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Differential Impact of Blood Pressure–Lowering Drugs on
Central Aortic Pressure and Clinical Outcomes

Principal Results of the Conduit Artery Function Evaluation (CAFE) Study

The CAFE Investigators, for the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT) Investigators

CAFE Steering Committee and Writing Committee: Bryan Williams, MD, FRCP; Peter S. Lacy, PhD;
Simon M. Thom, MD, FRCP; Kennedy Cruickshank, MD; Alice Stanton, MB, PhD, FRCPI;

David Collier, MBBS, PhD; Alun D. Hughes, MBBS, PhD; H. Thurston, MD, FRCP

Study Advisor: Michael O’Rourke, MD, FRACP

Background—Different blood pressure (BP)–lowering drugs could have different effects on central aortic pressures and thus
cardiovascular outcome despite similar effects on brachial BP. The Conduit Artery Function Evaluation (CAFE) study, a substudy
of the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT), examined the impact of 2 different BP lowering-regimens
(atenolol�thiazide-based versus amlodipine�perindopril-based therapy) on derived central aortic pressures and hemodynamics.

Methods and Results—The CAFE study recruited 2199 patients in 5 ASCOT centers. Radial artery applanation tonometry and
pulse wave analysis were used to derive central aortic pressures and hemodynamic indexes on repeated visits for up to 4 years.
Most patients received combination therapy throughout the study. Despite similar brachial systolic BPs between treatment
groups (�0.7 mm Hg; 95% CI, �0.4 to 1.7; P�0.2), there were substantial reductions in central aortic pressures with the
amlodipine regimen (central aortic systolic BP, �4.3 mm Hg; 95% CI, 3.3 to 5.4; P�0.0001; central aortic pulse pressure,
�3.0 mm Hg; 95% CI, 2.1 to 3.9; P�0.0001). Cox proportional-hazards modeling showed that central pulse pressure was
significantly associated with a post hoc–defined composite outcome of total cardiovascular events/procedures and
development of renal impairment in the CAFE cohort (unadjusted, P�0.0001; adjusted for baseline variables, P�0.05).

Conclusions—BP-lowering drugs can have substantially different effects on central aortic pressures and hemodynamics
despite a similar impact on brachial BP. Moreover, central aortic pulse pressure may be a determinant of clinical
outcomes, and differences in central aortic pressures may be a potential mechanism to explain the different clinical
outcomes between the 2 BP treatment arms in ASCOT. (Circulation. 2006;113:1213-1225.)
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When blood pressure is measured conventionally over
the brachial artery, it is assumed that these measure-

ments accurately reflect pressures in the central circulation.
This assumption is supported by irrefutable observations that
brachial blood pressure parameters are powerful predictors of
cardiovascular structural damage, morbidity, and mortality.1

However, central aortic pressure parameters and left ventric-
ular load are determined not only by cardiac output and
peripheral vascular resistance but also by the stiffness of
conduit arteries and the timing and magnitude of pressure
wave reflections.2–6 Short-term studies have shown that
various classes of blood pressure–lowering drugs may have
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profoundly different effects on pulse wave morphology and
thus central hemodynamic parameters despite similar effects
on brachial artery pressures.7–11 This observation is relevant
to the debate about how much of the benefit of blood
pressure–lowering drugs in clinical trials can be attributed to
blood pressure lowering per se or to alternative mechanisms
“beyond blood pressure.”12 This debate is fundamental be-
cause it defines the principles of clinical practice for the
treatment of hypertension.

Editorial p 1162
Clinical Perspective p 1225

The discussion about the impact of blood pressure–lower-
ing drugs on central aortic hemodynamic parameters has been
hindered by a remarkable lack of data from large-scale
clinical trials on anything other than periodic brachial blood
pressure measurements.13 This is despite the fact that emerg-
ing evidence suggests that central aortic pressures may be
independent predictors of cardiovascular structural damage
and clinical outcomes.14–18

A clinical study was therefore required to define whether
different blood pressure–lowering treatment strategies would
have different effects on central aortic pressures and thus
cardiovascular outcome despite similar effects on brachial
blood pressures. We thus designed the Conduit Artery Func-
tional Evaluation (CAFE)19 study as a large substudy within
the Anglo-Scandinavian Cardiac Outcomes Trial (ASCOT).20

ASCOT was an ideal setting for this purpose because it
prospectively examined the impact of 2 blood pressure–
lowering regimens: conventional therapy (atenolol�thiazide)
and contemporary therapy (amlodipine�perindopril) in
19 257 patients with hypertension. The CAFE study provides
the first evaluation within a large cardiovascular outcomes
trial of the impact of 2 different blood pressure–lowering
regimens on derived central aortic pressures and other hemo-
dynamic parameters.

The prespecified primary objective of the CAFE study was
to test the hypothesis that different blood pressure–lowering
regimens would produce different effects on central aortic
pressures despite similar effects on brachial blood pres-
sures.19 A secondary objective of the CAFE study was to
examine whether there was a relationship between measure-

ments of central aortic pressure and cardiovascular-related
outcomes within the CAFE study cohort. The primary results
of the Blood Pressure Lowering Arm of ASCOT have
recently been reported.21 This report describes the principal
results of the CAFE study.

Methods
Patient Recruitment
Participants already recruited into ASCOT were eligible for recruit-
ment into the CAFE study. Recruitment began in 2001, and a total of
2199 participants were recruited from 5 ASCOT study centers in the
United Kingdom and Ireland (Figure 1). (Study centers are listed in
the online-only Data Supplement.) Recruitment into the CAFE study
began 1 year after randomization into ASCOT to avoid the turbu-
lence of the early blood pressure changes and uptitration of treat-
ment, so patients were studied when their treatment regimens were
stable. Those consenting to inclusion into the CAFE study were
progressively recruited over the duration of the remaining ASCOT
follow-up (4 years), and by the end of follow-up, �70% of ASCOT
patients at each CAFE study center had been recruited. Within the
first year, 36% of the CAFE cohort had undergone at least 1 CAFE
study measurement (see below). This increased to 67% by year 2 and
to 87% by year 3.

All patients gave written informed consent; approval for the study
was granted by local research ethics committees at each ASCOT
center. Ethical approval was also granted by the UK Multicenter
Ethics Committee.

Study Design: Blood Pressure and Lipid Lowering
in ASCOT
The ASCOT protocol including study design has been published.20

Briefly, people were eligible for the blood pressure–lowering arm of
ASCOT if they were 40 to 79 years of age at randomization and had
either untreated hypertension (systolic blood pressure �160 mm Hg
or diastolic blood pressure �100 mm Hg) or treated hypertension
with a systolic blood pressure of �140 mm Hg or diastolic blood
pressure of �90 mm Hg. To be eligible, patients had at least 3
additional cardiovascular risk factors: male sex, smoker, age �55
years, left ventricular hypertrophy, ECG abnormalities consistent
with evidence of ischemic changes, type 2 diabetes, peripheral
arterial disease, cerebrovascular disease, microalbuminuria or pro-
teinuria, a ratio of plasma total cholesterol to HDL cholesterol of �6,
or a family history of premature coronary heart disease. People were
not eligible for ASCOT if they had evidence of previous myocardial
infarction, treated angina at the time of randomization, a cerebro-
vascular event in the 3 months before randomization, fasting triglyc-
erides �400 mg/dL, heart failure, uncontrolled arrhythmias, or any
clinically important hematological or biochemical abnormality on

Figure 1. CAFE study profile.
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routine screening. Eligible patients were randomized using a pro-
spective, randomized, open, blinded end-point design.22 Participants
were randomized to either a regimen of amlodipine with perindopril
added as required or a regimen of atenolol with bendroflumethiazide
K added as required, according to a prespecified algorithm (Table 1).
ASCOT follow-up visits took place at 6-month intervals throughout
the study, and antihypertensive treatment was titrated to achieve
target blood pressures (�140/90 mm Hg for people without diabetes
and �130/80 mm Hg for people with diabetes). Additional blood
pressure–lowering therapies according to the prespecified algorithm
were common to both treatment arms (Table 1).

Through the use of a factorial design, people also were eligible for
randomization to the lipid-lowering arm of ASCOT (ASCOT-LLA)
if they had a total blood cholesterol concentration of �250 mg/dL
and were not taking a statin or fibrate at the time of randomization.
Patients recruited into ASCOT-LLA were randomized to receive
atorvastatin 10 mg daily or matching placebo. The results of
ASCOT-LLA have been reported.23

Procedures
The detailed CAFE study protocol has been published.19 The CAFE
study used radial artery applanation tonometry and pulse wave
analysis24–26 to calculate derived central blood pressures and other
parameters using a commercially available system (SphygmoCor).
Applanation tonometry measurements were obtained at scheduled
ASCOT follow-up visits. Our objective was to obtain at least 2
measurements for each participant in the CAFE study over the course
of the ASCOT follow-up. By the end of the CAFE study, an average
of 3.4 measurements per patient had been recorded, and the average
value did not differ by treatment arm (atenolol�thiazide-based
treatment, 3.3 measurements; amlodipine�perindopril-based treat-
ment, 3.5 measurements). Only 22% of patients had just a single
measurement by the end of follow-up. The mean follow-up time after
the initial tonometry measurement was 3 years (atenolol�thiazide-
based treatment, 2.9 years; amlodipine�perindopril-based treatment,
3.0 years).

All radial artery applanation tonometry measurements were ob-
tained by trained research nurses, technicians, or study physicians,
and data were coded using the patients’ unique ASCOT reference
number. Data were transferred to the CAFE coordinating center
(Leicester, UK) at regular intervals, at which time individual
waveforms were visually inspected for artifacts and evaluated for
adherence to prespecified quality control criteria. A CAFE applana-
tion tonometry database was then compiled by researchers blinded to
treatment allocation, patient demographics, and clinical outcomes.
The applanation tonometry data were merged with the main ASCOT
database at the Scandinavian ASCOT coordinating center (Scandi-
navian Cardiovascular Research Institute) before analysis.

Brachial Artery Blood Pressure Measurement and
Radial Artery Pulse Wave Analysis
Brachial blood pressure was measured according to the ASCOT
protocol using a validated, semiautomated oscillometric device

(Omron 705CP, Omron). Patients were seated and rested for 5
minutes in a quiet room, after which time blood pressure was
measured over the brachial artery 3 times at 5-minute intervals. The
mean of the last 2 measurements was recorded as representative of
brachial blood pressure. After the last measurement, radial artery
pressure waveforms of the same arm were sampled over 10 seconds
with a Millar tonometer (SPC-301, Millar Instruments) and cali-
brated to the average ASCOT blood pressure, which was also
recorded on the ASCOT database. Waveforms were then processed
with dedicated software (SphygmoCor version 7, AtCor). The
integral system software was used to calculate an averaged radial
artery waveform and to derive a corresponding central aortic
pressure waveform using a previously validated generalized transfer
function.27,28 Aortic pressure waveforms were subjected to further
analysis by the SphygmoCor software to identify the time to the
peak/shoulder of the first and second pressure wave components (T1,
T2) during systole. The pressure at the peak/shoulder of the first
component was identified as P1 height (outgoing pressure wave),
and the pressure difference between this point and the maximal
pressure during systole (�P or augmentation) was identified as the
reflected pressure wave occurring during systole (Figure 2). Aug-
mentation index (AIx), defined as the ratio of augmentation to
central pulse pressure, is expressed as a percentage: AIx�(�P/
PP)�100, where P is pressure and PP is pulse pressure. Pulse
pressure amplification (PPA) was expressed as the ratio of central
pulse pressure (CPP) to peripheral (brachial) pulse pressure (PPP):
PPA�PPP/CPP. At least 2 consecutive radial pressure wave sam-
plings were recorded for each patient visit as described above, and
data from the mean of the resulting central aortic pressure waveforms
were recorded for each patient. Typical interobserver variability at
individual ASCOT centers was 0.3�2.9 mm Hg for central systolic
pressure and 1.5�5.9% for augmentation index. This is consistent
with our previously published data obtained with this technique.29

Measurement of Carotid-Femoral Pulse
Wave Velocity
Carotid to femoral pulse wave velocity (PWVcf) was measured in a
subset of patients (n�114) at their final study visit (ASCOT study
closeout) at the Leicester center. Patients rested in the supine
position for 15 minutes; measurements were taken immediately after
measurement of brachial blood pressure. PWVcf was determined by
simultaneous measurement of arterial pressure waves at the carotid
and femoral arteries with sensitive pressure transducers (Complior
SP, Artech-Medical). The surface distance from suprasternal notch to
the distal (femoral) recording site was measured, and the pressure
wave transit time was calculated using a foot-of-the-wave to foot-
of-the-wave method. PWVcf was calculated by dividing the distance
to the distal site by the pressure wave transit time. Data were
collected by a single trained observer (P.S.L.), and the mean of at
least 2 PWVcf measurements was taken for each subject.

Statistical Analysis
In powering the CAFE study, we set as our primary objective a
comparison of the effects of the 2 treatment regimens on central

TABLE 1. Study Blood Pressure-Lowering Drug Regimens

Step Calcium Channel Blocker Regimen �-Blocker–Based Regimen

1 Amlodipine 5 mg Atenolol 50 mg

2 Amlodipine 10 mg Atenolol 100 mg

3 Amlodipine 10 mg	perindopril 4 mg Atenolol 100 mg	bendroflumethiazide K 1.25 mg

4 Amlodipine 10 mg	perindopril 8 mg (2� mg) Atenolol 100 mg	bendroflumethiazide K 2.5 mg

5 Amlodipine 10 mg	perindopril 8 mg (2�4 mg)	
doxazosin gastrointestinal transport system 4 mg

Atenolol 100 mg	bendroflumethiazide K 2.5 mg	
doxazosin gastrointestinal transportsystem 4 mg

6 Amlodipine 10 mg	perindopril 8 mg (2�4 mg)	
doxazosin gastrointestinal transport system 8 mg

Atenolol 100 mg	bendroflumethiazide K 2.5 mg	
doxazosin gastrointestinal transport system 8 mg

Further treatment to achieve blood pressure goal is outlined at http://www.ascotstudy.org. All drugs were given
orally.
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aortic pressures derived from applanation tonometry. When the study
was designed, there were no published data from studies of appro-
priate size using these drug regimens to undertake a formal power
calculation. From studies in Leicester, we defined the variability in
the tonometry measurement of central aortic pressure from various
populations that included people with normal blood pressure, treated
hypertension, and diabetes. Using these data, we calculated that to
detect a difference in central aortic systolic or pulse pressure of
5 mm Hg between treatment arms, 250 patients per treatment arm
would be required to show this difference with 90% power at the
P�0.01 level of significance. However, an additional consideration
was recruiting a sufficiently large sample (�10% of the total
ASCOT population) so that our findings would be more representa-
tive of the whole ASCOT population.

All statistical analyses were performed at the Scandinavian Car-
diovascular Research Institute (ASCOT coordinating center) using
the SAS computer program version 8.2 (SAS Institute Inc). Non-
paired Student t tests were used for between-treatment-arm compar-
isons of continuous data variables.

As a secondary objective of the CAFE study, we prespecified19

that we would examine the relationship between central aortic
pressures and the primary and secondary outcomes of ASCOT. Post
hoc, we defined a composite clinical outcome comprising all
cardiovascular events and procedures and development of renal
impairment for events as defined and validated by the ASCOT
end-points committee (see the Data Supplement for details). Three
Cox proportional-hazards models were constructed to evaluate
whether central aortic pressures/hemodynamic indexes measured
during the CAFE study follow-up were associated with this compos-
ite clinical outcome. The first model (model 1) analyzed composite
clinical outcomes in all patients recruited into CAFE from the time
of randomization into ASCOT (305 events recorded). To assess
whether there was a disproportionate influence of the titration phase
of ASCOT on clinical outcomes, ie, before the beginning of central
blood pressure measurements in CAFE, 2 further Cox proportional-
hazards models were constructed. Model 2 evaluated composite
clinical outcomes in all people from the time of the first central aortic

pressure measurement in CAFE (245 events recorded). Model 3
evaluated composite clinical outcomes from the time of the first
central aortic pressure measurement in CAFE but excluded patients
with documented events before this time; ie, it evaluated only first
events occurring during CAFE follow-up (225 events recorded). All
models were adjusted for age and baseline risk factors and were
updated (ie, time dependent) for blood pressures and central hemo-
dynamic indexes throughout the follow-up period. Analyses were on
an intention-to-treat basis.

The authors had full access to the data and take full responsibility for
its integrity. All authors have read and agree to the manuscript as
written.

Results
Demographic Data
The profile for the 2199 patients recruited into the CAFE
study is shown in Figure 1. Before data analysis, 126 patients
were excluded because their radial arterial pressure wave-
forms were of insufficient quality as a result of abnormal
heart rhythms or low-amplitude pulses. Table 2 shows the
baseline characteristics of the 2073 patients in the CAFE
study who were included in the intention-to-treat analysis,
along with the baseline characteristics for the 19 257 patients
recruited into ASCOT. The CAFE participants were well
matched between the 2 treatment arms and well matched with
all participants in ASCOT. Most patients recruited into the
CAFE study and ASCOT had previously been treated for
hypertension at the time of randomization (�90% in the
CAFE study and 81% in ASCOT). The use of lipid-lowering
therapy and aspirin was slightly higher in the CAFE study
cohort. There were also fewer smokers and alcohol consump-
tion was slightly higher for patients recruited into CAFE
compared with all participants in ASCOT. These small
differences reflect differing regional demographics between
patients recruited from the United Kingdom and Ireland
(CAFE) and those recruited from the United Kingdom,
Ireland, and the Nordic countries (all ASCOT). As in ASCOT,
the CAFE participants were mainly white men, with a mean
age of 63 years. The baseline seated brachial blood pressure
of the CAFE participants was 160/93 mm HG, which was
slightly lower than that of the total ASCOT population.

Hemodynamic Data
At the end of the CAFE study, brachial blood pressures were
similar between the 2 treatment groups and had fallen
substantially from baseline: �26/�13.8 mm Hg for
atenolol�thiazide versus �27.8/�15.7 mm Hg for
amlodipine�perindopril (Tables 2 and 3). By the end of the
study, 85% (amlodipine�perindopril) and 80%
(atenolol�thiazide) of patients remained on treatment with
their original randomized allocation (Data Supplement Table
I). Most patients (95%) were taking at least 2 blood pressure–
lowering drugs, with 56% and 60% receiving the predefined
combination therapy of amlodipine�perindopril or
atenolol�thiazide, respectively (Data Supplement Table I).
Only 3.5% (atenolol) and 7.0% (amlodipine) remained on
monotherapy throughout the CAFE study.

Figure 3 shows representative averaged radial artery wave-
forms and the resulting derived central aortic waveforms from
individual patients with similar brachial blood pressures treated
with either atenolol or amlodipine monotherapy. There are clear

Figure 2. Hemodynamic parameters derived by pulse wave
analysis of the central aortic pressure wave. T0 indicates the
time at the start of the waveform; T1, duration from start of
waveform to the first peak/shoulder (outgoing pressure wave);
T2, duration from start of waveform to the second peak/shoul-
der (reflected pressure wave); ED, ejection duration, or duration
from start of waveform to closure of the aortic valve (incisura);
SP, central aortic systolic pressure; DP, central aortic diastolic
pressure; P1, P1 height difference between the minimum pres-
sure and the pressure at the first peak/shoulder (T1); augmenta-
tion (�P), difference between maximal pressure (central aortic
systolic pressure) and pressure at the fist peak/shoulder (P1
height); PP, pulse pressure; and AIx, augmentation index.
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differences in the morphology of both the radial and central
aortic arterial waveforms. Atenolol monotherapy was associated
with a broader peripheral waveform and a more prominent late
systolic peak in the central aortic waveform.

Primary Outcomes
Brachial systolic pressures and derived central aortic systolic
pressures at various time points throughout the CAFE study are
shown in Figure 4. The average age and gender of the patient
cohorts at each sampling time point in these analyses did not
differ between treatment arms; this was consistent with time

throughout the study. A summary of the blood pressure load for
each treatment arm also is presented as the mean area under the
curve (AUC) for each parameter. Despite insignificant differ-
ences in brachial systolic blood pressures throughout the CAFE
study (AUC difference, 0.7 mm Hg; 95% CI, �0.4 to 1.7; P�0.2),
derived central aortic systolic pressure was substantially lower with
amlodipine�perindopril-based therapy (AUC difference,
4.3 mm Hg; 95% CI, 3.3 to 5.4; P�0.0001) (Figure 4). Moreover,
these differences between brachial and central aortic blood pres-
sures were consistent with time throughout the CAFE study.

TABLE 2. Baseline Characteristics by Treatment Arm for the CAFE Cohort and the ASCOT Population

CAFE ASCOT

Atenolol Based
(n�1031)

Amlodipine Based
(n�1042)

Atenolol Based
(n�9639)

Amlodipine Based
(n�9618)

Demographics and clinical characteristics

Women, n (%) 189 (18.3) 208 (20) 2257 (23.5) 2258 (23.4)

Age, y 62.6 (8.3) 62.9 (8.2) 63.0 (8.5) 63.0 (8.5)

�60, n (%) 381 (37) 367 (35.2) 3534 (36.7) 3558 (36.9)

�60, n (%) 650 (63) 675 (64.8) 6084 (63.3) 6081 (63.1)

White, n (%) 886 (85.9) 892 (85.6) 9170 (95.3) 9187 (95.3)

Current smoker, n (%) 251 (24.3) 267 (25.6) 3109 (32.3) 3168 (32.9)

Alcohol consumption, units/wk 11.5 (14.3) 11.8 (14.9) 7.9 (11.7) 8.0 (11.6)

SBP, mm HG 159.9 (16.6) 161 (18.4) 163.9 (18) 164.1 (18.1)

DBP, mm HG 92.4 (9.6) 92.6 (9.8) 94.5 (10.4) 94.8 (10.4)

Heart rate, bpm 71.8 (12.3) 71.2 (12.4) 71.8 (12.6) 71.9 (12.7)

BMI, kg/m2 29 (4.5) 29.1 (4.7) 28.7 (4.5) 28.7 (4.6)

Weight, kg 84.6 (14.7) 84.3 (15.7) 84.6 (15.3) 84.6 (15.7)

height, cm 170.7 (8.7) 170.2 (9.4) NA NA

Total cholesterol, mg/dL 224.3 (38.7) 224.3 (42.5) 228.2 (42.5) 228.2 (42.5)

LDL cholesterol, mg/dL 143.1 (34.8) 143.1 (34.8) 146.9 (38.7) 146.9 (38.7)

HDL cholesterol, mg/dL 50.3 (15.5) 50.3 (15.5) 50.3 (15.5) 50.3 (15.5)

Triglycerides, mg/dL 159.4 (88.6) 159.4 (8.6) 168.3 (88.6) 159.4 (88.6)

Glucose, mg/dL 110 (38) 110 (38) 112 (38) 112 (38)

Creatinine, mg/dL 1.08 (0.18) 10.9 (0.19) 1.09 (0.19) 1.09 (0.18)

Medical history, n (%)

Previous stroke/TIA 76 (7.4) 101 (9.7) 1063 (11.1) 1050 (10.9)

Diabetes 252 (24.4) 251 (24.1) 2578 (26.8) 2567 (26.6)

LVH (echo or ECG) 237 (23) 256 (24.6) 2076 (21.6) 2091 (21.7)

Atrial fibrillation 9 (0.9) 6 (0.6) 113 (1.2) 117 (1.2)

ECG abnormalities other than LVH 271 (26.3) 272 (26.1) 2249 (23.4) 2206 (22.9)

Peripheral vascular disease 61 (5.9) 59 (5.7) 613 (6.4) 586 (6.1)

Other relevant CV disease 22 (2.1) 27 (2.6) 486 (5.1) 533 (5.5)

Mean (SD) risk factors, n 3.7 (0.9) 3.7 (0.9) 3.7 (0.9) 3.7 (0.9)

Drug therapy

Previous antihypertensive treatments, n (%)

0 109 (10.6) 100 (9.6) 1825 (19) 1841 (19.1)

1 482 (46.8) 496 (47.6) 4283 (44.5) 4280 (44.4)

�2 440 (42.7) 446 (42.8) 3510 (36.5) 3518 (36.5)

Lipid-lowering therapy 120 (11.6) 120 (11.5) 1004 (10.4) 1046 (10.9)

Aspirin use 244 (23.7) 274 (26.3) 1837 (19.1) 1851 (19.2)

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; TIA, transient ischemic attack; LVH,
left ventricular hypertrophy; and CV, cardiovascular.

Baseline characteristics (mean�SD) for the CAFE study cohort and the ASCOT population for comparison. Definition of diagnoses:
LVH by echocardiography was assessed as �116 g/m2 in men and �104 g/m2 in women. ECG LVH was defined using either Cornell
voltage duration product (�2440) or Sokolow Lyon criteria (�38 mm). ECG abnormalities excluding LVH included evidence of LV strain
pattern, abnormal Q-waves, evidence of left bundle branch block, and ST-T changes compatible with ischemic heart disease (ST-T
depression, negative or biphasic T-waves). Peripheral vascular disease was assessed using a validated questionnaire or from evidence
of a recent history of surgical intervention for peripheral vascular disease.
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There were small differences in central aortic diastolic
pressure in favor of amlodipine�perindopril-based therapy
(AUC difference, 1.4 mm Hg; 95% CI, 0.6 to 2.1; P�0.001;
Table 3), indicating that an important difference between the

2 treatment regimens was the impact of treatment on central
aortic systolic pressure.

Central aortic pulse pressure also was significantly lower
with time throughout the CAFE study with amlodipine�
perindopril-based therapy compared with atenolol�thiazide-
based therapy (AUC difference, 3.0 mm Hg; 95% CI, 2.1 to
3.9; P�0.0001). This was seen despite a slightly higher
brachial pulse pressure with amlodipine�perindopril-based
therapy (Figure 5). The differential impact of the treatment
arms on central aortic pressures is emphasized in the bottom
panels of Figures 4 and 5, which show the difference with
time between brachial and central aortic systolic and pulse
pressures for each treatment. These findings are consistent
with a significant reduction in pulse pressure amplification in
patients treated with atenolol�thiazide- relative to
amlodipine�perindopril-based therapy (Table 3 and Data
Supplement Figure panel A). Although the CAFE study
cohort was predominantly male, similar differential effects of
the 2 treatment arms on central pressures were observed in
women, and when formally tested, no significant interaction
with central pressure was seen between gender and age and
treatment arm.

The higher central aortic pressures with atenolol�thiazide-
based therapy in the CAFE study did not result from an
increase in the outgoing systolic pressure wave (P1 height)
(Table 3 and Data Supplement Figure panel B); it was lower
with atenolol�thiazide-based therapy (AUC difference,
0.8 mm Hg; 95% CI, 0.3 to 1.4; P�0.01). However, central
aortic systolic pressure wave augmentation was markedly
increased with atenolol�thiazide-based therapy compared
with amlodipine�perindopril-based therapy (AUC differ-
ence, 3.8 mm Hg; 95% CI, 3.3 to 4.4; P�0.0001) (Table 3
and Data Supplement Figure panel C), and the percentage of

TABLE 3. Hemodynamic and Pulse Wave Analysis Parameters by Treatment Arm for the CAFE Cohort

Parameter Atenolol Amlodipine
Difference

(Atenolol�Amlodipine)
Statistics
t Test (P)

Peripheral SBP, mm Hg 133.9 (133, 134.7) 133.2 (132.5, 133.8) 0.7 (�0.4, 1.7) 0.2

Peripheral DBP, mm Hg 78.6 (78.1, 79.1) 76.9 (76.4, 77.4) 1.6 (0.9, 2.4) �0.0001

Peripheral PP, mm Hg 55.3 (54.6, 56) 56.2 (55.6, 56.9) �0.9 (�1.9, 0) 0.06

Heart rate, BPM 58.6 (58, 59.2) 69.3 (68.6, 69.9) �10.7 (�11.5, �9.8) �0.0001

Central SBP, mm Hg 125.5 (124.7, 126.3) 121.2 (120.5, 121.9) 4.3 (3.3, 5.4) �0.0001

Central DBP, mm Hg 79.1 (78.6, 79.6) 77.8 (77.3, 78.3) 1.4 (0.6, 2.1) 0.0002

Central PP, mm Hg 46.4 (45.7, 47.1) 43.4 (42.8, 44) 3.0 (2.1, 3.9) �0.0001

Augmentation index, % 31.9 (31.3, 32.4) 25.3 (24.8, 25.9) 6.5 (5.8, 7.3) �0.0001

Augmentation, mm Hg 15.4 (14.9, 15.8) 11.5 (11.2, 11.9) 3.8 (3.3, 4.4) �0.0001

P1 height, mm Hg 31 (30.6, 31.5) 31.9 (31.5, 32.3) �0.8 (�1.4, �0.3) 0.003

Pulse pressure amplification, ratio 1.21 (1.2, 1.21) 1.31 (1.3, 1.32) �0.11 (�0.12, �0.1) �0.0001

T1, ms 109.2 (108.5, 109.9) 106.5 (106, 107) 2.7 (1.8, 3.5) �0.0001

T2, ms 234.1 (232.8, 235.4) 215.2 (214, 216.4) 18.9 (17.1, 20.7) �0.0001

ED, ms 322.5 (321, 324) 302.8 (301, 304) 19.7 (17.5, 22.0) �0.0001

DD, ms 732.8 (724, 742) 588.1 (581, 595) 144.7 (133.1, 156.2) �0.0001

T1 indicates duration from start of waveform to the first peak/shoulder (outgoing pressure wave); T2, duration from start of
waveform to the second peak/shoulder (reflected pressure wave); augmentation (�P), difference between maximal pressure and
pressure at the first peak/shoulder (P1 Height); AIx, aortic augmentation index–proportion of the central pressure wave height
attributable augmentation (�P)(AIx �(�P/PP)x100); P1 Height, difference between the minimum pressure and the pressure at the first
peak/shoulder (T1); ED, ejection duration (duration from start of waveform to closure of the aortic valve �incisura�); and DD, diastolic
duration (duration from incisura to end of waveform) (see Figure 2 for graphical representation).

Figure 3. Examples of peripheral (A) and corresponding derived
central aortic (B) waveforms from patients of equal age treated
with atenolol (solid line) or amlodipine (broken line) as mono-
therapy, achieving equivalent brachial blood pressures.
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the systolic pressure wave attributable to wave reflection
(augmentation index) was also increased by atenolol�
thiazide-based therapy (AUC difference, 6.5%; 95% CI, 5.8
to 7.3; P�0.0001) (Table 3 and Data Supplement Figure
panel D).

Heart rate, as expected, was significantly lower with
atenolol�thiazide-based therapy (AUC difference,
10.7 mm Hg; 95% CI, 9.8 to 11.5; P�0.0001; Table 3). This
was associated with prolonged time to both the outgoing
pressure wave peak (T1) and the reflected pressure wave (T2;
Table 3).

We measured PWVcf in a cohort of the CAFE study
participants at the Leicester center (n�114). The data from
this cohort are shown in Data Supplement Table II. The older
age of this cohort reflects the fact that the PWVcf measure-
ments were obtained in the final year of the CAFE study
when the patients had been stable on treatment for almost 5
years. PWVcf did not differ between treatment groups (dif-
ference, 0.5 ms�1; 95% CI, �0.2 to 1.2; P�0.3; Data
Supplement Table II).

Secondary Outcomes
To evaluate whether blood pressure and tonometry-derived
hemodynamic indexes were related to clinical outcomes in
the CAFE cohort, we used Cox proportional-hazards model-

ing, updated with time for blood pressures and hemodynamic
indexes, and the post hoc–defined composite clinical end
point. Three models were constructed, evaluating composite
clinical outcomes from time of randomization into ASCOT
(model 1), from time of the first central aortic pressure
measurement in CAFE (model 2), and from time of the first
central aortic pressure measurement in CAFÉ with patients
with events before this time excluded (model 3).

As shown in Table 4, central aortic pulse pressure,
central aortic pressure wave augmentation, and outgoing
pressure wave height (P1 height), along with brachial pulse
pressure, were significantly associated with the composite
end point (P�0.01) in all models. The Cox regression
models were then adjusted for age and baseline risk factors
(see the Table 4 legend for details). After adjustment,
central pulse pressure remained significantly associated
with the composite clinical outcome in all 3 models. In
addition, augmentation and/or peripheral pulse pressure
were significantly associated with the composite clinical
outcome after adjustment in models 2 and 3. All the
hemodynamic factors tested in the adjusted and unadjusted
models are listed in the legend for Table 4. Only those
factors significantly associated with hazard for the com-
posite clinical outcome before adjustment for age and
baseline risk factors are shown in the Table.

Figure 4. Top, Brachial (solid symbols)
and derived central aortic (open symbols)
systolic blood pressure with time (mean,
95% CI) for patients randomized to
receive atenolol�thiazide- or
amlodipine�perindopril-based therapy.
Bottom, Systolic blood pressure differ-
ence (brachial minus central aortic;
mean, 95% CI) with time. For calculation
of AUC, see the Data Supplement. Num-
bers below abscissa represent the num-
ber of patients seen at each time point.
Time represents the duration from ran-
domization into ASCOT to patient
follow-up visit at which tonometry mea-
surement was made in the CAFE study.
PP indicates pulse pressure.
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Discussion
The CAFE study derived central aortic blood pressures and
hemodynamic indices contemporaneously with brachial blood
pressure measurements in 2073 ASCOT participants for up to 4
years of follow-up. These measurements showed substantial and
consistent differences in central aortic pressures and hemody-
namics in favor of the amlodipine�perindopril-based therapy
versus atenolol�thiazide-based therapy despite similar brachial
systolic blood pressure between treatment arms. Our finding that
different blood pressure–lowering drugs might differentially
affect central aortic pressures/hemodynamics despite similar
effects on brachial blood pressure is consistent with data from
previous smaller-scale studies of shorter duration.8,9,11,30–33 The
CAFE study, however, is the first study to evaluate this hypoth-
esis in a major cardiovascular outcomes trial with repeated
measurements throughout the study in a very large cohort of
patients.

The higher central aortic systolic and pulse pressures
with atenolol�thiazide-based therapy could have resulted
from an increase in the outgoing pressure wave (P1 height)
and/or increased pressure wave reflection, leading to
augmentation of the outgoing pressure wave. The magnitude of
the outgoing pressure wave (P1 height) was not increased by

atenolol�thiazide-based therapy compared with amlodipine�
perindopril-based therapy (Table 3 and Data Supplement Figure
panel B); thus, the increase in central systolic and pulse pressure
must be attributable to increased pressure wave reflection from
distal reflection sites. This conclusion is supported by our
findings that (1) central aortic systolic pressure wave augmen-
tation was much higher with atenolol�thiazide-based therapy
(Table 3 and Data Supplement Figure panel C) compared with
amlodipine�perindopril-based therapy and (2) the percentage of
the systolic pressure wave attributable to wave reflection (aug-
mentation index) was substantially higher with atenolol�
thiazide-based therapy (Table 3 and Data Supplement Figure
panel D).

The differences in aortic systolic pressure wave reflections
between the 2 treatment arms in the CAFE study could have
resulted from at least 3 mechanisms: (1) differences between
treatment arms in arterial pulse wave velocity as a conse-
quence of changes in arterial stiffness, (2) differences in the
proximity of pressure wave reflection sites, and (3) differ-
ences in the timing of systolic ejection resulting from differ-
ences in heart rate.

With regard to the first mechanism, our finding that PWVcf

was similar between treatment arms in a small cohort of

Figure 5. Top, Brachial (solid symbols)
and derived central aortic (open symbols)
pulse pressure with time (mean, 95% CI)
for patients randomized to receive
atenolol�thiazide- or
amlodipine�perindopril-based therapy.
Bottom, Pulse pressure difference
(brachial-derived central aortic; mean,
95% CI) with time. For calculation of
AUC, see the Data Supplement. Num-
bers below abscissa represent the num-
ber of patients seen at each time point.
Time represents the duration from ran-
domization into ASCOT to patient
follow-up visit at which tonometry mea-
surement was made in the CAFE study.
PP indicates pulse pressure.
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patients suggests that differences in aortic pressure wave
reflections were not due to important differences in arterial
stiffness and/or velocity of the pressure wave. The relatively
small sample size used in the measurement of pulse wave

velocity means that we cannot rule out the possibility of a type
2 statistical error in this analysis; however, our findings are
supported by other studies that have shown no difference in
aortic pulse wave velocity when �-blocker–based therapy has

TABLE 4. Updated Cox Proportional-Hazards Modeling for the Composite Clinical
End Point in the CAFE Cohort

�2 P HR 95 % CI

Updated Cox proportional-hazards model unadjusted

Model 1 (305 events)

Peripheral PP 21.0 �0.0001 1.23 1.13–1.34

Central PP 17.8 �0.0001 1.22 1.12–1.34

Augmentation 7.1 0.008 1.24 1.06–1.47

P1 height 19.0 �0.0001 1.43 1.22–1.69

Model 2 (245 events)

Peripheral PP 19.7 �0.0001 1.24 1.13–1.36

Central PP 17.2 �0.0001 1.23 1.12–1.36

Augmentation 8.9 0.003 1.29 1.09–1.53

P1 height 15.4 �0.0001 1.42 1.19–1.69

Model 3 (225 events)

Peripheral PP 18.0 �0.0001 1.24 1.12–1.37

Central PP 15.5 �0.0001 1.23 1.11–1.36

Augmentation 7.7 0.005 1.28 1.08–1.53

P1 height 14.3 �0.0001 1.42 1.19–1.71

Updated Cox proportional-hazards model adjusted
for age and baseline risk factors

Model 1 (305 events)

Peripheral PP 3.83 0.050 1.10 1.00–1.22

Central PP 3.91 0.048 1.11 1.00–1.23

Augmentation 2.26 0.133 1.14 0.96–1.36

P1 height 3.04 0.081 1.17 0.98–1.40

Model 2 (245 events)

Peripheral PP 4.5 0.034 1.12 1.01–1.24

Central PP 5.0 0.026 1.13 1.02–1.26

Augmentation 4.2 0.040 1.21 1.01–1.45

P1 height 2.5 0.114 1.16 0.96–1.40

Model 3 (225 events)

Peripheral PP 4.1 0.044 1.12 1.00–1.25

Central PP 4.1 0.043 1.13 1.00–1.26

Augmentation 3.1 0.080 1.18 0.98–1.43

P1 height 2.4 0.118 1.17 0.96–1.42

Cox proportional hazards regression models updated for blood pressure and hemodynamic indices
with time. Hazard ratios are presented per 10 mm Hg. The composite clinical outcome variable was
all cardiovascular events and procedures plus development of renal impairment (see Data
Supplement for details). Model 1 evaluates composite clinical outcomes in all patients from time of
randomization into ASCOT. Model 2 evaluates composite clinical outcomes in all patients from time
of first central aortic pressure measurement in CAFE. Model 3 evaluates composite clinical outcomes
in all patients from time of first central aortic pressure measurement in CAFE excluding patients with
events occurring prior to this time. Where indicated, models were adjusted for age and baseline risk
factors including presence of peripheral vascular disease, diabetes mellitus, left ventricular
hypertrophy on echocardiogram or ECG, ECG changes compatible with ischemic heart disease, history
of cerebrovascular disease, microalbuminuria/proteinuria, plasma total:high-density lipoprotein
cholesterol ratio greater than 6, family history of coronary artery disease, male sex, age over 55 years,
or smoking status (current/recent). Blood pressures and hemodynamic factors were entered into
the model individually and included brachial systolic blood pressure, central systolic blood
pressure, difference between brachial and central systolic blood pressure, brachial pulse
pressure, central pulse pressure, pulse pressure amplification, augmentation, augmentation
index, and outgoing pressure wave height (P1 Height). Factors showing a significant association
with the composite end point are shown.
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been compared with vasodilator-based blood pressure–lowering
treatments.11,30,31,34

With regard to the second mechanism, atenolol�thiazide-
based treatment could have resulted in a shift of arterial
reflection sites proximally, eg, via a relative vasoconstriction,
compared with amlodipine�perindopril-based therapy.34,35

This would result in earlier wave reflection despite similar
pulse wave velocities, thereby enhancing central aortic sys-
tolic augmentation. Additionally, amlodipine�perindopril-
based treatment may have had a beneficial functional effect,
shifting pressure wave reflection sites distally as a conse-
quence of small artery remodeling36 and thereby reducing
pressure wave reflections during systole. Support for the
remodeling and wave reflection hypothesis comes from the
REASON study.31

The third mechanism, ie, differences in timing of systolic
ejection, is likely to be a function of the slower heart rate
resulting from atenolol�thiazide-based therapy. This pro-
longs systolic ejection time and delays the peak of the
outgoing pressure wave (T1) (Table 3), thereby increasing the
likelihood that pressure wave reflections will augment the
outgoing pressure wave during systole. We suggest that this is
the principal mechanism accounting for the differences in
central aortic pressures between treatment arms in the CAFE
study.30,31,37

Support for the hypothesis that central aortic pressures are
higher with �-blocker–based therapy compared with alterna-
tive blood pressure–lowering regimens comes from short-
term, in vivo catheterization studies in humans34,35 and
previous analyses of cardiovascular structural changes in
response to blood pressure lowering. It has been well recog-
nized from experimental animal and human studies that
despite similar reductions in blood pressure, �-blocker–based
treatment regimens have been less effective than alternatives
at regressing left ventricular hypertrophy, carotid intimal
thickness, and resistance artery structure.38–45 It is plausible
that this differential structural regression relates to less
effective lowering of central aortic pressures. The changes in
waveform shape and central aortic pressures seen in our study
are unlikely to represent an epiphenomenon resulting from
structural change because differential effects of blood pres-
sure–lowering drugs have been shown to occur early,34,35

before the onset of structural change in humans.
Additional support for the concept that central aortic

pressures are higher with �-blocker-based therapy comes
from studies of the changes in plasma brain natriuretic
peptide (BNP) levels in response to blood pressure lowering.
Various classes of blood pressure–lowering drugs produce a
fall in circulating BNP, a response that has been regarded as
a surrogate for reduced central aortic pressures and reduced
left ventricular end-diastolic pressure.32 In contrast, numerous
studies have reported that �-blocker–based treatments are
associated with an increase in BNP levels despite similar
reductions in brachial blood pressure.32,46–49 This divergent
BNP response to blood pressure lowering supports our
conclusion that �-blocker–based therapy is associated with
elevated central aortic pressures and, by inference, increased
left ventricular wall stress.

The differences in central aortic pressures between treat-
ment arms persisted throughout the CAFE study regardless of
add-on therapy (thiazide diuretics and vasodilator drugs in the
atenolol�thiazide regimen). This suggests a powerful effect
of atenolol-based therapy on central arterial hemodynamics in
hypertensive patients that is not reversed by add-on blood
pressure–lowering therapy. The dependence of this effect on
heart rate slowing suggests that these findings may be
applicable to other �-blockers in people with hypertension.
This conclusion is supported by similar effects observed in
acute studies, by direct catheter measurements, with an
alternative �-blocker (propranolol).34

An important question is whether the differences in central
aortic pressures between treatment arms in the CAFE study
are clinically important.

First, it is not unreasonable to assume that pressures within
the central aorta are more relevant to cardiovascular out-
comes than pressures in the brachial artery. Second, the
aforementioned data showing less cardiovascular structural
regression and higher circulating BNP levels with �-blocker–
based therapy imply persistence of a greater hemodynamic
stress within the central circulation compared with other
blood pressure–lowering regimens. Third, a previous study in
patients with end-stage renal disease, a condition associated
with enhanced pressure wave reflections,50 demonstrated a
direct relationship between central aortic pulse pressure and
adverse cardiovascular outcomes. In that study, central aortic
pulse pressure was of greater predictive value for cardiovas-
cular outcomes than brachial pulse pressure.14,15 Fourth, using
updated Cox regression modeling, we showed a relationship
between central aortic pulse pressure and a post hoc–defined
composite of cardiovascular and renal outcomes that was
consistent after adjustment in three separate Cox regression
models. Finally, ASCOT showed significant reductions in
total coronary events, cardiovascular death, and stroke with
amlodipine�perindopril-based therapy compared with
atenolol�thiazide-based therapy.21 An analysis of the factors
contributing to the differential clinical outcomes in ASCOT
concluded that conventional risk factors and differences in
brachial blood pressure may not fully account for the better
cardiovascular outcomes with amlodipine-based therapy.51

The authors and the accompanying editorial52 speculated that
a differential effect on central aortic pulse pressure might
have contributed to the benefit of amlodipine�perindopril-
based therapy. Unsurprisingly, the baseline characteristics of
the CAFE study cohort were similar to those of ASCOT
overall. It is therefore likely that the differences in central
aortic pressures and hemodynamics observed in CAFE are
representative of those for all patients in ASCOT. By dem-
onstrating that amlodipine�perindopril-based therapy is as-
sociated with substantially lower central aortic pressures than
atenolol�thiazide-based therapy, the results of the CAFE
study provide a plausible and novel mechanism to explain the
effects of the different treatment arms on the ASCOT
outcomes. Importantly, these differences would not have
been appreciated from the measurement of brachial blood
pressure alone.

The CAFE study has limitations that require consideration.
For obvious practical reasons, central aortic pressure indices
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were not measured directly but were derived from peripheral
radial artery waveforms with applanation tonometry. The
values for central aortic systolic and pulse pressures depend
on the validity and applicability of the generalized transfer
function used to generate the central aortic waveforms. The
correspondence between calculated central aortic and directly
recorded systolic and pulse pressures has been found to be
within 1 mm Hg.28,53,54 The transfer function used to derive
the central aortic pressures is founded on the observation that
pressure wave transmission in the upper limb is remarkably
consistent under different conditions. This includes the ef-
fects of aging, disease, drug therapy, and variation in heart
rate, thereby allowing a generalized transfer function to be
used to convert the radial to an aortic pressure wave.27 This
principle is used by the SphygmoCor device used in the
CAFE study and gained US Food and Drug Administration
approval in 2001. The data on which approval was given were
published during 2004.54,55 A potential weakness of this
technology is that the calibration of central aortic pressures
depends on the accuracy of the brachial pressure measure-
ments.56,57 However, this is less relevant to the CAFE study
because we were evaluating relative differences between
brachial pressures and the derived central aortic pressures; ie,
the denominator was the same throughout.

The use of a generalized transfer function in large study
cohorts with differing heart rates may have introduced a poten-
tial bias. However, no heart rate bias has been apparent in
extensive testing of the transfer function. Moreover, consistency
in performance of the transfer function at different heart rates
and blood pressure has been demonstrated during the Valsalva
maneuver.27 It is also important to note that in acute studies
comparing �-blockers with vasodilator therapies, measurement
of pressure wave reflections by direct catheterization showed
similar divergent effects of treatments.34,35

The patients in the CAFE study cohort volunteered for
participation in the study after randomization into ASCOT.
There may therefore have been a potential for bias in
recruitment of patients into the CAFE study. By ensuring that
we recruited the majority of ASCOT patients at each CAFE
study center, we reduced the potential for systematic bias and
imbalances between treatment arms. This is indicated by refer-
ence to the baseline demographics and treatment allocation of
the CAFE cohort, which were very well balanced for each
treatment arm and similar to the total ASCOT cohort (Table 2).

Our objective was to obtain repeated measurements of
central aortic pressures from as many patients as possible
within the 5 study centers, within the constraints of maintain-
ing high-quality and moderately complex data acquisition
within a large clinical outcomes trial. This approach could
have limited collection of data during follow-up and intro-
duced potential bias. However, almost 80% of the CAFE
cohort had repeated measurements, with an average of 3.4
measurements per patient through the 4-year follow-up pe-
riod of the CAFE study. Moreover, at each time point
throughout the CAFE follow-up, the age and gender compo-
sitions of the cohorts were consistent between treatment arms.

We recognize that it may not be warranted to extrapolate
our findings beyond this specific patient population. The
CAFE study cohort was predominantly white men, reflecting

the ASCOT cohort; however, differential effects of the 2
treatment arms on central aortic pressures and hemodynamics
were observed, regardless of gender. The patients randomized
into ASCOT and CAFE were hypertensive with 3 additional
cardiovascular risk factors, but their 10-year cardiovascular
disease risk according to the Framingham risk function was
�20% over 10 years; thus, they represented a moderate,
not-high-risk cohort relative to many recent studies of pa-
tients with hypertension.12

The CAFE cohort had a mean age of 63 years. Patients of
that age are likely to have had stiffer conduit arteries, which
could exacerbate any differential drug effects on central
aortic pressure. Whether similar results would have been seen
in much younger patients and in nonwhite populations is
unknown and merits further investigation.

Finally, as a secondary objective, we undertook Cox
regression modeling to examine whether central hemodynam-
ic parameters measured in the CAFE cohort were associated
with clinical outcomes. Our interpretation of these analyses is
cautious because the composite clinical end point was defined
post hoc and because the CAFE study was not powered
primarily to examine clinical outcomes. We undertook 3 Cox
models, and all revealed central pulse pressure as signifi-
cantly associated with hazard for the composite end point
after adjustment for age and baseline risk factors. Mindful of
the necessary caution in interpreting this data as a secondary
outcome measure, we should note that this is the first report
of an association between central pulse pressure and clinical
outcomes in a major clinical outcomes trial. It is also
remarkable that the magnitude of hazard per 10-mm Hg
change in central pulse pressure is very similar to that
recently reported in preliminary data from the Strong Heart
Study,58 an epidemiological population study of risk factors
and cardiovascular outcomes. In future analyses, we plan to
use the regression equations relating brachial to central aortic
pressures for each treatment arm to model the impact of
central aortic pressure differences between treatment arms on
cause specific outcomes for the whole ASCOT cohort.

We believe that the findings of the CAFE study have
important implications. The CAFE study provides a plausible
mechanism to explain, at least in part, the better clinical
outcome for patients treated with amlodipine�perindopril-
based therapy in ASCOT. Moreover, we speculate that the
central blood pressure hypothesis might also explain the
differential effects of blood pressure–lowering drugs on
cardiovascular structure and clinical outcomes in other recent
outcome trials.47,59,60

In conclusion, the CAFE study is the largest prospective
evaluation of the effects of cardiovascular drugs on derived
central aortic pressures and hemodynamics. The results show
that brachial blood pressure is not always a good surrogate for
the effect of blood pressure–lowering drugs on arterial
hemodynamics. In the CAFE study, atenolol�thiazide-based
treatment was much less effective than amlodipine�
perindopril-based treatment at lowering central aortic pres-
sures. These findings suggest a mechanism to support recent
meta-analyses that have challenged the recommendation for
�-blockers as an optimal treatment for uncomplicated
hypertension.61–64
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P-M, London G. Central pulse pressure and mortality in end-stage renal
disease. Hypertension. 2002;39:735–738.

15. London G, Blacher J, Pannier B, Guerin AP, Marchais SJ, Safar ME.
Arterial wave reflections and survival in end-stage renal failure. Hyper-
tension. 2001;38:434–438.

16. Kingwell BA, Waddell TK, Medley TL, Cameron JD, Dart AM. Large
artery stiffness predicts ischemic threshold inpatients with coronary artery
disease. J Am Coll Cardiol. 2002;40:773–779.

17. Jankowski P, Kawecka-Jaszcz K, Bryniarski L, Czarnecka D,
Brzozowska-Kiszka M, Posnik-Urbanska A, Kopec G, Dragan J, Klecha
A, Dudek D. Fractional diastolic and systolic pressure in the ascending
aorta are related to the extent of coronary artery disease. Am J Hypertens.
2004;17:641–646.

18. Danchin N, Benetos A, Lopez-Sublet M, Demicheli T, Safar M, Mourad
J-J, for the ESCAPP Investigators. Aortic pulse pressure is related to the
presence and extent of coronary artery disease in men undergoing diag-

nostic coronary angiography: a multicentre study. Am J Hypertens. 2004;
17:129–133.

19. Williams B, O’Rourke M. The Conduit Artery Functional Endpoint
(CAFE) study in ASCOT. J Hum Hypertens. 2001;15(suppl 1):S69–S73.

20. Sever PS, Dahlof B, Poulter NR, Wedel H, Beevers DG, Caulfield M,
Collins R, Kjeldsen SE, McInnes GT, Mehlsen J, Nieminen M, O’Brien
E, Ostergren J, for the ASCOT Investigators. Rationale, design, methods
and baseline demography of participants of the Anglo-Scandinavian
Cardiac Outcomes Trial. J Hypertens. 2001;19:1139–1147.

21. Dahlof B, Sever PS, Poulter NR, Wedel H, Beevers DG, Caulfield M,
Collins R, Kjeldsen SE, Kristinsson A, McInnes GT, Mehlsen J,
Nieminen M, O’Brien E, Ostergren J, for the ASCOT Investigators.
Prevention of cardiovascular events with an antihypertensive regimen of
amlodipine adding perindopril as required versus atenolol adding ben-
droflumethiazide as required, in the Anglo-Scandinavian Cardiac
Outcomes Trial–Blood Pressure Lowering Arm (ASCOT-BPLA): a mul-
ticentre randomised controlled trial. Lancet. 2005;366:895–906.

22. Hansson L, Hednes T, Dahlof B. Prospective Open Blinded Endpoint
(PROBE) study: a novel design for intervention trials. Blood Pressure.
1992;1:113–119.

23. Sever PS, Dahlof B, Poulter NR, Wedel H, Beevers DG, Caulfield M,
Collins R, Kjeldsen SE, Kristinsson A, McInnes GT, Mehlsen J,
Nieminen M, O’Brien E, Ostergren J, for the ASCOT Investigators.
Prevention of coronary and stroke events with atorvastatin in hyper-
tensive patients who have average or lower-than-average cholesterol
concentrations, in the Anglo-Scandinavian Cardiac Outcomes Tri-
al—Lipid Lowering Arm (ASCOT-LLA): a multicentre randomised con-
trolled trial. Lancet. 2003;361:1149–1158.

24. Kelly R, Hayward CS, Ganis J. Non-invasive registration of the arterial
pressure pulse waveform using high-fidelity applanation tonometry. J
Vasc Biol. 1989;1:142–149.

25. O’Rourke M, Gallagher DE. Pulse wave analysis. J Hypertens. 1996;
14(suppl 5):S147–S157.

26. O’Rourke M, Pauca A, Jiang X-J. Pulse wave analysis. Br J Clin
Pharmacol. 2001;51:507–522.

27. Chen C-H, Nevo E, Fetics B, Pak P, Yin F, Maughan WL, Kass DA.
Estimation of central aortic pressure waveform by mathematical trans-
formation of radial tonometry pressure: validation of generalized transfer
function. Circulation. 1997;95:1827–1836.

28. Pauca A, O’Rourke M, Kon ND. Prospective evaluation of a method for
estimating ascending aortic pressure from the radial artery pressure
waveform. Hypertension. 2001;38:932–937.

29. Siebenhofer A, Kemp CRW, Sutton AJ, Williams B. The reproducibility
of central aortic blood pressure measurements in healthy subjects using
applanation tonometry and sphygmocardiography. J Hum Hypertens.
1999;13:625–629.

30. Asmar RG, London GM, O’Rourke M, Safar ME, for the REASON
Project Coordinators and Investigators. Improvement in blood pressure,
arterial stiffness and wave reflections with a very-low-dose perindopril/
indapamide combination in hypertensive patients: a comparison with
atenolol. Hypertension. 2001;38:922–926.

31. London GM, Asmar RG, O’Rourke M, Safar ME, on behalf of the
REASON Investigators. Mechanism(s) of selective systolic blood
pressure reduction after a low-dose combination of perindopril/
indapamide in hypertensive subjects: comparison with atenolol. J Am Coll
Cardiol. 2004;43:92–99.

32. Deary AJ, Schumann AL, Murfet H, Haydock S, Foo RS, Brown M.
Influence of drugs and gender on the arterial pulse wave and natriuretic
peptide secretion in untreated patients with essential hypertension. Clin
Sci. 2002;103:493–499.

33. Morgan T, Lauri J, Bertram D, Anderson A. Effect of different antihy-
pertensive drug classes on central aortic pressure. Am J Hypertens. 2004;
17:118–123.

34. Ting CT, Cho CY, Chang MS, Wang SP, Ching BN, Yin FCP. Arterial
hemodynamics in human hypertension: effects of adrenergic blockade.
Circulation. 1991;84:1049–1057.

35. Ting CT, Brin KP, Lin SJ, Wang SO, Chang MS, Chiang BN, Yin FCP. Arterial
hemodynamics in human hypertension. J Clin Invest. 1986;78:1462–1471.

36. Schiffrin EL, Deng LY. Structure and function of resistance arteries of
hypertensive patients treated with a �-blocker or a calcium channel
antagonist. J Hypertens. 1996;14:1247–1255.

37. Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE, Webb
DJ. The influence of heart rate on augmentation index and central arterial
pressure in humans. J Physiol. 2000;525:263–270.

1224 Circulation March 7, 2006

 by on October 6, 2008 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


38. Schiffrin EL, Park JB, Intengan HD, Touyz RM. Correction of arterial
structure and endothelial dysfunction in human essential hypertension by
the angiotensin antagonist losartan. Circulation. 2000;101:1653–1659.

39. Schiffrin EL, Park JB, Pu Q. Effect of crossing over hypertensive patients
from a beta-blocker to an angiotensin receptor antagonist on resistance
artery structure and on endothelial function. J Hypertens. 2002;20:71–78.

40. Thybo NK, Stephens N, Cooper A, Aalkjaer C, Heagerty AM, Mulvany MJ.
Effect of antihypertensive treatment on small arteries of patients with pre-
viously untreated essential hypertension. Hypertension. 1995;25:474–481.

41. Schiffrin EL, Deng LY, Larochelle P. Effects of a �-blocker or a con-
verting enzyme inhibitor on resistance arteries in essential hypertension.
Hypertension. 1994;23:83–91.

42. Paliotti R, Ciullaa MM, Hennig M, Tang R, Bond MG, Mancia G,
Magrini F, Zanchetti A. Carotid wall composition in hypertensive patients
after 4-year treatment with lacidipine or atenolol: an echoreflectivity
study. J Hypertens. 2005;23:1203–1209.

43. de Luca N, Asmar RG, London GM, O’Rourke M, Safar M, on behalf of
the REASON Investigators. Selective reduction of cardiac mass and
central blood pressure on low-dose combination perindopril/indapamide
in hypertensive subjects. J Hypertens. 2004;22:1623–1630.

44. Buus NH, Bottcher M, Jorgensen CG, Christensen KL, Thygesen K,
Nielsen TT, Mulvany MJ. Myocardial perfusion during long-term angio-
tensin-converting enzyme inhibition or �-blockade in patients with
essential hypertension. Hypertension. 2004;44:465–470.

45. Devereaux RB, Dahlof B, Gerdts E, Boman K, Nieminen MS,
Papadimitriou V, Rokkedel J, Harris KE, Edelman JM, Wachtell K. Regression
of hypertensive left ventricular hypertrophy by losartan compared with atenolol:
the Losartan Intervention for Endpoint Reduction in hypertension (LIFE) trial.
Circulation. 2004;110:1456–1462.

46. Luchner A, Burnett JC, Jougasaki M, Hense H-W, Riegger GAJ,
Schunkert H. Augmentation of the cardiac natriuretic peptides by beta-
receptor antagonism: evidence from a population-based study. J Am Coll
Cardiol. 1998;32:1839–1844.

47. Dahlof B, Zanchetti A, Diez J, Nicholls GM, Yu C-M, Barrios V, Aurup
P, Smith RD, Johansson M, for the REGAAL study investigators. Effects
of losartan and atenolol on left ventricular mass and neurohormonal
profile in patients with essential hypertension and left ventricular hyper-
trophy. J Hypertens. 2002;20:1855–1864.

48. Deary AJ, Schumann AL, Murfet H, Haydock SF, Foo RS, Brown MJ.
Influence of drugs and gender on the arterial pulse wave and natriuretic
peptide secretion in untreated patients with essential hypertension.
Clin Sci (Lond). 2002;103:493–499.

49. Marie P-Y, Mertes PM, Hassan-Sebbag N, de Talence N, Djaballah K,
Djaballah W, Friberg J, Olivier P, Karcher G, Zannad F, Bertrand A.
Exercise release of cardiac natriuretic peptides is markedly enhanced
when patients with coronary artery disease are treated medically by
beta-blockers. J Am Coll Cardiol. 2004;43:353–359.

50. London GM, Guerin AP, Pannier B, Marchais SJ, Benetos A, Safar M.
Increased systolic blood pressure in chronic uremia: role of arterial wave
reflections. Hypertension. 1992;20:10–19.

51. Poulter NR, Wedel H, Dahlof B, Sever PS, Beevers DG, Caulfield M,
Kjeldsen SE, Kristinsson A, McInnes GT, Mehlsen J, Nieminen M,
O’Brien E, Ostergren J, Pocock S, for the ASCOT Investigators. Role of
blood pressure and other variables in the differential cardiovascular event
rates noted in the Anglo-Scandinavian Cardiac Outcomes Trial–Blood
Pressure Lowering Arm (ASCOT-BPLA). Lancet. 2005;366:907–914.

52. Staessen J. Birkenhager WH. Evidence that new antihypertensives are
superior to older drugs. Lancet. 2005;366:869–871.

53. Hope SA, Meredith IT, Cameron JD. Effect of non-invasive calibration of
radial waveforms on error in transfer-function-derived central aortic
waveform characteristics. Clin Sci. 2004;107:205–211.

54. Gallagher D, Adji A, O’Rourke MF. Validation of the transfer function
technique for generating central from peripheral upper limb pressure
waveform. Am J Hypertens. 2004;17:1059–1067.

55. O’Rourke MF, Pauca AL. Augmentation of the aortic and central arterial
pressure waveform. Blood Press Monit. 2004;9:179–185.

56. Cloud GC Rajkumar C, Kooner J, Cooke J, Bulpitt CJ. Estimation of
central aortic pressure by SphygmoCor requires intra-arterial peripheral
pressures. Clin Sci. 2003;105:219–225.

57. Davies JI, Band MM, Pringle S, Ogston S, Struthers AD. Peripheral blood
pressure measurement is as good as applanation tonometry at predicting
ascending aortic blood pressure. J Hypertens. 2003;21:571–576.

58. Roman MJ, Kizer JR, Ali T, Lee ET, Galloway JM, Rabsitz RR,
Henderson JA, Howard BV. Central blood pressure better predicts car-
diovascular events than does peripheral blood pressure: the Strong Heart
Study. Circulation. 2005;112(suppl II) II–778. Abstract.

59. Dahlof B, Devereaux RB, Kjeldsen SE, Julius S, Beevers G, de Faire U,
Fyhrquist F, Ibsen H, Kristiansson K, Lederballe-Pedersen O, Lindholm
L, Nieminen MS, Omvik P, Oparil S, Wedel H, for the LIFE Study
Group. Cardiovascular morbidity and mortality in the Losartan Inter-
vention For Endpoint Reduction in Hypertension Study (LIFE): a ran-
domised trial against atenolol. Lancet. 2002;359:995–1003.

60. Heart Outcomes Prevention Evaluation Study Investigators. Effects of an
angiotensin-converting-enzyme inhibitor, ramipril, on cardiovascular
events in high-risk patients. N Engl J Med. 2000;342:145–153.

61. Messerli FH, Grossman E, Goldbourt U. Are �-blockers efficacious as
first-line therapy for hypertension in the elderly? A systematic review.
JAMA. 1998;278:1903–1907.

62. Carlberg B, Samuelsson O, Lindholm LH. Atenolol in hypertension: is it
a wise choice? Lancet. 2004;364:1684–1689.

63. Lindholm LH, Carlberg B, Samuelsson O. Should � blockers remain first
choice in the treatment of primary hypertension? A meta-analysis. Lancet.
2005;366:1545–1553.

64. Beevers G. The end of � blockers for uncomplicated hypertension?
Lancet. 2005;366:1510–1512.

CLINICAL PERSPECTIVE
Blood pressure is conveniently measured over the brachial artery and is assumed to faithfully represent pressures within
the central circulation, ie, aortic pressures. The CAFE study tested the hypothesis that different blood pressure–lowering
treatment regimens, ie, “older treatments” (atenolol�thiazide) versus “newer treatments” (amlodipine�perindopril), would
have different effects on central aortic pressures despite similar effects on brachial pressure. The CAFE study derived
central aortic pressures from analysis of radial artery waveforms in 2073 patients (average, 3.4 measurements per patient
over 4 years) who had been recruited into ASCOT. Even though brachial systolic blood pressure and brachial pulse
pressure were not significantly different between treatment arms throughout the CAFE study, central aortic systolic
pressure (�4.3 mm Hg; 95% CI, 3.3 to 5.4; P�0.0001) and central aortic pulse pressure (�3.0 mm Hg; 95% CI, 2.1 to 3.9;
P�0.0001) were significantly lower with amlodipine�perindopril therapy. Moreover, in a secondary analysis using Cox
proportional-hazards modeling, central aortic pulse pressure was identified as a significant determinant of a post
hoc–defined composite of cardiovascular and renal outcomes. This study demonstrates that brachial blood pressure
measurements do not always reflect the impact of different blood pressure–lowering treatments on central aortic pressures.
This study suggests a mechanism by which different drug treatments in hypertension trials could differentially affect central
aortic pressures and thus clinical outcomes beyond brachial blood pressure.
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