because left ventricular end-
diastolic chamber sizes were similar, relative wall thickness
was higher in group 2. Total peripheral resistance was
increased in group 2 subjects owing to the higher mean blood
pressure because stroke volume and cardiac output did not
differ statistically between the groups.

Auvgmentation index and carotid artery structure and stiff-
ness. Carotid artery absolute and relative wall thicknesses
were larger in group 2 than in group 1 (Table 4, Fig. 2). All
measures of regional arterial stiffness (except Young’s mod-
ulus, which did not attain statistical significance) were in-
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Table 1. Augmentation Index Groups: Demographic Variables

Type C Beat Type B Beat Type A Beat
(Al 000 (AI>000S0.12) (Al> 01D
n=12% {n=21) =28

Al =011 2 0.08 0.07 = 0.04 0.20 = 0.07
Age (yi} 37211 51 % 16 55 = §2¢
Gender (M/F) 2343 1477 12/9
Height (m) 1.75 = 0.08 1.68 = QuBRT 1.69 = 0.10%
Body mass index (kgm®) 245 + 4.5 254 £ 3.3 259 2 4.
Body smeface avea (m® 191+ 0.3 1.82 = 0.23 1.84 = 0.20
Brachial SBP (mm Hg) =9 122 = 12t 125 = 8*
Brachia! DBP (mm Hg) B9 720t ERI
Brachial PP (mm Hg) LR 56 = 10 497
MAP tmm Hg) B4+ 8 90 = 10t 92 2 7
Carotid SBP (mm Hg) 107 =19 16 = 14* 120 = 9
Carotid DBP (i Hg) 67 £ 10 HIERT! R ]
Carotid PP {mm Hg) 40 = 12 418 48 = 13

*p < 0,03 vs. subjects with type C beat, Tp < 0.00 vs. subjects with type €
beai. Values presenied are mean values = SD or number of subjects. Al =
augmentadion index; DBP = dinstolic bload pressure; F = fomale, M = male,
MAP = mean arterinl pressure; PP = pulse pressure; SBP = systolic blood
prEssure.

creased in group 2 subjects, even when the distending
pressure was taken into account (B,40). The prevalence of
atherosclerotic plaques was similar in groups 1 and 2 (4%
and 14%, respectively).

Relation of age and blood pressure to sugmentation index.
In the study group as a whole, the augmentaiion index was
most closely related to age (r = 0.52, p < 0.00601 (Fig. 4),
similar to previous findings (17). The augmentation index
was inversely related to height (r = —0.39, p < 0.01) but was
not related to body mass index or body surface area. Both

Table 2. Demographic Features and Arterial Pressures in Subjects
With a Dominant Early or Late Systolic Peak of the Central
Arterial Pressure Waveform

Group 2
Group 1 {types A and
{type C beats, B beats,
Al = 0.0) Al > 0.0)
{n = 25} (n=4% p Valie
Al =0.1 = 0.08 (.14 £ 008
Age (yr) 10 54 + 14 < 0.0001
Gender (M/F) 213 26/16 < 0.03
Smoking history (% smokers) 6 26 NS
Height (m) 1.76 = 0.08 169 £ 0.10 < 0.002
Body mass index (kg/m?) 246 4.5 256 £3.7 NS
Body surface area (m?) 192 £ 0.22 1.83 + 0.21 NS
Brachial SBP (mm Hg) 169 123+ 10 < (.005
Brachial DBP (mm Hg) Bx9 74 £ 10 < 0.03
Brachial PP (mm Hpg) 488 508 NS
MAP (mm Hg) 848 % +9 < 0.006
Carotid SBP (mm Hp) 107 £ 10 H8 =12 < 0.0003
Carotid DBP (mm Hg) 67 = 10 7112 N3
Carotid PP {mm Hg) 40 £ 12 47 + 16 NS

Unless otherwise identified, values presented are mean value + SD or
number of subjects. Abbreviations as in Table 1.
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Table 3. Relation of Augmentation Index to Left Ventricular
Structure and Function

Group 1 Group 2
(Al = 0.0) (Al > 0.0)
{an = 25) n=42) p Vaiue
LV diastolic posterior wall 07201 0.8 = C.1 < 0.004
thickness (cm)
IV septal diastolic 0.8 0.1 0.9 £ 0.1 <0.02
thickness (cm)
LV diastolic internal 50+04 49+ 0.5 NS
diameter (cm)
LV mass (g) 133+£35 149 + 44 NS
LV mass index (g/m?) 69+ 14 81 = I8 < 0.006
Relative wall thickness 0.30 £ 0.05 0.34 = 0.06 < 0.002
Total peripheral resistance 1,313 * 269 1,630 = 393 < 0.002
(dyaes-ems™)
Stroke volusme (ml) ER 78 =17 NS
Cardiac output {iters/min) 53211 4.7% 1.3 NS
Fractional shortening (%) KA =5 NS
End-systolic stress §7+16 51= 11 NS

(dynesicin®- 10%)*

*alculaicd using cavotid dicyotic notch pressure. Values presented are
mean value £ SD. Al = augmentation tndex; IV = interventricular; LV = lefi
ventricular,

carotid (r = .33, p < 0.01) and brachial (r = 0.28, p < 0.05)
sysiolic pressures and total peripheral resistance (r == .38,
p < 0.01) were related to the augmentation index. In multiple
regression analysis, independent predictors of the augmen-
tation index included age (R® = 0.27, p < 0.0001), gender
(R? = 0.09, p < 0.005) and mean arterial pressure (R = 0.04,
p < 0.05) but not height.

Analysis of covariance was performed to control for the
impact of gender, age and blood pressure on the differences
in left ventricular and carotid anatomy between the two
groups (Tabies 5 and 6). Afier adjustment for gender and

Figure 3. Relation of the residuals of the relation between left
ventricular mass index and gender (vertical axis) and the augmenta-
tion index (horizontal axis). Gender adjustment is used because of
the higher proportion of women among subjects with a higher
augmentation index.

80 1

7=,30
p<.

Left ventricular mass index residuals

80
04 03 02 01 0 01 02 03 04 05

Augmentation index
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Table 4. Relation of Augmentation Index to Carotid Artery
Anatomy and Stiffness

Group 1 Group 2

(AL < 0.0) (Al > 0.0)

(n = 285) (n = 42 p Value
Wall thickness (mm) 062017 0732015 <00
Diastolic dimension (mm) STT=0.71 550 =060 NS
Relative wall thickness 02005 027006 <0.0006
E, (dynes/cm™10™°) 037018 053031 <00t
E (dynes/cm? per mm-1079) 063019 075203 NS
g (n=60) 3842192 566228 <00
Brea (0 = 55) 428216 603289 <003

Values preseméd are mean value = SD. Al = augmentation index; 5’ =
beta (carotid stiffness index); By = beta at 100 mm Hg E = Young's
modulus; E, = elastic modulus,

age, left ventricular posterior wall and interventricular septal
thicknesses remained higher in group 2 subjects (0.84 vs,
0.75 em, p < 0.01, and 0.88 vs. 0.78 cm, p < 0.05,
vespectively), as did left ventricular mass index (83 vs.
65 g/m?, p < 0.001). Conversely, previously detected differ-
ences in carotid artery structure and vascular stiffness were
no longer significant, Further anaiysis with gender, age and
mean arterial pressure as covariates confirmed significant
differences in left ventricular wall thicknesses and mass
index between the two groups (Table 3).

Discussion

Augmentation index and left ventricular structure. The
present study examines the relation of the shape of the
arterial pressure waveform to cardiac and vascular strocture
in apparently normal adults. Although age-related changes in
the central waveform have been previously demonstrated
(17,42-44), their impact on ventricular-vascular coupling has
only been assessed by invasive methods in small, select
patient groups (15). In the present study, application of
noninvasive methods in normotensive subjects has reveaied
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Figure 4, Relation of augmentation index to age in the study group.

positive relations between the shape of the arterial pressure
waveform in systole and several measures of vascular and
cardiac structure and function. Most notably, higher indexed
left ventricular mass was detected in subjects with late
systolic augmentation of arterial pressure. Although women
predominated in the group with a dominant late systolic peak
with a consequent lower height and lesser distance between
the central circulation and the sites of pressure wave reflec-
tion, this increase in ventricular mass became statistically
more significant after adjustment for age, gender and blood
pressure. A relation of augmentation index to height has
recently been observed (31,43), although its impact on left
ventricular mass was not examined in these studies.

The physiologic basis for the observed relation between
the arterial pressure waveform and left ventricular structure
may reflect the impact of artertal pressure on ventricular wall
stress. Delay of peak systolic pressure into late systole will
slow the normally rapid decline of ventricular wall stress
after the peak level is reached in early systole (46) and
thereby increase the integral of systotic left ventricular wall

Table §, Left Ventricular Anatomy in Relation to Augmentation Index After Correction for
Gender, Age and Mean Arterial Pressure by Analysis of Covariance

Adjusted Mean Values* Adjusted Mean Values*
for Group 1 (n = 25) for Group 2 (n = 42)
{Al 50.0) (Al > 0.0)
Age Age + MAP Age Age + MAP

Height (m} 1.7 .72 LN 1.70
LV diastolic posterior wal! thickness (cm) 078 0.76 0.84t 0.83%
1V septal diastolic thickness (cm) 0.78 0.80 0.88¢% 0.87¢
LV mass index (g'm®) 65 65 83 831
LV relative wall thickness 031 0,32 0.33 0.33
Total peripheral resistance (dynes-cmfs ™) 1434 1454 1,568 1,551

*Mean values are corrected for gender and age and for gender, age and mean arterial pressure of subjects.
Tespectively. ¥p < 0.01 versus group 1 after adjustment for gender and age. 1p < 0.05 versus group 1 after adjustment
for gender, age and mean arterial pressure. §p < 0.05 versus group 1 afier adjustment for gender and age. [|p < 0.001
versus group | after adjustment for gender and age. ¥p < 0.001 versus group 1 after adjustment for gender, age and

mean arterial pressure. Abbreviations as in Tables 1 and 3.
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Table &. Carotid Artery Siructure and Stiffaess in Relation to
Augmentation Index After Correction for Gender, Age and Mean
Arterial Pressure by Analysis of Covariance

Adjusted Mean
Vatues* for Group 1
n=23) (Al £ 0.0)

Adjusted Mean
Values® for Group 2
(n =4 (Al > 0.0

Age  Age + MAP  Age  Age + MAP
Carotid SBP (mm Hg) 110 113 t16 15
Carotid DBP (mm Hg) 66 0 72 69
Carotid wall thickness 0.68 0.70 0.69 0.69
{mm)
Carotid relative wall 0.24 0.24 0.26 0.25
thickness
E, (dynes-cm® 107%) 0.48 0.48 0.47 0.47
E (dynes-cm™mm- 10" 0.69 0.69 0.72 0.72
& (= 6l 0 4,95 4,92 4,97
Bion (8 = 55) 5.66 5.51 5.31 5.38

*Mean values are corrected for gender and age and for gender, age and
mean arterial pressure of subjects, respectively, Abbreviations as in Tables 1
and 4,

stress despite normal peak systolic and end-diastolic blood
pressures. An increase in integrated left ventricular wall
stress would in turn increase myocardial oxygen demand
(47 and left ventricular mass because the tension imposed
on cardiac myocyies is the single most important stimulus to
myocardial cell growth (48,49). The association between late
systolic pressure peaks and left ventricular relative wall
thickness did not remain statistically significant after adjust-
ment for gender and age.

Prospective evaluation will be required to determine
whether subjects with a dominant late systolic arterial pres-
sure waveform peak are more likely to develop frank left
ventricular hypertrophy or isolated systolic hypertension, or
both, than are those with a dominant early systolic peak. The
observation that the pulsatile component of blood pressure is
an independent risk factor for cardiovascular death (50) and
is related to left ventricular hypertrophy (51,52) suggests that
left ventricular hypertrophy may develop later in a dispro-
portionate number of these subjects.

Augmentation index and carotid artery structure and func-
tion. The structure of the central conduit arteries, exempli-
fied by the common carotid artery, was also found in the
current study to be related to the pressure waveform. Similar
to left ventricular findings, both the absolute and relative
wall thicknesses of the common carotid artery were in-
creased in subjects with a dominant late systolic pressure
peak, whereas the internal diameters were similar in the two
groups. All measures of regional arterial stiffness were
increased in group 2 subjects, including measures that take
into account the curvilinear pressure-volume relation (8’ and
Bioo)s the influences of distending pressure (Byq0) or the
effect of compensatory increases in wall thickness (Young’s
modulus).

The observed differences in carotid artery structure and
stiffness between the two groups appear io be primarily
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related to differences in age based on the analyses of
covariance. The present results confirm previous reports of
a strong relation between age and the augmentation index
(13.,17.44). Development of late systolic peaks of the pres-
sure waveform may therefore primarily reflect changes in
arterial structure associated with the aging process (5,6,53).
The potential contribution of atherosclerosis to these vascu-
lar changes could not be evaluated in the current study group
with a low prevalence of atherosclerotic plagues (10%).

Conclusions, Left ventricular and carotid artery structure
in normotensive adults are related to the shape of the central
arterial pressure waveform. Although the increase in left
ventricular mass seen in subjects with a dominant late
systolic peak appears to be directly related to alterations in
the shape of the pressure waveform independent of mean
arterial pressure and age, changes in the structural and
physical properties of the carotid artery could not be disso-
ciated statistically from the aging process. In fact, it is
possible, perhaps even likely, that the known effects of
increasing age on the central arterial pressure waveform (17)
are biologically mediated by thickening and increased stiff-
ness of the capacitance vessels. Further studies are required
to determine whether this is true and to clarify the indepen-
dent prognostic significance, if any, of a dominant late
systolic peak of the pressure waveform.

We thank Virginia Burns for assistance in preparation of the manuscript.
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