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Intensive antihypertensive treatment strictly adhering to the 
recommended blood pressure (BP) thresholds may not always 
provide expected clinical and prognostic benefit.1–7 Previous 
data showed that in some patient subpopulations, including 
diabetes, acute coronary syndromes, stroke, or octogenar-
ians, rigorous hypertensive control was associated with a less 
favorable outcome.3–5,7,8 Several independent investigators 
and meta-analysis have shown that BP in the central aortic 
compartment directly contributes to end-organ disease and 
independently determines prognosis.9–14 Furthermore, it 
is well accepted that differences in central systolic BP may 
occur among people with similar systolic BP measured in 
peripheral arteries,15–17 and antihypertensive treatment can 
differentially affect central compared with peripheral systolic 

BP (with some drugs demonstrating a larger central BP hypo-
tensive effect).18,19 Altogether, these data lend support to the 
use of central BP in the guidance of antihypertensive therapy. 
This approach might reduce the risk of overtreatment, which 
is expected to be more pronounced when decision-making is 
based on brachial BP alone.

The BPGUIDE (central Blood Pressure for GUIDing 
managEment of hypertension) study was the first rand-
omized trial to test the efficacy of guiding hypertension 
treatment decisions using central BP vs. best-practice usual 
care.20,21 The principal findings were that significantly less 
medication was needed to maintain BP control with cen-
tral BP-guided hypertension management, and despite this, 
there was no detriment to left ventricular (LV) structure or 
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BACKGROUND
Central blood pressure (BP) is an acknowledged contributor to end-
organ damage and independent determinant of prognosis. Primary 
analysis from the BPGUIDE study demonstrated no detriment on left 
ventricular (LV) structure from central BP-guided hypertension man-
agement, despite significant medication withdrawal. However, the 
effect of this on LV function has not been investigated. In this study, 
we sought to investigate the impact of central BP-guided hypertension 
management on LV systolic and diastolic performance.

METHODS
A total of 286 enrollees with uncomplicated hypertension were rand-
omized to therapeutic decisions guided by best-practice usual care (UC) 
or, in addition, by central BP intervention (CBP) for 12 months. Each partici-
pant underwent baseline and follow-up 2-dimensional echocardiography, 
with assessment undertaken by an expert blinded to participant allocation.

RESULTS
Antihypertensive medication quantity remained unchanged for 
UC but significantly decreased with intervention. However, no sig-
nificant between-group differences were noted for changes during 
follow-up in both brachial and central BP, as well as other central 

hemodynamic parameters: augmentation index and augmented 
pressure. Similarly, there were no differences between groups in 
parameters of LV diastolic function: tissue e′ velocity (∆UC vs. ∆CBP; 
P = 0.27) and E/e′ ratio (∆UC vs. ∆CBP; P = 0.60), and systolic param-
eters: LV longitudinal strain (∆UC vs. ∆CBP; P = 0.55), circumferential 
strain (∆UC vs. ∆CBP; P = 0.79), and ejection fraction (∆UC vs. ∆CBP; 
P = 0.15).

CONCLUSIONS
Hypertension management guided by central BP, resulting in signifi-
cant withdrawal of medication to maintain appropriate BP control, had 
no adverse effect on LV systolic or diastolic function.
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aortic stiffness.20 However, the issue whether medication 
withdrawal due to the change in the guidance strategy might 
have impaired LV function has not been addressed. This is 
an important question as potential negative influence on 
cardiac systolic or diastolic performance has been shown 
to be critical for long-term prognosis.22–24 Therefore, in this 
study, we aimed to extend our previous observations and 
determine the effects of antihypertensive treatment guided 
by central BP on echocardiographic parameters of LV sys-
tolic and diastolic function.

METHODS

Study design

This study was designed as a prospective, open-label, 
blinded-end point, randomized trial and the rationale has 
been presented in detail previously.20,21 Between January 
2008 and July 2011, 286 participants satisfying the selection 
criteria were recruited and randomized.

Study subjects

Participants with uncomplicated hypertension were 
recruited by advertisement from the community and primary 
care clinics in 3 Australian centers: Brisbane, Queensland; 
Hobart, Tasmania; and Canberra, Australian Capital Territory. 
Inclusion criteria encompassed: 18–75 years of age, nonpreg-
nant, antihypertensive therapy including 1–3 hypotensive 
drugs. Among exclusion criteria were: severely abnormal LV 
mass index (>59 g/m2.7 in women and >64 g/m2.7 in men), his-
tory of coronary artery disease or renal disease, serum cre-
atinine >1.6 mg/dl, secondary causes of hypertension, poorly 
controlled hypertension (office brachial BP >180/100 mm Hg), 
aortic valve stenosis, or upper limb obstructive atherosclerosis.

Protocol

Participants were randomized to 2 study arms (usual care 
vs. central BP) differing in terms of the basis for hyperten-
sion management decisions. In the usual care group, both BP 
(brachial office, 7-day home, and 24-hour ambulatory meas-
urements) as well as relevant clinical information, including 
comorbidities, LV mass, blood biochemistry, and BP-related 
symptoms, were taken into account when making titration 
recommendations. In the intervention arm, central BP was 
added to the decision-making strategy, and changes in medi-
cation were tailored with the aim of normalizing seated cen-
tral systolic BP. Normative ranges for this were adopted from 
the population study by McEniery et al.25 and were within +1 
SD of age and gender-specific data derived from that paper.

Participants were reviewed on a 3-monthly basis for 1 year. 
After each visit, a recommendation letter regarding antihyper-
tensive treatment titration (maintain, increase, or decrease) 
was provided to each participant and their attending physi-
cian, and compliance was verified at each subsequent visit. 
The choice of drug was left to the discretion of the partici-
pant’s attending physician to exclude personal bias from the 
research team. An additional unscheduled visit was arranged 

within 4 weeks in case of stopping medication, and treatment 
was reinstituted if average 7-day home or 24-hour ambulatory 
BP control was >135/85 or >130/80 mm Hg, respectively.

The procedure of randomization to the central BP-guided 
or usual care groups was carried out with an allocation ratio 
1:1 using sequentially numbered, opaque, sealed envelopes. 
The designated coordinator at each site was responsible for 
enrollment and intervention assignment. Study participants 
and the investigators were blinded to the primary outcome 
measures, specifically medication quantity determined by 
daily defined dose calculated as per World Health organiza-
tion standard,26 LV mass index (by 3-dimensional echocar-
diography), and quality of life by the Bulpitt questionnaire27 
and the multipurpose short form-36 health survey.28

BP and hemodynamic measurements

Office brachial BP and central BP were measured in 
duplicate, with the participant remaining in the sitting posi-
tion for 10 minutes, using oscillometry (Omron HEM 907; 
Omron Healthcare, Kyoto, Japan) and radial tonometry 
(SphygmoCor; AtCor Medical, Sydney, Australia) meth-
ods, respectively. Radial waveforms were calibrated using 
brachial systolic and diastolic BP. Augmented pressure was 
assessed as the pressure difference between the first and 
second systolic peaks on the central pressure waveform. 
Central augmentation index was calculated as a percentage 
of augmented pressure to central pulse pressure. To correct 
for differences in heart rate, central augmented pressure and 
augmentation index values were adjusted to a standard 75 
bpm. Central end-systolic pressure was obtained at the point 
of aortic valve closure on the central pressure waveforms. 
Pulse pressure amplification was computed as the ratio of 
brachial to central pulse pressure. Subendocardial viability 
ratio, an indicator of subendocardial perfusion,29 was calcu-
lated as the ratio of diastolic divided by systolic pressure–
time integrals, acquired from the central pressure waveform. 
Twenty-four-hour ambulatory BP was recorded using TM 
2430 equipment (A&D Mercury, Thebarton, SA, Australia).

Echocardiography

Echocardiographic imaging was carried out using Vivid E9 
and Vivid 7 equipment (GE, Vingmed Ultrasound, Horten, 
Norway) with phased array 2.5 MHz multifrequency trans-
ducers. Each baseline and 12-month follow-up assessment 
of LV function (side-by-side) was assessed by a single expert 
observer (W.K.) who was blinded to participant allocation 
and study data.

Conventional and tissue Doppler imaging. The measure-
ments of cardiac dimensions and wall thicknesses were per-
formed according to the recommendations of the American 
Society of Echocardiography.30 LV ejection fraction was calcu-
lated by real-time 3-dimensional echocardiography as previ-
ously described.31 LA volume was determined using Simpson’s 
rule from the apical 4-chamber and 2-chamber views at end–
ventricular systole, just before mitral valve opening. LA vol-
ume index were obtained by adjusting LA volume to body 
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surface area. LA area was measured in the apical 4-chamber 
view form the same frame as LA volume. The parameters of LV 
inflow were measured by pulsed wave Doppler from the apical 
4-chamber view with the sample volume positioned between 
the tips of mitral leaflets and included peak early (E) and late 
diastolic flow velocity (A) and deceleration time of E wave 
(DT). Pulse wave tissue Doppler was performed to establish 
peak early diastolic tissue velocity (e′) at the septal and lateral 
portions of the mitral annulus. The ratio of mitral inflow early 
diastolic velocity to the average e′ velocity obtained from the 
septal and lateral sides of the mitral annulus (E/e′) was calcu-
lated to approximate LV filling pressure.32

Speckle tracking imaging.  Myocardial deformation 
was assessed using a semiautomated 2-dimensional speckle 
tracking technique (Echopac; (General Electric Medical 
Systems, Milwaukee, WI)) in the 3 apical views (longitudi-
nal strain) and parasternal short axis view at the papillary 
muscles level (circumferential strain) with typical tempo-
ral resolution of 60–80 frames/s. After manual tracing of 
the endocardial border and selecting the appropriate wall 
thickness, the software automatically identified 6 segments 
in each view and tracked the motion of acoustic markers. 
Segments with inadequate tracking were readjusted manu-
ally and, if this was unsuccessful, they were excluded from 
further analysis. The measurements included the greatest 
negative value on the strain curve. Global longitudinal and 
circumferential strains were calculated as the averages from 
all LV segments interrogated. All echocardiographic param-
eters were averaged over 3 consecutive cardiac cycles.

Combined BP-echocardiography variables

 Arterial–ventricular coupling ratio was calculated as the 
quotient of aortic (EaI) and LV end-systolic elastance (ELVI) 
indices, where EaI and ELVI were defined by the ratio of central 
end-systolic pressure to echocardiographically derived stroke 
volume index and end-systolic volume index, respectively. 
Peripheral vascular resistance index was calculated by mean 
arterial pressure/cardiac index (the product of 3-dimensional 
stroke volume and heart rate indexed to body surface area).

Statistical analysis 

Data are presented as mean ± SD. Between-group com-
parisons were performed using an unpaired 2-sided Student’s 
t-test for continuous variables and by χ2 for categorical vari-
ables. Homogeneity of variances was assessed by the Levene 
test. Longitudinal analyses were carried out by a paired 2-sided 
Student’s t-test. Multivariable regression was used to adjust 
analyzed variables for age, sex, and body mass index. Changes 
in particular parameters with intervention were calculated by 
subtracting the baseline value from the follow-up value and 
were expressed in the units of their measurements. The repro-
ducibility of echocardiographic measurements was evaluated 
by the Bland–Altman method (mean difference and 95% CI). 
All analyses were performed with standard statistical software 
(Statistica for Windows 10, StatSoft, Tulsa, OK). The level of 
statistical significance was set at a 2-sided P-value <0.05.

RESULTS

Participant characteristics

The detailed demographic, clinical, and laboratory char-
acteristics of the studied population were presented in the 
previous paper.20 The mean participant age was 64 ± 8 years, 
proportion of females 53%, body mass index 29 ± 5 kg/m2, 
and prevalence of diabetes 11%. Both study arms were com-
parable with respect to the above variables, as well as plasma 
lipids, glucose and creatinine, and antihypertensive drugs 
prescriptions. All patients were in the sinus rhythm.

Daily defined dose

Medication quantity as assessed by the total daily defined 
dose did not differ between both allocation groups at base-
line. No significant change over the observation time in 
antihypertensive daily defined dose was noted in the usual 
care group (2.29 ± 1.44 vs. 2.22 ± 1.45, P = 0.20), whereas in 
the intervention group, daily defined dose was significantly 
reduced at follow-up (2.47 ± 1.37 vs. 2.02 ± 1.39, P < 0.0001; 
and P < 0.001 for the change from baseline to 12 months vs. 
the usual care group).

Blood pressure

The study arms did not differ with respect to any BP or 
BP-related variables at baseline. Brachial BP, central BP, and 
central BP-related parameters are summarized in Table  1. 
With respect to within-group changes for the usual care 
group, there were borderline increases in several 24-hour 
ambulatory BP variables, whereas office brachial systolic 
BP (SBP) was significantly lower over time. Similarly, for 
the central BP group, there were significant within-group 
increases for 24-hour ambulatory SBP, daytime SBP, night-
time SBP and DBP, but no change in office BP. However, no 
significant between-group differences in changes from base-
line to 12 months were shown for any of these or other BP 
variables as shown in Table 1.

Cardiac and vascular characteristics

Cardiac and vascular characteristics are presented in 
Table  2 and Figure  1. There were no baseline differences 
between the groups.

Left heart chamber sizes. There were no between-group 
differences in changes from baseline to 12  months in LV 
end-diastolic diameter, LA area, and LA volume.

Left ventricular systolic function. There were no signifi-
cant between-group differences documented for all LV 
systolic parameters: global longitudinal strain, circumfer-
ential strain, and ejection fraction over the observation 
period.

Left ventricular diastolic function. The only significant 
within-group changes over the study period were noted for 
e′ (decrease) and E/e′ ratio (increase) in the usual care group, 
suggesting a deterioration of LV diastolic function. However, 
between-group comparisons of changes from baseline to 
follow-up revealed no significant differences in any diastolic 
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parameters, i.e., E/A ratio and deceleration time of early 
mitral inflow, e′ and E/e′ ratio.

Changes from baseline to 12 months were also compara-
ble in both study arms for arterial–ventricular coupling and 
peripheral vascular resistance (in the case of the latter—despite 
the significant within-group increase with intervention).

Reproducibility

 The intra-observer variability of myocardial function 
measurements was assessed in 15 randomly selected exami-
nations, analyzed twice on 2 separate days with the time 
interval of 4 weeks. These differences were small for LV 

longitudinal strain −0.3% (−0.7; 0.2), circumferential strain 
0.5% (−0.5; 1.4), e′ 0.4 (−0.1; 0.9) cm/s, and E/e′ −0.6 (−1.9; 
0.7).

DISCUSSION

This randomized trial revealed that antihypertensive 
treatment guided by central BP, associated with the reduc-
tion of medication dosage, did not detrimentally impact LV 
systolic or diastolic performance during a 1-year follow-up.

Despite extensive research, the hemodynamic mecha-
nisms contributing to end-organ damage remain poorly 
recognized, but experimental and clinical work emphasize 

Table 2. Cardiac and vascular characteristics according to the antihypertensive treatment guidance

Usual care Central BP P

Baseline Follow-up P Baseline Follow-up P ∆UC vs. ∆CBP

LV end-diastolic dimension, cm 4.4 ± 0.4 4.3 ± 0.5 0.26 4.3 ± 0.5 4.3 ± 0.5 0.95 0.40

LV ejection fraction 3D, % 61.3 ± 6.0 62.3 ± 6.6 0.06 61.7 ± 4.8 61.7 ± 4.6 0.95 0.15

E/A ratio 1.01 ± 0.26 1.01 ± 0.30 0.86 0.97 ± 0.26 0.97 ± 0.29 0.97 0.93

DT, ms 223 ± 45 227 ± 60 0.48 224 ± 47 231 ± 53 0.13 0.69

e′ septal, cm/s 6.3 ± 1.4 6.1 ± 1.5 0.02 6.0 ± 1.5 6.0 ± 1.4 0.26 0.26

E/e′ ratio 10.0 ± 2.9 10.5 ± 3.5 0.04 10.0 ± 3.2 10.2 ± 3.3 0.08 0.61

LA area, cm2 20.6 ± 4.3 20.3 ± 3.8 0.36 20.2 ± 4.2 20.5 ± 4.2 0.21 0.13

LA volume index, ml/m2 34.0 ± 10.6 33.1 ± 9.3 0.27 33.6 ± 11.1 34.4 ± 11.3 0.23 0.10

PVRI, U/m2 54 ± 23 52 ± 25 0.72 55 ± 13 58 ± 15 0.046 0.21

Arterial–ventricular coupling ratio 0.53 ± 0.26 0.56 ± 0.23 0.32 0.53 ± 0.14 0.54 ± 0.13 0.65 0.45

P-values adjusted for age, sex, and body mass index.
Abbreviations: A, peak late mitral inflow velocity; E, peak early mitral inflow velocity; e′, peak early diastolic tissue velocity; DT, deceleration 

time of mitral E wave; LA, left atrial; LV, left ventricular; PVRI, peripheral vascular resistance index; 3D, 3-dimensional.

Table 1. Central blood pressure-related variables according to the antihypertensive treatment guidance

Usual care Central BP P

Baseline Follow-up P Baseline Follow-up P ∆UC vs. ∆CBP

24-hour ambulatory SBP, mm Hg 133 ± 12 134 ± 10 0.09 133 ± 12 136 ± 11 0.01 0.33a

24-hour ambulatory DBP, mm Hg 76 ± 7 77 ± 7 0.07 77 ± 8 78 ± 7 0.23 0.85a

Daytime ambulatory SBP, mm Hg 136 ± 12 137 ± 11 0.08 136 ± 12 139 ± 11 0.01 0.41a

Daytime ambulatory DBP, mm Hg 78 ± 8 79 ± 8 0.11 79 ± 8 80 ± 8 0.49 0.63a

Nighttime SBP, mm Hg 120 ± 14 121 ± 14 0.42 121 ± 16 124 ± 14 0.008 0.10a

Nighttime DBP, mm Hg 68 ± 9 69 ± 9 0.07 69 ± 10 70 ± 8 0.01 0.50a

Office brachial SBP, mm Hg 127 ± 14 124 ± 14 0.04 128 ± 13 128 ± 12 0.75 0.083a

Office brachial DBP, mm Hg 74 ± 9 73 ± 9 0.07 76 ± 10 76 ± 9 0.56 0.21a

Central augmentation index, % 21 ± 9 21 ± 10 0.95 21 ± 9 22 ± 9 0.17 0.40

Augmented pressure, mm Hg 9.3 ± 5.4 8.9 ± 5.2 0.36 8.8 ± 4.8 9.4 ± 4.8 0.18 0.13

CPP, mm Hg 40 ± 11 39 ± 11 0.11 39 ± 10 39 ± 10 0.34 0.07

BPP/CPP 1.27 ± 0.14 1.28 ± 0.16 0.66 1.28 ± 0.15 1.26 ± 0.14 0.06 0.10

Subendocardial viability ratio, % 153 ± 27 153 ± 25 0.80 155 ± 26 157 ± 27 0.16 0.46

P-values adjusted for age, sex, and body mass index.
Abbreviations: BPP, brachial pulse pressure; CPP, central pulse pressure; SBP, systolic blood pressure.
aData from Sharman et al.20 with permission from Wolters Kluwer Health.

Figure 1. Left ventricular longitudinal and circumferential deformation 
according to the antihypertensive treatment guidance. Abbreviation: BP, 
blood pressure.
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the importance of central BP, which reflects hemodynamic 
status at the organ level more closely than peripheral meas-
ures.9,12,13,33 With respect to the heart, aortic pressure during 
systole represents an afterload for the left ventricle, whereas 
aortic diastolic pressure is a determinant of coronary artery 
perfusion.34 Existing evidence indicates that SBP and PP are 
amplified between the aorta and peripheral arteries with a 
marked interindividual variability, which denotes the pos-
sibility of major differences in central SBPs between subjects 
with similar brachial SBPs.15,16,25

Previous studies demonstrated that increases in afterload 
promote LV systolic and diastolic abnormalities with meas-
ures of higher loading, namely central augmentation index, 
SBP, PP, and PP amplification being contributors to this, 
independent of the standard cuff BP.33–40 The clinical context 
of these findings is additionally influenced by the differential 
effect of antihypertensive medications on central and bra-
chial SBP, which makes the assessment of the former more 
appropriate for effective hypertension management.18,33

The present study showed that the modification of phar-
macotherapy associated with the diminution in quantity of 
antihypertensive medication was neutral with respect to LV 
performance, with no significant changes in LV longitudinal 

and circumferential systolic function, myocardial relaxation, 
and LV filling pressure at follow-up. This response is consist-
ent with the absence of relevant alterations in the proxies of 
LV afterload, specifically central SBP, augmented pressure, 
brachial pulse pressure / central pulse pressure and central 
augmentation index. Accordingly, our results do not cor-
roborate concerns about the potential post-modification 
attenuation of pleiotropic effects attributable to some hypo-
tensive agents, which in addition to hemodynamic effects 
might contribute to the functional status of the heart. This, 
however, may vary depending on the drug profile and needs 
a separate, problem-oriented assessment. Furthermore, the 
interaction between the left ventricle and arterial system, as 
assessed by arterial–ventricular coupling ratio, represent-
ing net cardiovascular performance, remained unchanged 
despite less antihypertensive treatment. A  relatively long 
follow-up duration reassures the adequacy of our find-
ings, as a several-months period is sufficient for the adap-
tive/maladaptive functional myocardial changes to emerge. 
Nonetheless, unrestrained clinical application of this model 
of care still needs to be evaluated with regard to long-term 
outcomes. Furthermore, the lack of a significant between-
group increase in BP following medication down-titration 
among patients in the central BP group was an unexpected 
finding that could suggest uncertainty regarding adher-
ence to medication recommendations. Having said this, we 
utilized a thorough protocol to check compliance at each 
study visit (study nurses viewing medication packets, verbal 
confirmation with patients, and written confirmation with 
attending doctors) and there were statistically significant 
within-group increases in some ambulatory BP variables 
within the central BP group, which tends to reassure regard-
ing appropriate compliance with recommendations.

Since the BPGUIDE study was started, new devices to esti-
mate central BP from an upper arm cuff have been developed. 
Recently, the diagnostic performance of central BP derived 
using one of these devices was compared with conventional 
brachial BP and found to have significantly better sensitiv-
ity and negative predictive value for the diagnosis of high 
BP based on a central hypertension threshold of 130/90 mm 
Hg.41 This suggests that central BP should be better for iden-
tifying potential overtreatment as well as under-diagnosis of 
hypertension. Yet in BPGUIDE, there was clearer propen-
sity toward identifying overtreatment (relatively low central 
SBP). The reasons for this firstly relate to the study protocol in 
which medication withdrawal was based on population nor-
mative central BPs rather than central hypertension thresh-
olds, which were not available at the time of study inception. 
Secondly, we waited for 10 minutes and performed several 
repeat measures before recording central BP. This resulted 
in a decline in both brachial and central BP (above and 
beyond a 5-minute wait period), with most people having 
well controlled brachial (<140/90 mm Hg) and central BP 
(<130/90 mm Hg).42 Thirdly, calibrating radial waveforms 
with brachial SBP and DBP may have underestimated central 
SBP relative to other calibration methods (such as by mean 
BP and DBP), which has only recently been appreciated to 
have potential clinical significance.43 Together these factors 
may have skewed favor toward central BP being more use-
ful to delineate overtreatment rather than under-diagnosis 

Figure 1. Left ventricular longitudinal and circumferential deformation 
according to the antihypertensive treatment guidance. Abbreviation: BP, 
blood pressure.
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in BPGUIDE. This highlights the imperative to standardize 
validation protocols for central BP devices.

Limitations 

1. The study population profile included low- to-medium 
risk subjects with uncomplicated hypertension, and as such 
there may have been less propensity toward major changes 
in structural or functional echocardiographic measure-
ments. Furthermore, the relatively healthy and well-treated 
study population limits extrapolation of the results to other 
cohorts such as those with severe hypertension or advanced 
hypertensive heart disease. 2.  This was an open-label trial 
with the drug names and doses being unblinded, which 
might have provided a source of bias for treatment decisions.

In conclusion, this study underpins the concept of the effi-
cacy and safety of central BP-guided management of hyper-
tension by showing no adverse effect of this approach on LV 
function. Withdrawal of medication, improving quality of 
life, and reducing the risk of possible harm from intensively 
lowering BP proved a reasonable therapeutic option with 
regard to not only structural but also functional character-
istics of the left ventricle. This highlights the role of nonin-
vasive assessment of hemodynamics, which seems feasible 
in daily practice with commercially available tonometry or 
oscillometry-based devices.
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