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Background—Increased arterial stiffness, determined invasively, has been shown to predict a higher risk of coronary
atherosclerosis. However, invasive techniques are of limited value for screening and risk stratification in larger patient

groups.

Methods and Results—We prospectively enrolled 465 consecutive, symptomatic men undergoing coronary angiography
for the assessment of suspected coronary artery disease. Arteria stiffness and wave reflections were quantified
noninvasively using applanation tonometry of the radial artery with a validated transfer function to generate the
corresponding ascending aortic pressure waveform. Augmented pressure (AP) was defined as the difference between the
second and thefirst systolic peak, and augmentation index (Alx) was AP expressed as a percentage of the pulse pressure.
In univariate analysis, a higher Alx was associated with an increased risk for coronary artery disease (OR, 4.06 for the
difference between the first and the fourth quartile [1.72 to 9.57; P<<0.01]). In multivariate analysis, after controlling
for age, height, presence of hypertension, HDL cholesterol, and medications, the association with coronary artery
disease risk remained significant (OR, 6.91; P<<0.05). The results were exclusively driven by an increase in risk with
premature vessel stiffening in the younger patient group (up to 60 years of age), with an unadjusted OR between Alx
quartiles | and IV of 8.25 (P<<0.01) and a multiple-adjusted OR between these quartiles of 16.81 (P<<0.05).

Conclusions—Alx and AP, noninvasively determined manifestations of arteria stiffening and increased wave reflections,
are strong, independent risk markers for premature coronary artery disease. (Circulation. 2004;109:184-189.)
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Ise pressure, reflecting the pulsatile component of blood
pressure and thus to some extent arterial stiffness,® is a
well-known risk factor for myocardia infarction,23 particu-
larly in men.# More accurate determinations of the elastic
properties of the aorta and the large arteries, including
angiographic measures,® echocardiography,® ultrasound mea-
sures of abdominal aortic and carotid arterial diameter,”
MRI .2 radionuclide angiography,® and pulse wave veloci-
ty,1011 have shown associations with coronary atherosclero-
sis. The central aortic pressure wave is composed of a
forward-traveling wave generated by left ventricular gjection
and a later-arriving reflected wave from the periphery.i2 As
aortic and arterial stiffness increase, transmission velocity of
both forward and reflected waves increase, which causes the
reflected wave to arrive earlier in the centra aorta and
augment pressure in late systole. Therefore, augmentation of
the central aortic pressure wave is a manifestation of early
wave reflection and is the boost of pressure from the first
systolic shoulder to the systolic pressure peak.:® This can be
expressed in absolute terms (augmented pressure [AP]) or as
a percentage of pulse pressure (augmentation index [AlX]).

Alx, determined invasively, has been shown to be predictive
for coronary artery disease (CAD).14 Because a noninvasive
approach clearly would be of value for the examination of
larger populations, we investigated the association between
CAD and aortic Alx, assessed by noninvasive pulse wave-
form analysis (PWA).

Methods
This study was conducted in an invasive cardiology department in a
1050-bed tertiary referral hospital in Austria We included 465
consecutive, unselected male patients undergoing coronary angiog-
raphy for the diagnosis or exclusion of CAD. Patients with more than
mild valvular heart disease were excluded. All patients were studied
while taking regular medications (drugs were not withheld before
measurement) and gave written informed consent. The study was
approved by our local ethics committee.

Hypertension was present with repeated measurements of
=140 mm Hg systolic or =90 mm Hg diastolic blood pressure or
permanent antihypertensive drug treatment. Diabetes mellitus was
defined as a fasting blood glucose concentration =126 mg/dL or
antihyperglycemic drug treatment. Current smoking was defined as
having smoked the last cigarette less than 1 week before coronary
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Coronary Angiography

All patients underwent routine coronary angiography using the
Judkins technique on digitized coronary angiography equipment
(Cathcor, Siemens). All coronary angiograms were visually assessed
by at least 3 experienced angiographers (case load >5000 angio-
grams each), and a consensus was reached. The reviewers were
blinded to the results of PWA. For this study, we defined significant
CAD as at least 1 50% or greater diameter stenosis in at least 1
coronary vessel or prior percutaneous or surgical coronary revascu-
larization. The extent of CAD was defined as (1) 1-, 2-, or 3-vessel
disease and (2) addition of a modified stenosis score system
(minimum score was 0; maximum score was 27),%5 with 0, 1, 2, and
3 points, respectively, for <50%, 50% to 70%, 71% to 89%, and
=90% diameter stenosisin 1 to 3 segments of the 3 main coronary
arteries (atotal of 9 segments). The absence of CAD was defined as
completely smooth epicardial coronary arteries without any narrow-
ings visible on coronary angiogram.

Pulse Waveform Analysis
Assessment of arterial stiffness was performed noninvasively with
the commercially available SphygmoCor system (AtCor Medical). In
brief, peripheral pressure waveforms were recorded from the radia
artery at the wrist, using applanation tonometry with a high-fidelity
micromanometer (Millar Instruments). After 20 sequential wave-
forms had been acquired, a validated'¢6-28 generalized transfer
function was used to generate the corresponding central aortic
pressure waveform. Alx and AP were derived from this with the
technique of PWA.1° The merging point of the incident and the
reflected wave (the inflection point) was identified on the generated
aortic pressure waveform. AP was the maximum systolic pressure
minus pressure at the inflection point. The Alx was defined asthe AP
divided by pulse pressure and expressed as a percentage. Larger
values of Alx indicate increased wave reflection from the periphery
or earlier return of the reflected wave as a result of increased pulse
wave velocity (attributable to increased arterial stiffness) and vice
versa. In addition, because Alx is influenced by heart rate, an index
normalized for heart rate of 75 bpm (AIx@75) was used in
accordance with Wilkinson et a.2° Time to return of the reflected
wave (Tr) was the time from the beginning of the derived aortic
systolic pressure waveform to the inflection point and can be used as
a substitute for pulse wave velocity (a higher pulse wave velocity
will lead to a shorter Tr).2: Only high-quality recordings, defined as
an in-device quality index =80% (derived from an algorithm
including average pulse height, pulse height variation, diastolic
variation, and the maximum rate of rise of the peripheral waveform)
and acceptable curves on visual inspection by 1 investigator (T.W.),
were included in the analysis. A total of 19% of the patients initially
evaluated had inadequate pressure tracings, leaving 465 patients for
the study. These exclusions occurred mainly at the beginning of the
study (75% of the tracings were acceptable during the first 2 months
of the study and 93% during the fina months). All PWA measure-
ments were taken in the sitting position in a quiet, temperature-
controlled room (22+1°C) after abrief period (at least 5 minutes) of
rest, most often on the day after cardiac catheterization by nurses not
involved in performance or interpretation of the angiograms. Repeat-
ability of PWA was good. According to the Bland-Altman method,
mean differences between consecutive Alx and AP measurements
performed on 2 different days were 1.37% and 1.2 mm Hg, respec-
tively; 95% limits of agreement for Alx and AP were 10.1% and
9.6 mm Hg, respectively (Figure 1).

Blood pressure measurements were performed with a validated,?2
automated wrist blood pressure monitor (Omron R3, Omron Health-
care), with the radia artery kept at heart level during measurement.

Statistics

Values are expressed as mean+1 SD. Categoric variables were
compared using the x* test. Differences in the mean values between
the 2 groups were compared using unpaired t test, and numerical
correlations were established by a Spearman correlation. A P vaue
of <0.05 was considered significant. Crude rates were compared by
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Figure 1. A and B, Bland-Altman plots of 2 Alx and AP mea-
surements on 2 different days. Mean values vs differences.

Pearson-Mantel-Haenszel test, except the continuous per quartile
result, which was calculated using the logistic regression model.
Statistical analyses were performed using Statistica 6.0 (StatSoft Inc)
as well as BiAS for Windows, 7.05 (Hanns Ackermann) software
packages.

Results

Baseline Clinical Characteristics

The baseline clinical characteristics of our patients are sum-
marized in Table 1. Patients with CAD were older, had more
traditional risk factors, had a higher pulse pressure, and used
B-blockers, ACE inhibitors, and nitrates more frequently. Of
note, the difference in pulse pressure was mediated mainly by
a lower diastolic blood pressure in the CAD group, not by
higher systolic pressure. This is consistent with a greater
degree of arteria stiffness and lower coronary perfusion
pressure in this group.

AP, Alx, Alx@75, Tr, and CAD:

Univariate Analysis

In the entire study population, indices of arterial stiffness
and wave reflections were associated significantly with
CAD (Table 2). When patients were classified into quar-
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TABLE 1. Baseline Characteristics of Study Patients
Level of
Significance,
CAD No CAD P Value
No. of patients 406 59
Body height, cm 171.2+6.6 174.9+6.9 0.00008
Age, y 63.8+10.3 53.7x11.7 <0.000001
Hypertension (%) 285 (70) 28 (47) 0.005
Current smokers (%) 87 (21) 14 (24) 0.84
Diabetes (%) 88 (22) 6(10) 0.15
Total cholesterol, mg/dL 199.7+44.9 203.1+37.4 0.58
LDL cholesterol, mg/dL 121.3+40.7 117.5+33.1 0.56
HDL cholesterol, mg/dL 42.6*+11.5 46.0+13.1 0.06
Triglycerides, mg/dL 179.2+125.4 190.8+131.6 0.51
Creatinine, mg/dL 1.25+0.73 1.12+0.19 0.15
Heart rate, bpm 65.4+12.2 67.5+12.7 0.22
Peripheral systolic blood pressure, mm Hg 131.9+19.9 130.9+17.8 0.73
Peripheral diastolic blood pressure, mm Hg 78.3=13.7 83.2x11.2 0.009
Peripheral pulse pressure, mm Hg 53.6+15.5 47.7+15.0 0.007
Calculated aortic systolic blood 118.8+18.9 118.7+17.1 0.96
pressure, mm Hg
Calculated aortic diastolic blood 78.9+13.8 84.3+10.9 0.005
pressure, mm Hg
Calculated aortic pulse pressure, mm Hg 39.9+13.0 34.4+13.3 0.003
Normal left ventricular function (%) 322 (79) 49 (83) 0.87
Ejection fraction, % 58.8+12.4 60.4+17.3 0.53
Angio-score 6.3+3.8 0+0 <0.0000001
Medications (%)
Nitrates 168 (41) 6(10) 0.0001
B-blockers 244 (60) 19 (32) 0.0005
ACE inhibitors 180 (44) 14 (24) 0.01
Angiotensin receptor blockers 14 (3) 1(2) 0.83
Calcium channel blockers 49 (12) 309 0.39
a-Adrenergic blockers 1(<1) 0(0) 0.97
Diuretics 102 (25) 9(15) 0.22
Statins 204 (50) 7(12) 0.000002

Values are mean=SD or No. (%).

tiles of Alx, the OR for the presence of CAD for patients with
highest versus lowest Alx was 4.06 (P<<0.01) (Table 3).

After dividing patients into a younger (up to 60 years of
age, 190 patients) and an older (older than 60 years of age,
275 patients) group, we found that AP, Alx, AIx@75, and Tr
were different in patients with or without CAD in the younger
age group only (Table 2). However, these differences were
more pronounced than in the total group. Using the same
quartiles of Alx again (Figure 2), the OR for the presence of
CAD for patients with highest versus lowest Alx was 8.25
(P<0.01).

Because Alx is dependent on heart rate, we also corrected
for this (as stated above). The differences between CAD and
non-CAD patients were apparent with the derived AIx@75 as
well (Table 2).

Pulse Waveform Analysis and the Severity of CAD
In the whole patient group, there were weak albeit statis-
tically significant correlations between AP and AIx@75,
but not Alx and Tr, and the extent of CAD, expressed as
angio-score. This was age-dependent; in the older group
(>60 years), Alx, AP, and AIx@75 were high in virtually
all patients and were not related to the extent of coronary
atherosclerosis. However, in the younger patient group,
these correlations were stronger and present for AP, Alx,
AlX@75, and Tr, thus being markers of premature stiffness
and coronary atherosclerosis as well (Table 5). When the
severity of CAD was expressed as 1-, 2-, or 3-vessel
disease or no CAD (after excluding patients with prior
percutaneous revascularization but no recent coronary
stenosis) in this younger patient group, again there was a
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TABLE 2. Alx, AP, Alx75, and Tr and the Risk for CAD in All Patients and in the
Younger (=60 Years of Age) and Older (>60 Years of Age) Patients Groups

Level of
Significance,
CAD No CAD P Value
Total patient group, n=465 406 59
Age, y 63.8+10.3 53.7+11.7 <0.000001
Alx 21.5+11.7 17.1+12.0 0.007
AP, mm Hg 9.1+6.3 6.6+6.6 0.004
Alx@75 16.9£9.9 13.4+10.6 0.01
Tr, msec 138.5+12.3 142.2+151 0.04
Younger patient group, n=190 146 44
age, y 52.4+5.5 48.5+8.2 0.0004
Alx 22.4+11.6 15.4+11.6 0.0005
AP, mm Hg 8.6+5.5 51+5.0 0.0002
Alx@75 17.2+9.4 11.7+10.3 0.002
Tr, msec 139.9+11.9 144.3+16.3 0.05
Older patient group, n=275 260 15
Age, y 70.2+5.8 69.1+5.3 0.45
Alx 21.0+11.7 221+12.3 0.74
AP, mm Hg 9.4+6.7 10.9+8.9 0.43
Alx@75 16.7+10.2 18.1+10.1 0.61
Tr, msec 137.7£12.5 135.9+8.6 0.57
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significant association between the extent of CAD and AP
(Figure 3).

Multivariate Analysis

After adjustment for age, height, hypertension, HDL choles-
terol, and the use of B blockers, ACE inhibitors, statins, and
nitrates, the association between Alx and CAD risk remained
significant (OR for the presence of CAD for patients with
highest versus lowest Alx 6.91, P<<0.05) (Table 3). Again,
this association was greater in the younger patient group (OR
16.81, P<<0.05) (Table 4).

Discussion
In the present study, we observed for the first time a strong
and independent association between manifestations of in-
creased arteria stiffness and early wave reflections, derived
from noninvasive PWA, and the presence and, to some
extent, severity of CAD. Increased Alx and arterial stiffness

are associated with several cardiovascular risk factors,*?
including age, smoking,2® hypertension, diabetes mellitus,
and hypercholesterolemia. Some of them (smoking and total
and LDL cholesterol) were distributed equally between CAD
and non-CAD patients in our study population; the others
(age, height, HDL cholesterol, and presence of hypertension)
were accounted for in multivariate analysis, resulting in even
higher ORs. Therefore, the information provided by Alx and
Tr is independent and complementary to traditional risk
factors.

Vasodilating drugs like nitrates, ACE inhibitors, angioten-
sin |1l antagonists, calcium-channel blockers, and
a-adrenergic blockers al decrease wave reflections and
Alx.22 All of these drugs were used much more commonly in
patients with CAD in our study. If they had been withdrawn,
the difference in Alx between CAD and no-CAD patients
would have been even higher. On the other hand, pure
B-blockers?* have little or no effect on pulse wave velocity or

TABLE 3. OR of CAD According to Alx (Total Patient Group)

Multiple-Adjusted*

Alx n CAD (%) Crude OR (95% CI) OR (95% Cl)
Quartile 1 (—24-9) 73 56 (76.7) 1.00 1.00
Quartile 2 (10-21) 145 125 (86.2) 2.00 (0.97-4.11) 1.4 (0.47—4.40)
Quartile 3 (22-28) 131 117 (89.3) 2.641 (1.22-5.73) 413t (1.28-13.26)
Quartile 4 (29-60) 116 108 (93.1) 4.06% (1.72-9.57) 6.911 (1.41-33.70)
Per quartile 1.57% (1.18-2.08) 2.001 (1.32—3.05)

*Adjusted for age, height, hypertension (yes/no), HDL cholesterol, ACE inhibitors (yes/no),
B-blockers (yes/no), nitrates (yes/no), and statins (yes/no).

1P<0.05.
1P<0.01.
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TABLE 4. OR of CAD According to Alx (Younger Patient Group, up to 60 Years

of Age)

Multiple-Adjusted* OR
Aix N CAD (%) Crude OR (95% Cl) (95% ClI)
Quartile 1 (—17-9) 35 20 (57.1 1.00 1.00

( )
Quartile 2 (10-21) 52 37(71.2)
Quartile 3 (22-28) 55 45 (81.8)
Quartile 4 (29-60) 48 44 (91.7)
Per quartile

2.21(0.48-10.12)
5.421 (1.08-27.06)

16.81t (1.67-169.50)
2.49% (1.41-4.42)

1.85 (0.75-4.54)
3.371 (1.32-8.65)
8.25% (2.67-25.42)
1.95% (1.37-2.79)

*Adjusted for age, height, hypertension (yes/no), HDL cholesterol, ACE inhibitors (yes/no),
B-blockers (yes/no), nitrates (yes/no), and statins (yes/no).

TP<0.05.
1P<0.01.

wave reflections, but they enhance Alx by reduction in heart
rate. We alowed for this by correcting Alx for heart rate
(Alx@75), and the results were the same (Table 2).

Another major factor influencing wave reflections, and
thus Alx, AP, and AIXx@75, is gender. Because of the large
gender differences in Alx reported previously?526 and the
smaller numbers of women undergoing angiography in our
institution, we limited this study to men only.

The finding of the particular value of prematurely in-
creased wave reflections for the prediction of CAD in
younger patients is well in line with the fact that the impact

Figure 2. Alx and presence of CAD in younger patients (up to
60 years of age). Alx, —17 to 9, 10 to 21, 22 to 28, and 29 to 60
in quartiles 1, 2, 3, and 4, respectively.

TABLE 5. Severity of CAD and Alx, AP, and AIx@75 in
Different Patient Groups

Level of

Spearman’s R Significance, P Value

Total patient group, n=465

Alx and angio-score 0.06 0.18
AP and angio-score 0.12 0.01
Alx@75 and angio-score 0.09 0.05
Tr —0.07 0.15
Younger patient group, n=190
Alx and angio-score 0.17 0.02
AP and angio-score 0.24 0.0008
Alx@75 and angio-score 0.18 0.01
Tr —-0.17 0.02
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Figure 3. Severity of CAD and absolute AP in younger patients
(up to 60 years of age); P=0.0008 (Kruskal-Wallis ANOVA); 1, 2,
and 3 VD indicates 1-, 2-, and 3-vessel disease; Stdf, standard
failure; and 0,95 Konf Interv, 95% confidence interval.

of some traditiona risk factors (total cholesterol and smok-
ing)?” and diagnostic tests (electron beam computed tomog-
raphy28) for CAD is age-related as well.

Our data are in good agreement with previous studies
linking arterial stiffness? and increased wave reflections® to
higher cardiovascular mortality, because the underlying dis-
ease in many of those patients was CAD. Taken together,
these findings might extend the recommendation for measur-
ing arterial wall properties in selected patients for the pre-
ventive management of cardiovascular disease to a broader
spectrum of the population.3t With increased arterial stiffness
and wave reflections, more aggressive diagnostic as well as
therapeutic strategies might be appropriate, particularly in
younger patients with premature stiffened arteries. However,
even a reasonable therapeutic strategy based on information
obtained by PWA has to be tested in a randomized controlled
trial.

One potential limitation of our study is the confinement to
symptomatic patients referred for coronary angiography.
Thus, our findings might not be applicable to the genera
population.

The study of Nurnberger et a,32 however, complements
our findings; they found a strong positive correlation between
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Alx and the risk of developing CAD, as assessed by the
European Society of Cardiology Risk Score, in 144 asymp-
tomatic patients without a previous history of CAD or
atherosclerotic disease.

In conclusion, Alx, AIx@75, and AP, measures closely
related to wave reflections and arterial stiffness, are associ-
ated with an increased risk of CAD in younger and middle-
aged male patients. Those measures should serve as markers
of end-organ damage regarding the arterial system, indicating
an increased risk for cardiovascular complications.
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