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Abstract
The Prevention of Events with Angiotensin Converting Enzyme inhibition (PEACE) trial evaluated
angiotensin-converting enzyme inhibition with trandolapril versus placebo added to conventional
therapy in patients with stable coronary disease and preserved left ventricular function. The PEACE
hemodynamic substudy evaluated effects of trandolapril on pulsatile hemodynamics. Hemodynamic
studies were performed in 300 participants from 5 PEACE centers a median of 52 months (range,
25 to 80 months) after random assignment to trandolapril at a target dose of 4 mg per day or placebo.
Central pulsatile hemodynamics and carotid–femoral pulse wave velocity were assessed by using
echocardiography, tonometry of the carotid and femoral arteries, and body surface transit distances.
Patients randomly assigned to trandolapril tended to be older (mean±SD: 64.2±7.9 versus 62.9±7.7
years; P=0.14), with a higher body mass index (28.5±4.0 versus 27.8±3.9 kg/m2; P=0.09) and lower
ejection fraction (57.1±8.1% versus 58.7±8.4%; P<0.01). At the time of the hemodynamic substudy,
the trandolapril group had lower mean arterial pressure (93.1±10.2 versus 96.3±11.3 mm Hg; P<0.01)
and lower carotid-femoral pulse wave velocity (geometric mean [95% CI]: 10.4 m/s [10.0 to 10.9
m/s] versus 11.2 m/s [10.7 to 11.8 m/s]; P=0.02). The difference in carotid–femoral pulse wave
velocity persisted (P<0.01) in an analysis that adjusted for baseline characteristics and follow-up
mean pressure. In contrast, there was no difference in aortic compliance, characteristic impedance,
augmentation index, or total arterial compliance. Angiotensin-converting enzyme inhibition with
trandolapril produced a modest reduction in carotid–femoral pulse wave velocity, a measure of aortic
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wall stiffness, beyond what would be expected from blood pressure lowering or differences in
baseline characteristics alone.
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pulse wave velocity

Increased arterial stiffness has emerged as an important risk factor for cardiovascular disease.
1–3 Abnormal aortic stiffness adds to load on the heart and arteries and increases pulsatility
of pressure and flow in central and peripheral arteries and the microvasculature. Increased
pressure and flow pulsatility contributes to atherogenesis in large central arteries and is
associated with increased incidence of ischemic events.4,5 Excessive pressure pulsatility also
contributes to dysfunction and damage in the microcirculation,6 ultimately leading to end-
organ damage. Interventions that reduce arterial stiffness offer an opportunity to minimize
pulsatile damage and potentially reduce the incidence and severity of associated diseases in
the heart, brain, kidneys, and other organs.

Previous studies have implicated the renin–angiotensin–aldosterone system (RAAS) in the
pathogenesis of increased arterial stiffness. Polymorphisms in the genes for the angiotensin II
type 1 receptor (AGTR1) and angiotensin-converting enzyme (ACE) are associated with
elevated carotid–femoral pulse wave velocity (PWV).7 ACE inhibitors and angiotensin II type
1 receptor blockers (ARBs) have been shown to reduce aortic stiffness in relatively short-term
(<12-month) intervention studies in patients with hypertension or heart failure.8–15 ACE
inhibitors have also been shown to reduce ischemic events in high-risk groups,16–18 possibly
because of their favorable effect on arterial properties and pulsatile hemodynamics. However,
the large artery effects of long-term treatment with drugs that block the RAAS have not been
assessed in relatively low-risk individuals with coronary disease and preserved ventricular
function without a conventional indication for ACE inhibition or ARB therapy.

In addition, arterial stiffness is related to distending pressure, which often is reduced by
interventions such as ACE inhibition or ARB. As a result, the question of whether therapy can
produce a sustained reduction in measures of aortic wall stiffness, such as carotid–femoral
PWV, independent of a concurrent reduction in mean arterial pressure (MAP), remains
controversial. The Prevention of Events with Angiotensin Converting Enzyme inhibition
(PEACE) Trial evaluated ACE inhibition with trandolapril as compared with placebo added
to conventional therapy in patients with stable coronary disease and normal or near normal left
ventricular function.19 The PEACE hemodynamic substudy measured pulsatile
hemodynamics 2 to 7 years after initiation of therapy in a subset of the PEACE cohort to
evaluate the effects of long-term ACE inhibition on large artery properties.

Methods
Study Design

The design of the PEACE Trial has been described previously.19,20 Patients were >50 years
of age and had known coronary artery disease and a left ventricular ejection fraction >40%.
Key exclusion criteria included an indication for an ACE inhibitor or ARB, unstable angina
within 2 months or a coronary revascularization within the previous 3 months or planned
revascularization, valvular heart disease, and elevated creatinine or potassium.19,20 In
addition, to be eligible for the hemodynamic substudy, participants had to be enrolled at 1 of
the 5 PEACE hemodynamic centers, actively taking assigned study medication, and willing to
provide informed consent.
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After a successful 2-week run-in phase, during which patients were instructed to take 2 mg of
trandolapril per day, patients were randomly assigned to either continued trandolapril at 2 mg
per day or matching placebo. At a visit 6 months after random assignment, patients who had
tolerated the dose of 2 mg per day were advanced to the final dose of 4 mg of trandolapril per
day or matching placebo.

The investigations performed in this study conform to the principles outlined in the Declaration
of Helsinki. An institutional review board at each clinical center approved the study protocol,
and each individual gave written informed consent before enrollment.

Hemodynamic Data Acquisition
Participants were studied in the supine position after ≈10 minutes of rest. Supine auscultatory
blood pressures were obtained by using a computer-controlled device (Cardiovascular
Engineering, Inc) that automatically inflated the cuff (Hokanson SC12, DE Hokanson, Inc) to
a user preset maximum pressure and then precisely controlled deflation at 2 mm Hg/s. This
device digitized and recorded the DC-coupled mean cuff pressure and an AC coupled,
amplified oscillometric (pulsatile) cuff pressure, as well as the ECG and a cuff microphone
channel throughout the cuff inflation and deflation sequence. Blood pressure was obtained 3
to 5 times at 2-minute intervals with a goal of obtaining 3 sequential readings that agreed to
within 5 mm Hg for systolic and diastolic blood pressure. Arterial tonometry with ECG was
obtained from the brachial, radial, femoral, and carotid arteries using a custom transducer. This
transducer has a small sensor surface area and a frequency response that is flat from 0 to >1000
Hz. Next, echocardiographic images of the left ventricular outflow tract were obtained from a
parasternal long axis view. This was followed by sequential acquisition of pulsed Doppler of
the left ventricular outflow tract from an apical 5-chamber view followed by tonometry of the
carotid artery. Finally, body surface measurements from suprasternal notch to brachial, radial,
femoral, and carotid recording sites were obtained. All of the data were digitized during the
primary acquisition, transferred to CD-ROM, and shipped to the core laboratory
(Cardiovascular Engineering, Inc) for analysis.

Data Analysis
Tonometry waveforms were signal averaged using the electrocardiographic QRS as the fiducial
point. Average systolic and diastolic cuff pressures were used to calibrate peak and trough of
the signal-averaged brachial waveform. Mean brachial pressure (obtained by integration of the
calibrated brachial waveform) and diastolic pressure were then used to calibrate carotid, radial,
and femoral waveforms.21 All of the blood pressure recordings were overread by the core
laboratory. Carotid–brachial, carotid–radial, and carotid–femoral PWVs; aortic compliance;
characteristic impedance; and total arterial compliance were calculated as described
previously.12,22 Briefly, characteristic impedance was estimated in the time domain as the
early change in pressure divided by the corresponding change in flow before return of the
reflected wave. Values obtained by using a time domain approach to estimate characteristic
impedance are highly correlated with frequency domain techniques, with R=0.948 to 0.994,
depending on the averaging criteria used for the frequency domain estimate.22 The foot of the
carotid pressure waveform was first aligned with the foot of the aortic flow waveform. Total
arterial compliance was estimated by using the diastolic area method applied to the last two
thirds of diastole.23 Aortic compliance was computed from the inverse of the product of
characteristic impedance and carotid–femoral PWV. PWVs were computed from foot-to-foot
time delays obtained by tonometry and body surface measurements corrected for parallel
transmission.22 Augmentation index, a measure of the relative contribution of wave reflection
to central pulse pressure, was assessed from the calibrated carotid pressure waveform.22 As
reported previously, reproducibility of measures of central aortic stiffness using our protocol
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in a multicenter setting is high, with intraclass correlation coefficients for repeated measures
of characteristic impedance of 0.93 to 0.95.22

Statistical Analysis
Baseline characteristics for the entire hemodynamic substudy sample were tabulated and
compared with the characteristics of the full PEACE cohort. Baseline characteristics of the
hemodynamic sample were then tabulated and compared according to treatment group.
Differences in baseline characteristics between the trandolapril and placebo groups were tested
using an F test for continuous variables and χ2 for categorical variables. Subsequent models
adjusted for baseline characteristics that differed with a P<0.15.

Distributions for several key arterial stiffness measures (aortic compliance, carotid–femoral
PWV, characteristic impedance, and total arterial compliance) were skewed and were therefore
log transformed to normalize variance. We used general linear models to test for treatment
differences between hemodynamic variables. Treatment MAP and significant baseline
variables were then entered into a general linear model as additional independent variables
predicting arterial stiffness measures along with treatment group. Models were assessed
separately with treatment MAP included as a continuous variable and as a categorical variable
according to quintiles of MAP. Clinical site was assessed as a random effect using maximum
likelihood estimation and was not found to be a significant source of variability for aortic
compliance. Therefore, analyses were not adjusted for clinical site. Power calculations were
based on duplicate measurements conducted in a pilot evaluation of 8 PEACE Study patients
before random assignment into the parent trial. We assumed that aortic compliance mean and
SD would be 0.51±0.20×10−5 cm4/dyne. For the sample size estimate, we further assume a 2-
tailed type 1 error of 0.05. A sample size of 150 patients per group provided 80% power to
detect a 14% difference between the placebo and ACE inhibitor groups. This sample size also
provided 90% power to detect a 16% difference in aortic compliance between the 2 groups.
This sample size was sufficient to detect comparable or smaller differences in PWV,
characteristic impedance, and augmentation index, because these measurements generally have
a smaller relative variance than aortic compliance. A 2-sided P<0.05 was considered to indicate
statistical significance.

Results
Baseline characteristics of the hemodynamic substudy sample according to treatment
assignment are presented in Table 1. Patients randomly assigned to trandolapril were older,
had higher body mass index, and had a lower ejection fraction; they were more likely treated
with β-blockers and less likely treated with aspirin. The median duration of treatment from
random assignment to hemodynamic substudy was 52 months, with a minimum duration of
25 months and a maximum duration of 80 months. Treatment duration did not differ between
treatment groups (P=0.98). At the time of the hemodynamic study, 84% of the participants in
the active treatment group were taking the target 4 mg dose of trandolapril.

The primary hemodynamic variables are presented in Table 2. Patients randomly assigned to
trandolapril versus placebo had lower MAP and carotid–femoral PWV at the time of the follow-
up hemodynamic examination. In unadjusted analyses, there were no differences in aortic
compliance, augmentation index, characteristic impedance, or total arterial compliance (Table
2). In models that adjusted for baseline differences between treatment groups, aortic
compliance was higher in the trandolapril group and carotid–femoral PWV was lower, whereas
augmentation index, characteristic impedance, and total arterial compliance still did not differ
by treatment group (Table 2). In the aortic compliance model, baseline covariates increased
the model R2 from 0% to 28%. In the PWV model, R2 increased from 2% to 29%. MAP was
also added to models as a continuous variable. For aortic compliance, the model R2 increased
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to 50%, and the treatment effect was no longer significant (P=0.4). For carotid–femoral PWV,
the model R2 increased to 45%; however, the treatment effect remained significant (P=0.002).
Values for carotid–femoral PWV, adjusted for differences in baseline characteristics and
grouped according to quintiles of MAP, are presented in the Figure.

Because augmentation index may be affected by heart rate, height, and weight, we ran models
with and without adjustment for MAP that also adjusted for heart rate and replaced body mass
index with height and weight. Augmentation index still did not differ between treatment groups
in either of these models (P>0.25).

Effect Modification
Effect modification was assessed by adding an interaction term for treatment group and each
of several key variables to the model for carotid–femoral PWV. The model also included terms
for baseline characteristics and MAP. The effect of treatment group on carotid–femoral PWV
was not modified by age (P=0.51), on-treatment MAP quintile (P=0.45), or treatment duration
(P=0.09).

Discussion
This study evaluated pulsatile hemodynamics after long-term ACE inhibition with trandolapril
in a sample of the PEACE cohort, which is a middle-aged-to-elderly cohort with known
coronary artery disease and normal or near normal left ventricular ejection fraction. Accounting
for baseline differences, patients randomly assigned to trandolapril had higher aortic
compliance and lower carotid–femoral PWV. The difference in aortic compliance was not
significant after adjusting for a small but significant reduction in MAP in the trandolapril group.
However, the difference in carotid–femoral PWV persisted after adjusting for differences in
MAP, suggesting that long-term ACE inhibition with trandolapril reduced aortic stiffness
beyond what would be expected from the passive effects of a reduction in distending pressure
alone.

There are a number of plausible mechanisms for a favorable effect of ACE inhibition on
carotid–femoral PWV. Activation of the RAAS promotes myocyte hypertrophy and
extracellular fibrosis and upregulates enzymes involved in the production of reactive oxygen
species.24,25 The resulting oxidative stress impairs NO availability and endothelial function
and may, therefore, increase functional arterial stiffness.26,27 Increased myocyte mass or tone
and fibrosis in the arterial wall contribute to stiffness and would be expected to increase carotid–
femoral PWV. In addition, variants in RAAS genes have been related to carotid–femoral PWV
in humans, making inhibition of this pathway an attractive option for reducing arterial stiffness.
7,28–33 Consistent with this hypothesis, a previous 12-week study in middle-aged
hypertensive subjects demonstrated a reduction in carotid–femoral PWV with the ACE
inhibitor enalapril, although a component of the reduction in PWV in that study may have been
attributable to a reduction in MAP.12 A study in patients with peripheral vascular disease
demonstrated a reduction in carotid–femoral PWV with a nonsignificant change in MAP after
24 weeks of ramipril therapy.34 These previous short-term studies, together with the present
long-term data, suggest a prompt and sustained effect of ACE inhibition on carotid–femoral
PWV, even in relatively low-risk individuals, such as the PEACE population.

Additional measures of aortic stiffness (characteristic impedance), wave reflection
(augmentation index), and global arterial properties (brachial and carotid pulse pressure and
total arterial compliance) were not affected by long-term ACE inhibition in our study. The
apparently discrepant effects of treatment on various measures of arterial function underscore
the diversity of factors that influence this family of related but distinct hemodynamic variables.
Carotid–femoral PWV is a measure of the spatially averaged properties of the descending
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thoracic and abdominal aorta, iliac, and femoral arteries and is primarily affected by changes
in the stiffness or thickness of the arterial wall. In contrast, characteristic impedance is a
measure of the properties of the proximal aortic root and is highly sensitive to changes in aortic
diameter.35 Augmentation index is a measure of relative wave reflection that is affected by a
number of modifiable and nonmodifiable factors, including age, sex, height, weight, heart rate,
peripheral resistance, and the degree of impedance mismatch between aorta and muscular
arteries.36 Aortic compliance is derived from characteristic impedance and carotid–femoral
PWV and is, therefore, dependent on proximal and distal aortic properties, with a modest
contribution from the iliac arteries as well. Total arterial compliance is a complex average of
arterial properties throughout the body, from proximal aorta to resistance vessels, and,
therefore, has limited specificity for regional change in arterial properties. Our finding of a
reduction in carotid–femoral PWV suggests that long-term ACE inhibition with trandolapril
primarily affected the mid-to-distal aorta, probably via a reduction in aortic wall stiffness rather
than a change in aortic diameter. A concomitant reduction in aortic diameter, as reported
previously after 6 months of treatment with trandolapril,10 may have offset the reduction in
wall stiffness, leading to our observed lack of change in characteristic impedance and pulse
pressure despite evidence for a reduction in aortic wall stiffness.

In contrast to our findings, several short-term studies found a reduction in augmentation index
with ACE inhibition, particularly in hypertensive patients, although augmentation was not
normalized in these studies.8,37 Short-term alterations in augmentation index after
administration of an ACE inhibitor are predominantly related to a fall in peripheral resistance
and shortening of the systolic ejection period.38 Shortening of the systolic ejection period is
partially attributable to a reflex increase in heart rate after acute ACE inhibition; although after
12 weeks of ACE inhibition, the systolic ejection period was reduced in the absence of a change
in heart rate.12 In contrast to these short-term studies, a 6-month study demonstrated a
significant reduction of distal aortic and carotid distensibility and aortic PWV after trandolapril
treatment in hypertensive patients.10 In addition, in a 12-month study that compared ACE
inhibition with perindopril (plus indapamide) versus β-blockade with atenolol in a hypertensive
sample, heart rate and carotid augmentation index were unchanged, and carotid–femoral PWV
was reduced in the ACE inhibitor group, similar to our findings.11 However, MAP was
substantially reduced in both of these previous studies involving hypertensive patients,
suggesting that the reduction in PWV was potentially attributable to the reduction in MAP
alone. In the present study with a median follow-up of >4 years, heart rate, systolic ejection
period, and augmentation index did not differ between treatment groups. Thus, attenuation of
acute or subacute changes in heart rate, systolic ejection period, or peripheral resistance after
long-term ACE inhibition may have contributed to the lack of a change in augmentation index
in the present study.

Many of the hemodynamic effects of ACE inhibition, including effects on arterial structure
and function, are enhanced in the presence of RAAS activation, such as occurs with heart
failure, sodium restriction, or concomitant administration of diuretics or other natriuretic
agents.39 The low prevalences of heart failure and diuretic usage at baseline in our study
prevented us from analyzing relations between these conditions and effectiveness of ACE
inhibition. The combination of a low probability that the RAAS was activated in these stable
elderly patients together with the long duration of treatment may have attenuated changes in
global hemodynamic variables, such as cardiac output, peripheral resistance, total arterial
compliance, and augmentation index. Importantly, however, ACE inhibition with trandolapril
had a favorable effect on the arterial wall that persisted for the full duration of our long-term
study.

Increased carotid–femoral PWV is a risk factor for adverse cardiovascular events, including
mortality, heart attack, stroke, and heart failure.1–3,40,41 If increased PWV represents a causal
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factor in the pathophysiology of these adverse outcomes, a significant reduction in carotid–
femoral PWV would be expected to reduce the incidence of these clinical end points. PEACE
failed to show a statistically significant reduction in many of these events, although there was
a significant reduction in heart failure–related events and a trend toward a reduction in strokes
in the trandolapril group. Importantly, the modest reduction in carotid–femoral PWV observed
in our study (0.9 m/s) would be expected to reduce cardiovascular mortality by only 4% to 5%
in a relatively low risk sample,1,3 which is consistent with the statistically nonsignificant 7%
reduction in the composite end point of cardiovascular deaths, nonfatal myocardial infarction,
or stroke observed in the main PEACE Trial.

A number of limitations of our study need to be considered. The hemodynamic substudy had
a lower percentage of women, largely because 1 center was a Veteran's Administration hospital
that had enrolled only men. Patients enrolled in the study were known to be compliant with
randomized therapy and are, therefore, a nonrandom subset of the full PEACE cohort that may
not be representative of the full sample. There were fewer diabetic and hypertensive patients
and less frequent usage of several classes of medication in the substudy as compared with the
main trial, suggesting that the substudy sample was somewhat healthier than the full sample.
In addition, baseline evaluations were not performed on the study participants. Therefore,
longitudinal change during trandolapril therapy was inferred from a cross-sectional analysis
performed at the end of the treatment period. To offset the lack of baseline evaluations, our
sample size was powered to detect clinically relevant differences in key hemodynamic
variables between treatment groups. In addition, it is important to note that we cannot
differentiate a reduction in stiffness in the treatment group from an ongoing age-related increase
in stiffness in the placebo group that was attenuated in the treatment group. We suspect that
both factors contributed to the observed difference in stiffness.

Perspectives
Increased aortic stiffness is associated with excess risk for various adverse cardiovascular
disease end points, including mortality, myocardial infarction, stroke, and heart failure. In
addition, a number of conditions not recognized previously as having a vascular etiology,
including retinal disease and many forms of dementia, have recently been related to abnormal
aortic stiffness. Increasing awareness of the adverse effects of aortic stiffening has stimulated
interest in defining interventions specifically targeted toward reducing aortic stiffness. Several
lines of evidence suggest that the RAAS may be involved in vascular fibrosis and stiffening,
and a number of relatively short-term studies have suggested that ACE inhibition or ARB may
reduce arterial stiffness. The present study has demonstrated that long-term treatment with the
ACE inhibitor trandolapril was associated with a greater reduction in carotid–femoral PWV
than would be expected from passive changes because of a reduction in MAP alone, indicating
that long-term ACE inhibition has a direct favorable effect on aortic stiffness. Thus, contrary
to popular belief, aortic stiffening does appear to be reversible. Favorable effects of ACE
inhibition on arterial stiffness likely contribute to the favorable clinical effects of ACE
inhibition, particularly in higher-risk patient groups, such as those with hypertension or heart
failure.
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1. .
Carotid–femoral PWV plotted separately by treatment group according to quintile of on-
treatment MAP. Treatment with trandolapril was associated with a downward shift in the
relation between mean pressure and carotid–femoral PWV (P=0.003), indicating a pressure-
independent reduction in aortic stiffness. A test for an interaction between treatment group and
quintile of MAP was not significant (P=0.45). MAP minimum and maximum values (mm Hg)
in the groups were as follows: I (68.5 to 86.0), II (86.1 to 91.0), III (91.1 to 96.0), IV (96.1 to
102.5), and V (102.6 to 133.0).
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Table 1
Baseline Characteristics of the Substudy Sample According to Treatment Group

Variable Trandolapril Placebo

N 152 148
Age, y 64.2±7.9* 62.9±7.7
Women (% of patients) 16 (11) 13 (9)
Height, cm 173±9 173±8
Weight, kg 86±16* 83±14
Body mass index, kg/m2 29±4* 28±4
Systolic pressure, mm Hg 133±16 133±17
Diastolic pressure, mm Hg 78±9 80±10
Mean pressure, mm Hg 97±10 97±11
Heart rate, min−1 59±10 61±11
Serum creatinine, mg/dL 1.05±0.23 1.04±0.21
LV ejection fraction, % 57.1±8.1* 58.7±8.4
Medical history, N (%)
 Diabetes 16 (11) 10 (7)
 Documented MI 104 (68) 93 (63)
 Angina pectoris 86 (57) 91 (62)
 PTCA or CABG 111 (73) 117 (79)
 Hypertension 54 (36) 50 (34)
 Stroke 8 (5) 4 (3)
 Current smoker 22 (15) 23 (16)
Medications, N (%)
 Calcium channel blocker 44 (29) 44 (30)
 β blocker 99 (65)* 82 (55)
 Aspirin/antiplatelet 133 (88)* 138 (93)
 Lipid-lowering drug 114 (75) 106 (72)

The following medications were being taken by <10% of patients with no differences between groups: antiarrhythmic, anticoagulant, digitalis, diuretics,
and insulin. LV indicates left ventricular; MI, myocardial infarction; PTCA, percutaneous coronary angioplasty; CABG, aortocoronary bypass graft
surgery.

*
P<0.15 for trandolapril vs placebo.
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