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It remains uncertain whether intensive antihypertensive ther-
apy can normalize pulsatile hemodynamics resulting in
minimized residual cardiovascular risks. In this study, office
and 24-hour ambulatory systolic blood pressure (SBP), dias-
tolic blood pressure (DBP), pulse pressure, carotid-femoral
pulse wave velocity (PWV), and forward (Pf) and reflected (Pb)
pressure wave from a decomposed carotid pressure wave
weremeasured in hypertensive participants. Among them, 57
patients whose 24-hour SBP and DBP were normalized by
three or more classes of antihypertensive medications were
included. Another 57 age- and sex-matched normotensive

participants were randomly selected from a community
survey. The well-treated hypertensive patients had similar
24-hour SBP, lower DBP, and higher PP values. The treated
patients had higher PWV (11.7�0.3 vs 8.3�0.2 m/s, P<.001),
Pf, Pb, Pb/Pf, and left ventricular mass index values. After
adjustment for age, sex, bodymass index, andofficeSBP, the
differences for PWV, Pb, and Pb/Pf remained significant.
Hypertensive patients whose 24-hour SBP and DBP are
normalizedmay still havemarkedly increased arterial stiffness
and wave reflection. J Clin Hypertens (Greenwich). 2016;
18:281–289. ª 2015 Wiley Periodicals, Inc.

Despite many decades of hypertension control, the
contribution of hypertension to incident cardiovascular
disease remains high.1 Current hypertension guidelines
suggest a treatment goal of office systolic blood pressure
(SBP) <140 mm Hg and diastolic blood pressure (DBP)
<90 mm Hg for most patients.2 Antihypertensive treat-
ment results in the regression of end-organ damage3 and
substantial absolute risk reductions for stroke, heart
failure, coronary heart disease, and mortality.4 How-
ever, it has well been recognized that even if blood
pressure (BP) is achieved to the current treatment goal,
treated hypertensive patients still have a higher risk of
cardiovascular disease compared with normotensive
individuals,5–7 and the residual cardiovascular risk
increases in patients with a higher baseline risk level.8

Paradoxically, treated hypertensive patients may even
have a higher cardiovascular risk compared with indi-
viduals not on treatment.9 Thus, the preexisting high
risk in hypertensive patients may set a ceiling effect to
the benefits of treatment and underline the importance
of early interventions.10

Alternatively, the high residual cardiovascular risks in
high-risk hypertensive patients, such as the elderly,
patients with diabetes, and patients with previous
cardiovascular disease, may partly result from subopti-
mal antihypertensive treatment to the suboptimal office
BP treatment goal. Previous pharmacologic studies have
shown that only an angiotensin-converting enzyme
(ACE) inhibitor or an angiotensin receptor blocker
(ARB) may significantly improve arterial stiffness,11–13

which is a manifestation of cumulative functional and
structural changes associated with vascular aging and a
major risk factor for cardiovascular disease.14 Many
epidemiological studies and clinical trials were per-
formed in an era when only diuretics and b-blockers
were available,9 with both classes of antihypertensive
medications relatively ineffective in improving arterial
stiffness.12 On the other hand, the hypertension treat-
ment goal based on office BP criteria will inevitably
encounter confounders known as white-coat hyperten-
sion or masked hypertension and introduce problems of
overtreatment and undertreatment that may diminish
the benefits of antihypertensive treatment.15 Application
of ambulatory BP monitoring (ABPM) has been adopted
for the diagnosis and treatment of hypertension because
of its superior prognostic values over office BP moni-
toring.16 However, it remains to be established that a
hypertension treatment goal of 24-hour ambulatory SBP
<130 mm Hg and DBP <80 mm Hg improves prognosis
as compared with the current office BP goal.16
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In the present observational study, we therefore
assessed the pulsatile hemodynamics in hypertensive
patients who had achieved the 24-hour ambulatory BP
goal with a combination therapy of three or more
antihypertensive agents including a renin-angiotensin-
aldosterone system (RAAS) inhibitor. The aim of this
study was to investigate whether normalization of BP
with a combination of antihypertensive medications that
are effective in improving arterial stiffness can be asso-
ciated with normalization of pulsatile hemodynamics.

METHODS

Study population
Ambulatory patients (≥18 years) from our outpatient
clinic who had been diagnosed as having hypertension
(office SBP ≥140 mm Hg or SBP ≥90 mm Hg) for more
than 1 year were invited to participate in a hypertension
registry program started in 2013. Patients with previous
stroke, coronary artery disease documented by coronary
angiogram, reduced left ventricular (LV) ejection frac-
tion (<50%), or chronic kidney disease (estimated
glomerular filtration rate [eGFR] <60 mL/min/m2) or
those who were recently hospitalized for any acute
disease were not enrolled. Participants underwent a
series of BP measurements, including office BP and 24-
hour ambulatory BP monitoring (ABPM), and studies of
pulsatile hemodynamics, echocardiography, blood bio-
chemistry, and urine analysis. Duration of treatment for
hypertension, prescribed medications, and major med-
ical comorbidities were recorded. The investigation
conformed to the principles outlined in the Declaration
of Helsinki. Informed consent approved by our institu-
tional review board was obtained from every participant
before enrollment.

To be eligible for the present study, participants of the
hypertension registry should have received three or
more classes of antihypertensive medications including a
RAAS inhibitor at the recommended dosage for at least
half a year and achieved the treatment goal defined as
24-hour ambulatory SBP <130 mm Hg and DBP
<80 mm Hg.17,18 Among 141 participants in the reg-
istry, 57 patients were included in the present analysis.
A control group of 57 age- and sex-matched healthy
participants was randomly drawn from 624 normoten-
sive patients in a previous community-based survey
conducted in 1992–1993.19

Measurement of BP
For participants of the hypertension registry, office SBP,
DBP, and heart rate (HR) measurements were taken
after the patient had been seated for 5 minutes using an
automated digital BP recorder (WatchBP-CBP-UI,
Microlife Corporation, Taipei, Taiwan). Pulse pressure
(PP) was calculated as the difference between SBP and
DBP, and mean arterial pressure (MAP) as DBP + 1/3
PP. Twenty-four-hour ABPM was performed using a
lightweight and compact device (WatchBP O3, Micro-
life Corporation) on a usual working day. Patients were

instructed to work normally and to rest or sleep before
midnight. Nighttime was defined as 11 PM to 6 AM,
with a measurement interval of 30 minutes, and day-
time was defined as 7 AM to 10 PM, with a measure-
ment interval of 15 minutes.

For participants of the community survey, office SBP,
DBP, and HR were taken after the patient had been
seated for 5 minutes using a mercury sphygmomanom-
eter. Twenty-four-hour ABPM (Model 90217, Space-
labs Inc, Redmond, WA) was performed on a usual
working day. Nighttime was defined as 11 PM to 6 AM
with a measurement interval of 60 minutes, and day-
time was defined as 7 AM to 10 PM, with a measure-
ment interval of 20 minutes.20

Hemodynamics study
For participants from the hypertension registry, indi-
viduals were asked to refrain from smoking, caffeine, or
alcohol consumption for at least 24 hours before
examination. Patients were studied under supine resting
conditions in a quiet, temperature-controlled room.21

After resting for 10 minutes, simultaneous supine
brachial SBP, DBP, HR, pulse volume recording wave-
forms of the arms and ankles, and pressure waveforms
of the right common carotid and right femoral arteries
by applanation tonometry were recorded with a com-
mercially available device (VP-2000; Colin, Konami,
Japan) incorporated with four pressure cuffs and two
tonometric probes.22,23 Subsequent echocardiography
was performed using an ultrasound unit (Artida;
Toshiba Medical Systems, Tokyo, Japan) with a 2.5-
MHz transducer in accordance with published recom-
mendations.24

For participants from the community survey, flow
signals over the right common carotid artery and right
femoral artery were recorded using a nondirectional
Doppler device (Parks model 802; Aloha, OR).19 Carotid
pressure waveforms were registered by applanation
tonometry with a pencil-type tonometer incorporating
a high-fidelity strain-gauge transducer in a 7-mm diam-
eter flat tip (SPC-350, Millar Instruments Inc, Houston,
TX).19 Echocardiography was performed by an experi-
enced sonographer using an ultrasound unit (Sonos 500,
Hewlett-Packard, Palo Alto, CA) with a 2.5-MHz
transducer.19

Data analysis
All physiological signals were digitized and analyzed
using custom-designed software on a commercial soft-
ware package (Matlab, version 4.2, The MathWorks,
Inc, Natick, MA). Automatic batch analysis was
performed on the processed signals to avoid interob-
server and intraobserver variations.

The carotid-to-femoral artery distance was the differ-
ence between the distance from the ascending aorta to
common femoral pulsation and the distance from the
ascending aorta to the ipsilateral carotid bulb measured
with a soft tape ruler. Carotid-femoral pulse wave
velocity (cf-PWV) was calculated from the above
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traveling distance and the foot-to-foot pulse transit time
between carotid and femoral arteries using the digitized
pressure waveforms.25 The derived pulse wave velocity
(PWV) value was then divided by 0.8, a coefficient of
correction based on consensus’ suggestion.26

Carotid pressure waveforms were averaged and then
calibrated to the brachial MAP and DBP taken in the
seated position. Central augmentation index and carotid
augmented pressure (AP) were calculated with the
automated identification of the inflection point from
the wave reflection on the upstroke or downstroke of
the carotid pressure by finding the zero-crossing timings
of the fourth derivative of the pressure waveform.27 The
forward and backward components of the carotid
pressure waveform were separated using the validated
triangulation method.27,28 Pf and Pb were the ampli-
tudes of forward and backward pressure wave, respec-
tively.27

LV mass was calculated from measures of the two-
dimensional–guided M-mode echocardiogram and was
indexed to the body surface area as the LV mass index
(LVMI).29

Statistical analysis
The analyses were performed using the statistical
package SPSS version 18.0 (SPSS Inc, Chicago, IL).
Quantitative variables are expressed as mean�standard
deviation. Dichotomous variables are presented as
percentages. Student t test and chi-square test were

used for univariable comparisons between the nor-
motension and the treated hypertension groups where
appropriate. Least squares means with adjustment for
age, sex, body mass index, and office SBP or MAP were
compared using the Tukey-Kramer method. Determi-
nants of the pulsatile hemodynamics were examined
using the multiple stepwise analyses. A P value <.05 was
considered statistically significant.

RESULTS
The baseline characteristics and biochemistry profiles of
the well-treated hypertensives and the age- and sex-
matched normotensive controls are shown in Table I.
The 57 treated hypertensive patients had a mean age of
70.7 years and 49% of them were men. The mean
duration of hypertension was 15.4 years, and they
currently used an average of 3.7 types of antihyperten-
sive agents. Compared with the normotensive controls,
the treated hypertensive patients had significantly higher
values of body mass index, triglycerides, and fasting
glucose; lower levels of eGFR, uric acid, total choles-
terol, and low-density lipoprotein cholesterol levels; and
more comorbid conditions, including diabetes and
stroke (Table I).
The mean 24-hour, daytime, and nighttime SBP

values were similar between the treated hypertensive
patients and the normotensive controls (Table II). The
treated hypertensive patients had significantly lower
mean 24-hour, daytime, and nighttime DBP than the

TABLE I. Baseline Characteristics in Patients With Well-Treated Hypertension vs Normotensive Controls

Overall (N=114) Well-Treated Hypertensive Patients (n=57) Normotensive Controls (n=57) P Value

Age, y 70.1�11.8 70.7�12.3 69.5�11.2 .840

Male sex, No. (%) 56 (49) 28 (49) 28 (49) 1

Body mass index, kg/m2 24.9�4.3 27.2�4.2 22.7�3.0 <.001

Smoking, No. (%) 18 (15.8) 6 (10.5) 12 (21.0) .302

Hypertension duration, y – 15.4�8.2 – –

Classes of antihypertensive drugs – 3.7�0.8 – –

Diabetes, No. (%) 18 (15.8) 18 (31.6) 0 (0) <.001

Previous stroke, No. (%) 3 (2.6) 3 (5.3) 0 (0) .047

eGFR, mL/min 71.5�28.4 62.4�29.4 81.3�23.9 <.001

Cr, mg/dL 1.1�0.4 1.1�0.5 1.0�0.3 .370

UA, mg/dL 6.0�1.7 5.8�2.0 6.0�1.5 .030

TC, mg/dL 189.7�36.8 179.5�32.7 199.4�38.1 .022

HDL-C, mg/dL 51.9�16.4 49.8�18.4 53.3�14.8 .440

LDL-C, mg/dL 112.5�39.0 98.4�37.0 123.5�37.3 .002

TG, mg/dL 124.8�79.4 146.6�98.3 103.4�47.2 .039

Glucose, mg/dL 101.4�18.4 108.8�21.4 94.8�12.1 .003

Medications, No. (%)

ACE inhibitor/ARB – 57 (100) – –

CCB – 55 (96.4) – –

Diuretic – 39 (68.4) – –

BB – 41 (71.9) – –

Statin – 23 (40.4) – –

Antiplatelet – 23 (40.4) – –

Abbreviations: ACE, angiotensin-converting enzyme; ARB, angiotensin receptor blocker; BB, b-blocker; BMI, body mass index; CCB, calcium channel

blocker; Cr, creatinine; eGFR, estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein

cholesterol; LVMI, left ventricular mass index; TC, total cholesterol; TG, triglycerides; UA, uric acid.
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normotensive controls, therefore they had significantly
higher mean 24-hour, daytime, and nighttime PP. On
the other hand, the treated hypertensive patients had
significantly higher office SBP, DBP, and MAP than the
normotensive controls. The treated hypertensive
patients had significantly lower office and ambulatory
HR than the normotensive controls.

In univariable analysis, the treated hypertensive
patients had significantly greater LVMI, PWV, AI, AP,
Pf, Pb, and Pb/Pf than the normotensive controls
(Table II). The between-group differences remained
significant for PWV, AI, AP, Pb, and Pb/Pf with
adjustment for age, sex, body mass index, and office
SBP or MAP (Table III).

Correlation coefficients and partial correlation coef-
ficients (accounting for age, sex, and body mass index)
for PWV, AI, Pf, Pb, Pb/Pf, and LVMI are provided in
Supplementary Tables S1–S6. The relative importance
of ambulatory SBP vs PP in the determination of PWV
was examined by the multiple stepwise regression
analysis with adjustment for age, sex, body mass index,
and HR (Table IV). In both treated hypertensive

patients and normotensive controls, ambulatory PP
but not SBP entered the final models. Similar analysis
was performed for Pb (Table V). In both groups,
ambulatory PP but not SBP entered the final models,
except that daytime SBP instead of daytime PP entered
the final model for the normotensive controls. Results
for AI, Pf, Pb/Pf, and LVMI are shown in the Supple-
mentary Tables S7–S10.

DISCUSSION
This observational study provides three major findings.
First, the 24-hour ambulatory BP goal of 24-hour SBP
<130 mm Hg and 24-hour DBP <80 mm Hg can be
achieved by current antihypertensive medications, but
the treated hypertensive individuals may still have high
24-hour PP due to their lower 24-hour DBP. Second, the
treated hypertensive patients who achieved the 24-hour
ambulatory BP goal may still have increased arterial
stiffness and wave reflection but similar LVMI as
compared with the normotensives, even though they
received a combination therapy of three or more
antihypertensive agents including a RAAS inhibitor.

TABLE II. Comparison of Blood Pressure and Hemodynamics Parameters in Patients With Well-Treated
Hypertension vs Normotensive Controls

Overall (N=114) Well-Treated Hypertensive Patients (n=57) Normotensive Controls (n=57) P Value

Office blood pressure

SBP, mm Hg 128.8�14.9 137.2�13.7 120.6�10.9 <.001

DBP, mm Hg 72.5�8.2 74.7�8.1 70.3�7.8 .004

PP, mm Hg 56.3�13.2 62.5�11.7 50.3�11.9 <.001

MAP, mm Hg 91.3�9.0 95.5�8.7 87.0�7.0 <.001

HR, mm Hg 68.8�11.0 63.5�8.6 74.1�10.7 <.001

24-h ambulatory blood pressure

24-h SBP, mm Hg 116.2�10.3 115.3�10.1 117.1�10.5 .350

Daytime SBP, mm Hg 116.6�10.0 115.4�9.6 117.8�10.3 .190

Nighttime SBP, mm Hg 114.6�12.9 115.2�11.9 114.1�13.8 .620

24-h DBP, mm Hg 67.6�7.9 63.6�7.2 71.6�6.6 <.001

Daytime DBP, mm Hg 68.4�7.9 64.4�7.2 72.4�6.4 <.001

Nighttime DBP, mm Hg 65.4�8.9 62.4�7.9 68.3�9.0 <.001

24-h PP, mm Hg 48.6�9.0 51.7�8.8 45.5�8.1 <.001

Daytime PP, mm Hg 48.2�8.5 50.9�8.2 45.5�8.0 <.001

Nighttime PP, mm Hg 49.3�10.3 52.8�9.9 45.8�9.4 <.001

24-h MAP, mm Hg 83.77�7.72 80.81�7.16 86.74�7.15 <.001

Daytime MAP, mm Hg 84.5�7.7 81.4�7.1 87.5�7.0 <.001

Nighttime MAP, mm Hg 81.8�9.2 80.0�8.2 83.5�9.9 .041

24-h HR, beats per min 70.8�9.3 66.1�8.5 75.4�7.7 <.001

Daytime HR, beats per min 72.8�10.2 67.6�9.2 78.1�8.2 <.001

Nighttime HR, beats per min 64.8�7.8 63.6�8.2 66.1�7.3 .096

LVMI, g/m2 106.8�30.7 116.4�36.8 97.4�19.3 <.001

PWV, m/s 10.0�0.3 11.7�0.3 8.3�0.2 <.001

AIx, % 21�15 27�16 14�11 <.001

AP, mm Hg 10.4�10.9 13.7�12.8 6.0�4.9 <.001

Pf, mm Hg 35.9�10.2 38.9�9.7 31.9�9.6 <.001

Pb, mm Hg 19.1�6.5 22.8�5.4 14.3�4.3 <.001

Pb/Pf 0.54�0.14 0.60�0.14 0.46�0.11 <.001

Abbreviations: AIx, augmentation index; AP, augmented pressure; BMI, body mass index; DBP, diastolic blood pressure; HR, heart rate; LVMI, left

ventricular mass index; MAP, mean arterial pressure; Pb, amplitude of the reflected pressure wave from a decomposed carotid pressure waveform; Pf,

amplitude of the forward pressure wave from a decomposed carotid pressure waveform; PP, pulse pressure; PWV, carotid-femoral pulse wave velocity;

SBP, systolic blood pressure.
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Third, the increased arterial stiffness and wave reflection
in the treated hypertensives was associated with high PP.
These findings have important implications in refining
the BP treatment goal and designing an optimal antihy-
pertensive treatment strategy to reduce the residual
cardiovascular risk possibly resulting from the persistent
abnormal pulsatile hemodynamics in the treated hyper-
tensive patients.

Residual cardiovascular risk in treated hypertensive
patients
The increased cardiovascular mortality in treated hyper-
tensive patients as compared with untreated individuals
may be due to high SBP levels under treatment,7

consistent with our findings that treated hypertensives
had elevated pulsatile hemodynamics. Among those with
BP levels <140/90 mm Hg, cardiovascular disease mor-
tality was slightly but significantly higher in treated
patients.7 Therefore, there was still some residual
cardiovascular risk in the treated hypertensive patients
with controlled BP. Moreover, the actual residual
cardiovascular risk may have been underestimated due
to the limitations of a single-visit office BP measurement
in classifying high or controlled BP.7 One major strength
of the present study is that we were able to identify a
group of treated hypertensive patients with normalized
BP defined by ambulatory BP.

Arterial stiffness and hypertension control
In the Framingham Heart Study, 89.7% of hypertensive
patients achieved DBP goal, 49.0% achieved SBP goal,

and only 47.8% achieved both SBP and DBP goals.30

Poor SBP control was overwhelmingly responsible for
the poor overall hypertension control rate.30 Baseline
PWV may be a significant predictor of BP response to
antihypertensive treatment, independent of age, increase
in drug dosage, and presence of cardiovascular risk
factors.31 In the presence of increased arterial stiffness,
SBP is more difficult to control than DBP.31

Elevated arterial stiffness in hypertensive individuals
relates to structural change in the arterial wall, because
acute reduction of BP by nitroglycerin does not nor-
malize large artery stiffness.32 On the other hand,
antihypertensive medications can improve arterial stiff-
ness beyond the effect on BP reduction in hypertensive
patients.12,14 A large and sustained decrease in arterial
stiffness can be obtained in treated hypertensive patients
over a long follow-up period (>5 years), likely repre-
senting a delayed response to long-term arterial remod-
eling.33 In a recent meta-analysis, compared with
placebo, there was a significant reduction in PWV with
short-term (<4 weeks) and long-term (4 weeks and
more) treatment of four different classes of antihyper-
tensive drugs, including ACE inhibitors, calcium chan-
nel blockers, b-blockers, and diuretics, after adjustment
for BP, HR, sex, and risk factors.34

RAAS blockers have specific BP-independent effects
on arterial stiffness via reducing endothelial dysfunc-
tion,35 smooth muscle proliferation,36,37 and collagen
synthesis,38 which are activated by tissue and circulating
angiotensin II. However, the destiffening effect of RAAS
blockers, ie, ACE inhibitors or ARBs, is dose-dependent.

TABLE III. Multivariable Comparison of the Pulsatile Hemodynamics Parameters and LVMI in Patients With Well-
Treated Hypertension vs Normotensive Controls

Well-Treated Hypertensive Patients (n=57) Normotensive Controls (n=57) P Valuea

Adjusted for age, sex, BMI, and office SBP

LVMI, g/m2 108.6 (99.6–117.7) 104.6 (95.7–113.4) .576

PWV, m/s 1375.4 (1269.3–1481.5) 1122.2 (1021.0–1223.4) .003

AIx, % 27.4 (23.9–30.9) 14.2 (10.0–18.4) <.001

AP, mm Hg 13.3 (11.3–15.4) 7.9 (5.4–10.3) .003

Pf, mm Hg 35.6 (33.0–38.2) 36.0 (32.8–39.1) .871

Pb, mm Hg 21.7 (20.4–22.9) 16.0 (14.5–17.4) <.001

Pb/Pf 0.62 (0.59–0.66) 0.45 (0.41–0.49) <.001

Adjusted for age, sex, BMI, and office MAP

LVMI, g/m2 110.3 (101.4–119.1) 103.0 (94.4–111.6) .293

PWV, m/s 1405.8 (1299.4–1512.1) 1094.0 (992.3–1195.6) <.001

AIx, % 27.4 (24.0–30.9) 14.2 (10.1–18.3) <.001

AP, mm Hg 14.0 (11.9–16.2) 6.9 (4.4–9.5) <.001

Pf, mm Hg 37.5 (34.7–40.4) 33.4 (30.0–36.8) .098

Pb, mm Hg 22.6 (21.2–24.6) 14.7 (13.0–16.4) <.001

Pb/Pf 0.62 (0.59–0.65) 0.45 (0.41–0.49) <.001

Abbreviations: AIx, augmentation index; AP, augmented pressure; BMI, body mass index; HR, heart rate; LVMI, left ventricular mass index; MAP, mean

arterial pressure; PP, pulse pressure; Pb, amplitude of the reflected pressure wave from a decomposed carotid pressure waveform; Pf, amplitude of the

forward pressure wave from a decomposed carotid pressure waveform; PWV, carotid-femoral pulse wave velocity; SBP, systolic blood pressure. Values

are expressed as least squares means (95% confidence limits). A significant difference between pairs of least squares means (ie, adjusted P value <.05)

occurs when the adjusted lower and upper endpoints of the confidence intervals are both positive or both negative. aP values for differences were

adjusted with the Tukey-Kramer method.
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The destiffening effect of a maximum single dose of
RAAS blocker may still be limited. A RAAS blocker in
combination with a neprilysin inhibitor, which increases
levels of endogenous vasodilator peptides, including
natriuretic peptides, adrenomedullin, bradykinin and
others, can further attenuate vasoconstriction39 and
hyperplasia of vascular smooth muscle.40 Omapatrilat,
an inhibitor of ACE and neprilysin, induced a greater
reduction in arterial stiffness compared with enalapril at
comparable levels of reduction in mean arterial pres-
sure.41 More recently, LCZ696, an inhibitor of the
angiotensin II receptor and neprilysin, provided com-
plementary and fully additive reduction of BP compared
with valsartan.42

The superiority of the neurohormonal modulation
over the neurohormonal inhibition strategy has been
confirmed in the Prospective Comparison of ARNI
with ACEI to Determine Impact on Global Mortality
and Morbidity in Heart Failure (PARADIGM-HF)
trial.43 Thus, arterial stiffness may only be partially
improved with long-term treatment of currently avail-
able antihypertensive medications. The dual-acting
LCZ696 may become a novel antihypertensive medi-
cation that possesses a remarkable arterial destiffening
effect.

The present study clearly demonstrates that markedly
elevated arterial stiffness can be observed in treated
hypertensive individuals whose 24-hour ambulatory BP
has achieved treatment goal. The apparent dissociation
between BP control and improvement in arterial stiff-
ness in the treated hypertensive patients may partly be
due to the suboptimal BP treatment target or suboptimal
destiffening effects from the currently available antihy-
pertensive medications.

Wave reflection, PP, and hypertension control
Wave reflection amplifies the original forward wave
amplitude at or near the peripheral reflection site and
therefore is a major determinant of PP and SBP.44 With
increasing arterial stiffening, the reflected waves will
return to the central aorta earlier and augment central
PP and SBP.45 Increased wave reflection contributes to
the development of hypertension46 and increases car-
diovascular risk independently of arterial stiffness.27,47

b-Blockers are less effective than other antihypertensive
drugs in reducing wave reflection and central BP.44

When the aorta stiffens, the amplitude of the forward
pressure wave generated by ventricular contraction
increases and contributes to an increase in PP. There-
fore, PP is determined from several independent hemo-

TABLE IV. Determinants of PWV: SBP vs PP by Multiple Stepwise Analysis

Well-Treated Hypertensive Patients (n=57) Normotensive Controls (n=57)

Partial R2 Beta Partial R2 Beta

Model 1: 24-h SBP and 24-h PP

Model R2=0.370 Model R2=0.305

Age, y 0.279 0.395b 0.158 0.227

Male sex 0.129 0.187

BMI, kg/m2 �0.017 0.051

24-h HR, beats per min 0.360b 0.139

24-h SBP, mm Hg

24-h PP, mm Hg 0.091 0.330a 0.147 0.438b

Model 2: daytime SBP and daytime PP

Model R2=0.348 Model R2=0.309

Age, y 0.264 0.395b 0.161 0.246

Male sex 0.097 0.188

BMI, kg/m2 –0.013 0.048

Daytime HR, beats per min 0.347b 0.132

Daytime SBP, mm Hg

Daytime PP, mm Hg 0.084 0.322a 0.148 0.430b

Model 3: nighttime SBP and nighttime PP

Model R2=0.357 Model R2=0.255

Age, y 0.297 0.399b 0.156 0.222

Male sex 0.167 0.148

BMI, kg/m2 –0.016 0.069

Nighttime HR, beats per min 0.342b 0.111

Nighttime SBP, mm Hg

Nighttime PP, mm Hg 0.06 0.263a 0.099 0.374a

Abbreviations: BMI, body mass index; HR, heart rate; PP, pulse pressure; PWV, carotid-femoral pulse wave velocity; SBP, systolic blood pressure. All

models were adjusted for age, sex, BMI, and HR. Bold values indicates significance. aP<.05. bP<.01. cP<.001.
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dynamic mechanisms, such as the amplitude of the
forward pressure wave, arterial stiffness, and the aug-
mentation of the reflected waves. Brachial PP was
independently associated with subclinical cardiovascu-
lar disease after adjustment for cardiovascular risk
factors and MAP.48 Classes of antihypertensive agents
differ in their ability to reduce PP.41,42,49 In short-term
trials, ACE inhibitors but not calcium channel blockers
significantly reduced PP more than placebo.34 In long-
term trials, PP decreased significantly with ACE
inhibitors, calcium channel blockers, b-blockers, and
diuretics compared with placebo.40

The present study indicates that in treated hyper-
tensive individuals with normalized 24-hour ambula-
tory SBP and DBP, high wave reflection and PP
remain to be expected. The association between
increased arterial stiffness, wave reflection, and PP is
consistent with the observation in clinical trials that
changes in PWV are independently related to the
changes in PP.33,34

STUDY LIMITATIONS
The present case-control cross-sectional study did not
allow us to investigate the cause of abnormal pulsatile

hemodynamics in the treated patients with hyperten-
sion. The treated hypertensive individuals were enrolled
from a hypertension registry and the age- and sex-
matched normotensive controls were selected from a
previous community survey. The results of the present
study should be interpreted as hypothesis-generating
because of the potential introduction of selection bias in
both groups.

CONCLUSIONS
Treated hypertensive individuals with normalized 24-
hour ambulatory SBP and DBP may still have signif-
icantly elevated arterial stiffness, wave reflection, and
PP, as compared with age- and sex-matched normoten-
sive individuals. The abnormal pulsatile hemodynamics
in the apparently well-controlled hypertensive patients
may partly explain the recognized residual cardiovas-
cular risk associated with hypertension treatment.
Future interventional studies targeting pulsatile hemo-
dynamics are required to investigate the appropriate-
ness of the BP treatment target and the effectiveness of
the antihypertensive medications in normalizing
abnormal pulsatile hemodynamics in hypertensive
individuals.

TABLE V. Determinants of Reflected Pressure: SBP vs PP by Multiple Stepwise Analysis

Well-Treated Hypertensive Patients (n=57) Normotensive Controls (n=57)

Partial R2 Beta Partial R2 Beta

Model 1: 24-h SBP and 24-h PP

Model R2=0.303 Model R2=0.505

Age, y 0.14 �0.067 0.209 0.154

Male sex �.293a 0.065

BMI, kg/m2 0.067 �0.211

24-h HR, beats per min �0.068 0.034

24-h SBP, mm Hg

24-h PP, mm Hg 0.163 0.448b 0.296 0.624c

Model 2: daytime SBP and daytime PP

Model R2=0.282 Model R2=0.479

Age, y 0.151 �0.058 0.201 0.313a

Male sex �.290a �0.061

BMI, kg/m2 0.068 �.272a

Daytime HR, beats per min �0.086 �0.05

Daytime SBP, mm Hg 0.278 0.538c

Daytime PP, mm Hg 0.131 0.408b

Model 3: nighttime SBP and nighttime PP

Model R2=0.327 Model R2=0.502

Age, y 0.128 �0.082 0.267 0.111

Male sex �.296a �0.039

BMI, kg/m2 0.053 �0.202

Nighttime HR, beats per min �0.075 �0.056

Nighttime SBP, mm Hg

Nighttime PP, mm Hg 0.199 0.484c 0.235 0.593c

Abbreviations: BMI, body mass index; HR, heart rate; PP, pulse pressure; SBP, systolic blood pressure. All models were adjusted for age, sex, BMI, and

HR. Bold values indicate significance. aP<.05. bP<.01. cP<.001.
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