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Background: The contribution of central pulsatility to left
ventricular (LV) dysfunction might be mediated by the
haemodynamic loads of forward (Pf) and backward (Pb)
pulse waves. We investigated the relation between
echocardiographic indexes of LV function and pulsatile
loads derived by wave separation analysis (WSA).

Methods: In 755 participants, we assessed LV dimensions,
transmitral blood flow and mitral annular tissue velocities.
We derived central pulse pressure (cPP) from radial
tonometric recordings and calculated Pf, Pb and their ratio
(reflection magnitude) using an automated, pressure-based
WSA algorithm. Despite good quality recordings, WSA
failed to derive Pf and Pb in 139 participants (18.4%), in
particular in older women with unfavourable
haemodynamics. Thus, our analysis included 616
participants (46.1% women; mean age, 49.2 years).

Results: Age and age2 explained most of the variance in
cPP (36.9%), Pf (18.6%), Pb (41.5%) and reflection
magnitude (36.7%; P<0.0001) and altered the direct
correlation between Pf and Pb (Pint<0.0001).
Haemodynamic loads were independently associated with
sex, BMI, heart rate, mean arterial pressure, history of
diabetes and use of antihypertensive drugs. In
multivariable-adjusted analyses, transmitral velocities and
E/e0 ratio increased with higher cPP, Pf and Pb in men and
women. We also observed an age-dependent association
of LV radial strain with cPP, Pf and Pb.

Conclusion: The commercial WSA algorithm holds limited
clinical utility given its low feasibility in older participants
with unfavourable haemodynamics. LV function indexes
were similarly associated with Pf and Pb, favouring the use
of the composite cPP for prediction of LV dysfunction.

Keywords: general population, haemodynamic load
components, left ventricular function, wave separation
analysis

Abbreviations: a0, the peak late diastolic mitral annular
velocity; A, the transmitral peak late diastolic velocity; BMI,
body mass index; BP, blood pressure; CHD, coronary heart
disease; cPP, central pulse pressure; e0, the peak early
diastolic mitral annular velocity; E, the transmitral peak
early diastolic velocity; E/A ratio, E velocity/A velocity ratio;
E/e0 ratio, E velocity/e0 velocity ratio; FLEMENGHO, Flemish
urnal of Hypertension
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Study on Environment, Genes and Health Outcomes; LV,
left ventricle; MAP, mean arterial pressure; Pb, backward
pulse wave; Pf, forward pulse wave; TDI, tissue Doppler
imaging; WSA, wave separation analysis
INTRODUCTION
T
he properties of both the heart and the vasculature
influence the capability of the body to regulate
cardiac output and systemic blood pressure (BP),

and to respond to changes in preload and afterload. Arterial
stiffening is a common feature of aging and is exacerbated
by cardiovascular risk factors such as hypertension and
diabetes mellitus [1]. In stiffer arteries, aortic pulsatility is
greater because of increased pulse wave propagation and
reflection [1,2] and impaired aortic reservoir function [3–5].
To oppose the increased systolic afterload, the heart needs
to generate greater force, spend more energy and, in the
long run, adapt by adverse left ventricular (LV) remodelling
[6–8].

Previous population studies showed that increased cen-
tral pulsatility has detrimental effects on LV diastolic func-
tion, especially in elderly women [9–13]. Moreover, it was
suggested [14,15] that the impact of central haemodynamics
on LV structure and function might be mediated by the
haemodynamic loads of forward (Pf) and backward (Pb)
pulse waves and their ratio, that is reflection magnitude.

Information on Pf and Pb wave components of the
composite central pulse waveform might be derived using
DOI:10.1097/HJH.0000000000001623
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wave separation analysis (WSA) by the rescaling and align-
ment of the measured aortic blood flow and central pres-
sure curve [16]. On the other hand, Westerhof et al. [17]
proposed WSA of pressure in its Pf and Pb wave compo-
nents from the aortic pressure wave alone. In this method,
unknown information on the aortic flow was approximated
by a triangle with defined time intervals [17]. To date,
limited information is available on feasibility and usefulness
of a commercially available automated pressure-based WSA
method in a population of a wide range of age. Moreover,
the sex-specific association of the derived haemodynamic
load components with LV dysfunction remains to be eluci-
dated. Therefore, in a general population sample, we
investigated: the performance of a commercially available
automated, pressure-based WSA method to extract Pf and
Pb, and the sex-specific association of echocardiographic
indexes reflecting LV structure and function with the central
haemodynamic load components.

METHODS

Study participants
The Ethics Committee of the University of Leuven approved
the FLEMENGHO (Flemish Study on Environment, Genes
and Health Outcomes) study. From August 1985 until
December 2005, we randomly recruited a family-based pop-
ulation sample from a geographically defined area in north-
ern Belgium as described elsewhere [18]. From 2005 to 2009,
we invited 1031 former participants for a re-examination at
our field centre, including echocardiography and arterial
tonometry (Fig. 1). Written informed consent was obtained
in 828 participants (participation rate, 80.3%). We further
excluded 73 participants because of atrial fibrillation (n¼ 8),
an artificial pacemaker (n¼ 3) or insufficient quality of the
echocardiographic recordings (n¼ 6) or tonometry (n¼ 56).
Invited
(n = 1031)

Declined invitation
(n = 203)

Echocardiography
Arterial tonometry

2005-2009
n = 828

Total number of subjects
n = 616

LV (n = 17) or PWA (n = 56) indexes 
could not be determined

WSA algorithm failed (n = 139)

FIGURE 1 Flow chart for participants in the FLEMENGHO study. LV, left ventricu-
lar; PWA, pulse wave analysis; WSA, wave separation analysis.
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Thus, we derived LV indexes from echocardiographic
imagesandcentral haemodynamics fromcentral pulsewave-
forms in 755participants.Despite goodquality of pulsewave
recordings, however, we failed to retrieve Pf and Pb by the
WSA algorithm as implemented in SphygmoCor (AtCor
Medical Pty. Ltd., New South Wales, Australia) in 139 par-
ticipants (failure rate, 18.4%). Therefore, current analysis
included 616 participants (Fig. 1).
Echocardiography
Echocardiographic and tonometric measurements were
obtained consecutively after the participants had rested for
at least 15min in supine position and had refrained from
smoking, heavy exercise and drinking alcohol or caffeinated
beverages for at least 2 h prior to the examination.

Echocardiographic methods are detailed in the online
Supplemental Methods section, http://links.lww.com/HJH/
A878. Briefly, one experienced physician (T.K.) did the
ultrasound examination using a Vivid7 Pro (GE Vingmed,
Horten, Norway) interfaced with a 2.5–3.5 MHz phased-
array probe, in accordance to the recent recommendation
[19] and as described previously [20]. With the participants
in partial left decubitus and breathing normally, the
observer obtained conventional 2D parasternal and apical
4, 2 and 3 chamber axis views, while ECG was recorded
simultaneously. All recordings lasted at least five cardiac
cycles.

Blinded to the participants’ characteristics, one experi-
enced observer (T.K.) analysed the digital echocardiograms
using EchoPac software (GE Vingmed). From the long-axis
parasternal view, LV internal diameter and interventricular
septal and posterior wall thickness were measured at end-
diastole from the two dimensionally guided M-mode trac-
ings. Whenever optimal orientation of M-mode ultrasound
beam could not be obtained, the reader performed linear
measurements on correctly oriented 2D images. End-dia-
stolic LV dimensions were used to calculate LV mass using
an anatomically validated formula. Transmitral blood flow
Doppler signals were used to measure peak early (E) and
late (A) diastolic velocities. From pulsed-wave Tissue
Doppler Imaging (TDI) recordings, we measured mitral
annular peak velocities at early (e0) and late (a0) diastole
at four acquisition sites (septal, lateral, inferior and poste-
rior). We calculated the E/e0 ratio by dividing transmitral
E peak by e0 averaged from the four acquisition sites. From
colour Doppler myocardial data, we calculated one-dimen-
sional longitudinal and radial regional TDI strain by com-
paring local myocardial velocity profiles using dedicated
software as described previously [21].
Central haemodynamic loads
Brachial (peripheral) BP was the average of three consecu-
tive readings obtained in supine position by a validated
OMRON 705CP oscillometric sphygmomanometer (Omron
Inc., Kyoto, Japan).

During an 8-s period, trained observers recorded radial
arterial waveforms by applanation tonometry, using a high-
fidelity SPC-301 micromanometer (Millar Instruments, Inc.,
Houston, Texas, USA) interfaced with a computer running
the SphygmoCor software version 9. Recordings were
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discarded whenever the systolic or diastolic variability of
consecutive waveforms exceeded 5% or whenever the
signal amplitude was below 80 mV. From the radial wave,
SphygmoCor software calculated the aortic pulse wave by
means of a validated transfer function using brachial
DBP and mean arterial pressure (MAP, defined as
DBPþ 0.40� [SBP - DBP]) [22]. Central pulse pressure
(cPP) was calculated as the difference between central
SBP and DBP. From the central waveform, Pf and Pb
wave amplitudes were derived using the triangular-flow
pressure-based WSA algorithm as implemented in Sphyg-
moCor software (Supplemental Figure S1, http://links.
lww.com/HJH/A878). Reflection magnitude was defined
as 100�Pb/Pf.

The automated pressure-based WSA algorithm failed to
derive Pf and Pb in 139 participants despite good quality of
pulse wave recordings. In these participants, reflection
index (n¼ 85), augmentation index (n¼ 21) or the time
point of the first shoulder of the central waveform (T1;
n¼ 33) were outside the acceptable ranges as defined in the
commercially available software (Supplemental Table S1,
http://links.lww.com/HJH/A878). We opted to exclude
these recordings from further analysis, as there is to date
no standardized way to manually adjust the automatically
retrieved values of the error-causing indexes. The partic-
ipants in whom the pressure-based WSA algorithm failed, as
compared with those in whom the pulsatile components
could be separated successfully, were more likely to be
women (73.3 versus 46.1%, P< 0.0001), hypertensive
(55.4 versus 38.0%, P¼ 0.0002), older (58.2 versus 49.2
years, P< 0.0001), and had higher cPP (P< 0.0001), MAP
(P¼ 0.011) and augmentation pressure (P< 0.0001; Sup-
plemental Table S2, http://links.lww.com/HJH/A878).
Across age quartiles, the WSA algorithm successfully
derived Pf and Pb in 92% from the first (<41 years), 91%
from the second (41–51 years), 76.4% from the third (51–61
years) and 69.6% from the fourth (>61 years) quartile.
Other measurements
We administered a standardized questionnaire to collect
detailed information on medical history, lifestyle and intake
of medications. Hypertension was defined as a BP of at least
140 mmHg systolic or 90 mmHg diastolic and/or the use of
antihypertensive drugs. Body mass index (BMI) was weight
in kilograms divided by the square of height in meters.
Diabetes mellitus was determined by self-report, a fasting
glucose level of at least 126 mg/dl, or the use of antidiabetic
agents.

Statistical methods
For database management and statistical analysis, we used
SAS software version 9.4 (SAS Institute, Cary, North Caro-
lina, USA). We compared means and proportions by a z-test
and x2-test, respectively. Significance was P< 0.05 on two-
sided tests. First, we performed forward stepwise regression
to determine clinical correlates of the WSA-derived hae-
modynamic load components. Age, age2, sex, BMI, heart
rate, MAP, history of diabetes, smoking, alcohol consump-
tion, and antihypertensive drug intake were considered as
covariables in stepwise regression. We set the P value for
Journal of Hypertension
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variables to enter and stay in the stepwise regression
models at 0.10 and 0.05, respectively. We extrapolated
the relationship between Pb and Pf at fixed levels of age
whereas adjusting for important covariables.

Second, by use of a mixed model, we further assessed
multivariable-adjusted associations between echocardio-
graphic indexes reflecting left heart structure and function
(dependent variables) and central haemodynamic load
components. All mixed models were adjusted for sex,
age, body height and weight, heart rate, MAP and antihy-
pertensive treatment while accounting for family relation-
ships. We reported association sizes as the change in LV
structure and function indexes, in absolute units, per stan-
dard deviation increase in the arterial indexes. All principal
assumptions of multiple linear regression (linearity and
additivity, statistical independence, homoscedasticity and
error normality) were fulfilled. In continuous analyses,
we extrapolated the multivariable-adjusted relationship
between radial LV strain and hemodynamic indexes at fixed
levels of age. We also performed a log-likelihood ratio test
to compare the goodness-of-fit of the basic multivariable-
adjusted models with and without the central haemody-
namic load indexes.
RESULTS

Characteristics of participants
The 616 participants with successfully derived Pf and Pb
included 284 (46.1%) women and 234 (38.0%) hypertensive
participants of whom 133 (56.8%) were on antihypertensive
drug treatment. The mean age of all participants was
49.2� 15.0 years. Tables 1 and 2 list the clinical, haemody-
namic and echocardiographic characteristics of the partic-
ipants by sex.

Compared with women, men had higher brachial SBP
and DBP and lower heart rate (P� 0.0003; Table 1). Men
also reported more frequently regular alcohol consumption
and history of coronary heart disease (P� 0.017). Further-
more, Pf (P< 0.0001), but not Pb (P¼ 0.56), was signifi-
cantly lower in women than in men. Consequently, women
had significantly higher reflection magnitude as compared
with men (P< 0.0001).

Women compared with men had smaller left atrial and
LV volumes as well as LV dimensions and mass, yet higher
LV radial strain, ejection fraction, transmitral E and A peak
velocities and E/e0 ratio (P� 0.0095; Table 2).
Correlates of haemodynamic load components
In unadjusted analyses, peripheral PP, cPP, Pf and Pb
increased curvilinearly with age (P< 0.0001; Fig. 2).
Table 3 and Supplemental Table S3, http://links.lww.com/
HJH/A878 list the overall and sex-specific haemodynamic
indexes by age quartiles, respectively.

Table 4 shows the correlates of the central haemody-
namic load indexes as identified in stepwise regression
analyses. As expected, most of the variance in peripheral
PP (41.9%), cPP (36.9%), Pf (18.6%) and Pb (41.5%) was
explained by age and age2. In addition, cPP and Pb
increased independently and significantly with women,
MAP, history of diabetes mellitus and antihypertensive
www.jhypertension.com 3
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TABLE 2. Echocardiographic characteristics of 616 participants

Characteristics Men (n¼332) Women (n¼284)

Left atrial volume
Crude volume (ml) 47.5�13.6 37.2�10.5z

Indexed to BSA (ml/m2) 23.8�6.35 21.1�5.03z

Indexed to body height2 (g/m2) 15.4�4.61 14.0�3.98z

LV geometry
Internal diameter (cm) 5.28�0.44 4.82�0.39z

Posterior wall (cm) 0.95�0.14 0.83�0.13z

Septal wall (cm) 1.04�0.16 0.91�0.15z

Relative wall thickness 0.38�0.07 0.36�0.06y

LV Mass
Crude mass (g) 199.2�45.3 144.1�36.1z

Indexed to BSA (g/m2) 100.3�21.6 81.9�17.7z

Indexed to body height2.7 (g/m2.7) 43.8�11.4 38.6�10.5z

EDV index (ml/m2) 68.6�12.6 62.5�10.5z

ESV index (ml/m2) 22.4�7.11 18.9�5.54z

LV systolic function
Ejection fraction (%) 67.7�7.20 69.8�6.83z

TDI longitudinal strainb (%) 22.2�3.69 22.4�3.52

TDI radial strainb (%) 56.2�11.9 59.1�12.8y

LV diastolic function
E peak (cm/s) 71.7�14.9 80.3�15.7z

A peak (cm/s) 59.8�16.0 67.3�17.8z

E/A ratio 1.30�0.50 1.28�0.44

TDI e0 peak (cm/s)a 11.6�3.65 11.8�3.56

TDI a0 peak (cm/s)a 10.3�2.14 9.79�1.97y

E/e0 ratioa 6.54�1.75 7.35�2.42z

Values are mean (�SD) or number of participants (%). BSA, body surface area; EDV,
end-diastolic volume; ESV, end-systolic volume; LV, left ventricle; MAP, mean arterial
pressure; TDI, tissue doppler imaging.
aAverage of septum, lateral, inferior and posterior mitral annulus sites.
bMeasurements of longitudinal and radial strain were available for 504 and 502
individuals, respectively.
yP�0.01.
zP�0.001.

TABLE 1. Clinical and haemodynamic characteristics of 616
participants

Characteristics Men (n¼332) Women (n¼284)

Anthropometrics
Age (years) 49.1�14.9 49.3�15.0

Body mass index (kg/m2) 26.7�3.78 26.4�4.85

Brachial SBP (mmHg) 130.0�15.0 125.2�17.5z

Brachial DBP (mmHg) 82.0�9.32 77.3�8.69z

Brachial PP (mmHg) 48.0�12.6 48.0�15.1

MAP (mmHg) 98.0�9.85 93.3�10.1z

Heart rate (beats/minute) 62.2�9.32 65.7�9.96z

Questionnaire data
Current smoking, n (%) 75 (22.6) 51 (18.0)

Drinking alcohol, n (%) 202 (60.8) 62 (21.8)z

Hypertensive, n (%) 135 (40.7) 99 (34.9)

Treated for hypertension, n (%) 66 (19.9) 67 (23.6)

b-Blockers, n (%) 36 (10.8) 35 (12.3)

ACE-I or ARB, n (%) 26 (7.8) 20 (7.0)

CCB or a-blockers, n (%) 12 (3.6) 10 (3.5)

Diuretics, n (%) 21 (6.3) 37 (13.0)y

History of CHD, n (%) 14 (4.2) 3 (1.1)�

History of diabetes, n (%) 13 (3.9) 12 (4.2)

Central haemodynamics
Central PP (mmHg) 44.1�14.0 43.2�15.6

Pf (mmHg) 33.6�9.58 30.1�9.47z

Pb (mmHg) 21.0�7.80 21.4�8.75

Reflection magnitude (%) 62.8�17.0 70.8�17.3z

Values are mean (�SD) or number of participants (%). ACE-I, angiotensin-converting
enzyme inhibitor; ARB, angiotensin-receptor blocker; BP, blood pressure; CCB, calcium-
channel blocker; CHD, coronary heart disease; MAP, mean arterial pressure; Pb,
backward wave amplitude; Pf, forward wave amplitude; PP, pulse pressure.
�P�0.05.
yP�0.01.
zP�0.001.
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treatment, but decreased with heart rate. Pf also increased
with MAP, diabetes mellitus and antihypertensive treat-
ment, but decreased with women. All covariables together,
including age and age2, explained 51.9, 47.7, 29.4 and
53.2% of the total variance in peripheral PP, cPP, Pf and
Pb, respectively. Independent correlates of reflection mag-
nitude included age, age2, female sex, heart rate, BMI, MAP,
history of diabetes mellitus and smoking, explaining 54.2%
of the total variance in reflection magnitude.

The direct correlation between Pb and Pf was modified
by age analysed as continuous variables (P< 0.0001 for
interaction). To illustrate the age-dependency, we extrapo-
lated the multivariable-adjusted relation between Pb and Pf
at fixed levels of age (Fig. 3). In both men and women, the
relationship between Pb and Pf steepened at higher age
(Pint< 0.0001).

Association between left ventricular diastolic
function and central haemodynamic load
components
Multivariable-adjusted estimates (95% CI) associated with a
1-SD increase in cPP (þ15mmHg), Pf (þ10 mmHg) and Pb
(þ8mmHg) are presented in Table 5 for all participants.
After full adjustment, crude as well as indexed left atrial
volumes were directly related to cPP, Pf and Pb (P� 0.013
for all; Table 5; Supplemental Table S4, http://links.
lww.com/HJH/A878). Furthermore, transmitral E and A
peaks, TDI e0 peak and E/e0 ratio increased independently
4 www.jhypertension.com
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with higher cPP, Pf and Pb (P� 0.037 for all), whereas TDI
a0 peak independently decreased with higher central hae-
modynamic indexes (P� 0.025; Table 5). With exception of
E/A ratio (P¼ 0.015), none of the echocardiographic
indexes reflecting LV diastolic function were associated
with reflection magnitude after full adjustment (P� 0.072;
Table 5). Addition of cPP to the basic model (i.e. the
multivariable-adjusted model without inclusion of any cen-
tral haemodynamic index) provided higher chi-square sta-
tistics for its effect in relation to left atrial volume, transmitral
E and A peaks and E/e0 ratio as compared with models,
which additionally included Pf or Pb (Supplemental
Table S5, http://links.lww.com/HJH/A878).

We repeated the regression analyses separately in
women and men (Table 6). We did not observe any
significant interaction between sex and the central haemo-
dynamic load components (Pint> 0.069) in relation to left
atrial volume and LV Doppler transmitral or TDI velocities.
On the other hand, we found a better correlation of E/e0

ratio with cPP, Pf and Pb in women compared with men
(Pint� 0.020, Table 6).

Association between left ventricular systolic
function and central haemodynamic load
components
In both men and women, LV ejection fraction as well as LV
longitudinal and radial strains were not associated with cPP,
Pf and Pb after full adjustment (P� 0.13). Dichotomized by
Volume 35 � Number 1 � Month 2017
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FIGURE 2 Univariate relationship of haemodynamic indexes with age. Each panel shows the second order polynomial, its 95% prediction band, the coefficient of determination
(R2) and associated P value resulting from a best-fit (least squares) procedure. Pb, backward wave amplitude; Pf, forward wave amplitude; PP, pulse pressure.
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age quartiles, however, fully adjusted LV radial strain
increased significantly with cPP, Pf and Pb in middle-aged
participants (40–50 years) only (Supplemental Table S6,
http://links.lww.com/HJH/A878). Figure 4 shows adjusted
radial strain in relation to the central haemodynamic loads
at fixed levels of age and limited to 466 study participants
older than 40 years. In both sexes, the slopes of the
relationship between radial strain and the central haemo-
dynamic loads shifted from positive at 50 years of age
towards negative at 80 years of age, supporting an age-
dependent relationship between LV radial strain and any of
the central haemodynamic indexes (Pint¼ 0.012, 0.073 and
0.040 for cPP, Pf and Pb, respectively).
TABLE 3. Haemodynamic characteristics of 616 participants by age qu

Characteristic Less than 40 (n¼150) 40–50 (n¼172

Peripheral PP (mmHg) 43.8�9.03 41.8�7.58�

Central PP (mmHg) 38.2�8.92 37.7�9.01

Wave separation analysis

Pf (mmHg) 33.4�9.72 28.7�7.21�

Pb (mmHg) 16.8�4.51 18.2�5.22�

Reflection magnitude (%) 51.7�13.3 63.9�14.5�

Values are means (�SD). Pb, backward wave amplitude; Pf, forward wave amplitude; PP, pulse
�P<0.05 versus less than 40 years.
yP< 0.05 versus 40–50 years.
zP< 0.05 versus 50–60 years.

Journal of Hypertension
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Association between left ventricular geometry
and central haemodynamic load components
In contrast to LV septal and posterior wall thickness
(P� 0.10), LV internal diameter was independently and
directly related to cPP, Pf and Pb (P� 0.031; Supplemental
Table S7, http://links.lww.com/HJH/A878). Furthermore,
crude and body surface area (BSA)-indexed LV mass were
correlated independently with cPP and Pb (P� 0.026; Sup-
plemental Table S4, http://links.lww.com/HJH/A878). In
both men and women, however, LV mass indexed for body
height2.7 as well as relative wall thickness was not related to
any of the central hemodynamic load components after full
adjustment (P� 0.12 for all; Table 6). In men only, we
artiles

Age quartile (years)

) 50–60 (n¼152) More than 60 (n¼142) Pquartile

45.2�9.63y 62.9�16.7�,y,z <0.0001

41.7�10.5�,y 58.9�18.3�,y,z <0.0001

29.3�7.35� 37.4�11.7�,y,z <0.0001

20.6�5.94�,y 30.0�9.68�,y,z <0.0001

71.0�16.7�,y 80.5�13.2�,y,z <0.0001

pressure; Pquartile indicates the P value for overall interquartile differences.
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TABLE 4. Correlates of central haemodynamic indexes

Variables Peripheral PP (mmHg) Central PP (mmHg) Pf (mmHg) Pb (mmHg) Reflection magnitude

Mean� SD 48.0�13.8 43.7�14.7 31.9�9.68 21.1�8.25 66.5�17.8

Adjusted R2

Explained by age and age2z 41.9% 36.9% 18.6% 41.5% 36.7%

Explained by all covariables 51.9% 47.7% 29.4% 53.2% 54.2%

Partial regression coefficients (additional percentage of variance explained)
Female sex 2.86�0.83 (0.86%)y 2.04�0.93 (0.37%)� �2.62�0.68 (1.47%)z 2.08�0.51 (1.93%)z 11.9�1.04 (7.34%)z

Heart rate, þ10 bpm �1.74�0.42 (0.75%)y �3.29�0.48 (4.10%)z � �2.43�0.25 (3.74%)z �6.17�0.53 (6.45%)z

Body mass index, þ4 kg/m2 – – – �0.75�0.24 (0.44%)� �1.35�0.50 (0.65%)y

MAP, þ10 mmHg 4.81�0.44 (7.85%)z 4.47�0.51 (5.12%)z 2.09�0.36 (7.33%)z 2.67�0.27 (5.10%)z 3.65�0.57 (2.20%)z

Antihypertensive treatment – 3.60�1.20 (0.90%)y 1.81�0.89 (0.47%)� 1.47�0.63 (0.52%)y –

History of diabetes mellitus 6.04�2.00 (0.68%)y 6.62�2.42 (0.65%)y 5.90�1.70 (2.08%)z 2.70�1.19 (0.43%)� �5.23�2.52 (0.32%)�

Smoking – – – – 4.01�1.23 (1.08%)z

We performed stepwise multiple regression with age and age2 forced into the models to assess the independent correlations between haemodynamic indexes and risk factors such as
sex, body mass index, heart rate, mean arterial pressure (MAP), history of diabetes mellitus, smoking and drinking status, and antihypertensive drug treatment. The partial regression
coefficients are adjusted for age, age2 and all other covariables entered in the model. P values for covariables to enter and stay in the regression models was set at 0.10 and 0.05,
respectively. MAP, mean arterial pressure; Pb, backward wave amplitude; Pf, forward wave amplitude; PP, pulse pressure.
�P<0.05.
yP<0.01.
zP<0.001.

Cauwenberghs et al.
found borderline significant associations between end-dia-
stolic volume index and cPP (P¼ 0.035) and between both
end-diastolic and end-systolic volume index and Pf
(P� 0.049; Supplemental Table S7, http://links.lww.com/
HJH/A878). With exception of LV posterior wall thickness
in women (P¼ 0.038), none of the LV structural and volu-
metric indexes were associated with reflection magnitude
(P� 0.067 for all; Table 6; Supplemental Table S7, http://
links.lww.com/HJH/A878).

DISCUSSION
The key findings of this study can be summarized as
follows: an automated, commercial WSA algorithm often
failed to separate Pf and Pb pulsatile load components from
central aortic pressure waveform particularly in older
women with unfavourable haemodynamic status; age sig-
nificantly modified the relationship between forward and
backward wave amplitudes; echocardiographic indexes
reflecting LV diastolic function including left atrial volume
were associated with both forward and backward haemo-
dynamic load components similarly to the associations of
LV indexes with cPP; the relationship between LV radial
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FIGURE 3 Extrapolation from the multivariable-adjusted relation between forward and
forward (Pf) wave amplitude were adjusted for body mass index, heart rate, mean arteri
indicates the fixed level of age.

6 www.jhypertension.com

Copyright © 2017 Wolters Kluwer Health, Inc. Unau
strain and any of the central hemodynamic load compo-
nents was age-dependent, shifting from a positive to a
negative relation from middle to older age.

Triangular-flow pressure-based WSA is proposed as a
method that does not require measurement of aortic blood
flow to derive forward and backward haemodynamic load
components from central pressure waveforms [17]. Using
a custom-designed program of pressure-based WSA
method, Zamani et al. [14] was able to derive pulsatile load
components from central pressure waveforms in 94.5% of
6336 participants recruited from a general population. On
the other hand, previous study by Kips et al. [23] demon-
strated that values of derived haemodynamic load compo-
nents or aortic pulse transit time by pressure-based WSA
algorithm differed substantially from the values obtained
whenever using both measured aortic pressure and flow
information.

Recently, an automated pressure-based WSA algorithm
was implemented in the commercially available Sphygmo-
Cor software. Two recently published studies applied this
automated WSA algorithm to derive Pf and Pb in a cohort of
879 outpatients across a wide age range and in 524 young-
to-middle aged participants recruited from a general
80 1006040200
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backward wave amplitude at fixed levels of age and by sex. Backward (Pb) and
al pressure and treatment for hypertension. The number at the extrapolation line
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TABLE 5. Multivariable-adjusted associations of LV diastolic function and structure with central haemodynamics

Central PP (þ15 mmHg) Pf (þ10 mmHg) Pb (þ8 mmHg)
Reflection magnitude (þ18%)

Component

Parameter
estimate
(95% CI) P value

Parameter
estimate
(95% CI) P value

Parameter
estimate
(95% CI) P value

Parameter
estimate
(95% CI) P value

LV diastolic function
LAV/height2.0 (ml/m2) 0.59 (0.21, 0.98) 0.0026 0.42 (0.088, 0.76) 0.013 0.50 (0.11, 0.90) 0.013 �0.099 (�0.54, 0.35) 0.66

E peak (cm/s) 3.56 (2.22, 4.89) <0.0001 2.76 (1.60, 3.92) <0.0001 2.86 (1.45, 4.27) <0.0001 �0.81 (�2.43, 0.79) 0.32

A peak (cm/s) 2.91 (1.80, 4.02) <0.0001 2.11 (0.11, 3.08) <0.0001 2.52 (1.35, 3.69) <0.0001 0.094 (�1.24, 1.43) 0.89

E/A ratio 0.033 (0.003, 0.062) 0.029 0.038 (0.012, 0.063) 0.0036 0.020 (�0.011, 0.051) 0.20 �0.043 (�0.078, �0.009) 0.015

TDI e0 peak (cm/s) 0.27 (0.085, 0.46) 0.0046 0.29 (0.13, 0.46) 0.0005 0.21 (0.013, 0.41) 0.037 �0.21 (�0.43, 0.018) 0.072

TDI a0 peak (cm/s) �0.22 (�0.37, �0.060) 0.0066 �0.15 (�0.29, �0.019) 0.025 �0.23 (�0.40, 0.070) 0.0052 �0.028 (�0.21, 0.16) 0.76

E/e0 ratio 0.44 (0.29, 0.60) <0.0001 0.32 (0.18, 0.45) <0.0001 0.37 (0.21, 0.54) <0.0001 �0.061 (�0.25, 0.13) 0.52

LV structure
RWT �0.003 (�0.008, 0.003) 0.34 �0.003 (�0.008, 0.002) 0.21 �0.001 (�0.007, 0.005) 0.68 0.006 (0.001, 0.012) 0.069

LVM/height2.7

(g/m2.7)
0.60 (�0.32, 1.52) 0.20 0.28 (�0.52, 1.08) 0.49 0.59 (�0.36, 1.55) 0.22 0.27 (�0.79, 1.33) 0.62

Parameter estimates (95% confidence interval) indicate absolute changes in left ventricular index associated with a 1 SD increase in central haemodynamic index. All parameter
estimates were adjusted for age, sex, body height, body weight, heart rate, mean arterial pressure and class of antihypertensive treatment [b-blocker, calcium channel blocker and
renin–angiotensin–aldosterone system (RAAS) inhibitors]. Adjustments for indexed left atrial volume and LV mass did not include body height and body weight. CI, confidence intervals;
LAV, left atrial volume; LVM, left ventricular mass; Pb, backward wave amplitude; Pf, forward wave amplitude; PP, pulse pressure.
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population [15,24]. Both studies did not report details on the
software’s feasibility in their cohorts [15,24]. In our commu-
nity-based cohort, this automated WSA algorithm often
failed to derive the haemodynamic load components
particularly in older women with an unfavourable
TABLE 6. Multivariable-adjusted associations of LV diastolic function

Central PP (þ15 mmHg) Pf (þ10 mmHg)

LV index PE (95% CI) P value

Parameter
estimate;
(95% CI) P valu

LV diastolic index
LAV/height2 (ml/m2)

Men 0.77 (0.22, 1.33) 0.0062 0.54 (0.067, 1.01) 0.025

Women 0.58 (0.057, 1.09) 0.030 0.42 (�0.043, 0.88) 0.075

E peak (cm/s)
Men 3.00 (1.23, 5.73) 0.0010 2.37 (0.87, 3.87) 0.002

Women 4.01 (1.99, 6.02) 0.0001 3.18 (1.38, 4.97) 0.000

A peak (cm/s)
Men 2.99 (1.57, 4.41) <0.0001 2.19 (0.98, 3.40) 0.000

Women 2.75 (1.02, 4.48) 0.0019 1.99 (0.045, 3.54) 0.012

E/A ratio
Men 0.021 (�0.022, 0.064) 0.33 0.035 (�0.001, 0.071) 0.059

Women 0.038 (�0.002, 0.078) 0.060 0.037 (0.001, 0.072) 0.042

TDI e0 (cm/s)
Men 0.32 (0.053, 0.60) 0.020 0.33 (0.098, 0.56) 0.005

Women 0.16 (�0.10, 0.42) 0.23 0.24 (0.005, 0.47) 0.045

TDI a0 (cm/s)
Men �0.16 (�0.38, 0.070) 0.18 �0.10 (�0.29, 0.087) 0.29

Women �0.27 (�0.48, �0.051) 0.016 �0.18 (�0.37, 0.017) 0.074

E/e0 ratio
Men 0.29 (0.11, 0.48) 0.0017 0.20 (0.054, 0.37) 0.008

Women 0.59 (0.34, 0.85) <0.0001 0.42 (0.19, 0.65) 0.000

LV structure
RWT

Men �0.004 (�0.012, 0.004) 0.28 �0.004 (�0.011, 0.003) 0.27

Women �0.001 (�0.009, 0.007) 0.73 �0.002 (�0.009, 0.005) 0.54

LVM/height2.7 (g/m2.7)
Men 0.98 (�0.28, 2.24) 0.13 0.67 (�0.41, 1.75) 0.22

Women 0.63 (�0.68, 1.95) 0.34 0.24 (�0.93, 1.41) 0.68

Parameter estimates (95% confidence interval) indicate absolute changes in left ventricular inde
estimates were adjusted for age, body height, body weight, heart rate, mean arterial pressure a
index did not include body height and body weight. LAV indicates left atrial volume; LVM, left
pressure; RWT, relative wall thickness.
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haemodynamic status. It should be noted that older women
are more vulnerable to the detrimental effects of increased
aortic pulsatility on LV function [9,11–13]. Thus, the low
feasibility of applying the automated WSA algorithm in
these patients might hamper its clinical applicability.
and structure with central haemodynamic loads by sex

Pb (þ8 mmHg)
Reflection magnitude

(þ18%)

e

Parameter
estimate;
(95% CI) P value

Parameter
estimate;
(95% CI) P value

0.68 (0.10, 1.26) 0.021 0.027 (�0.60, 0.66) 0.93

0.47 (�0.067, 1.00) 0.086 �0.22 (�0.83, 0.38) 0.47

1 1.88 (�0.016, 3.78) 0.052 �1.22 (�3.24, 0.80) 0.23

6 3.67 (1.58, 5.77) 0.0007 �0.25 (�2.77, 2.26) 0.84

4 2.28 (0.76, 3.80) 0.0034 �0.40 (�2.03, 1.24) 0.64

2.67 (0.87, 4.47) 0.0038 0.82 (�1.33, 2.96) 0.46

0.001 (�0.045, 0.046) 0.98 �0.055 (�0.10, �0.007) 0.025

0.032 (�0.009, 0.074) 0.13 �0.035 (�0.084, 0.013) 0.15

3 0.22 (�0.071, 0.51) 0.14 �0.19 (�0.50, 0.12) 0.24

0.12 (�0.15, 0.39) 0.40 �0.34 (�0.65, �0.022) 0.036

�0.18 (�0.42, 0.056) 0.13 �0.032 (�0.29, 0.22) 0.80

�0.29 (�0.51, �0.063) 0.012 �0.090 (�0.35, 0.18) 0.51

7 0.22 (0.021, 0.41) 0.030 �0.088 (�0.30, 0.12) 0.41

4 0.56 (0.29, 0.82) <0.0001 0.047 (�0.27, 0.37) 0.78

�0.003 (�0.012, 0.005) 0.46 0.004 (�0.005, 0.012) 0.40

0.0002 (�0.008, 0.008) 0.96 0.007 (�0.002, 0.017) 0.12

0.82 (�0.51, 2.16) 0.23 �0.35 (�1.77, 1.07) 0.63

0.74 (�0.60, 2.09) 0.28 0.98 (�0.57, 2.53) 0.22

x associated with a 1 SD increase in central haemodynamic index. All parameter
nd antihypertensive treatment. Adjustments for indexed left atrial volume and LV mass

ventricular mass; Pb, backward wave amplitude; Pf, forward wave amplitude; PP, pulse
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FIGURE 4 Extrapolation from the multivariable-adjusted relation of radial strain in relation to central haemodynamic load components at fixed levels of age. The number at
the extrapolation line indicates the fixed level of age.

Cauwenberghs et al.
In our study, all derived pulsatile load components
increased curvilinearly with age. Moreover, age signifi-
cantly modulated the direct relationship between pulsatile
load components (Pf and Pb). Aortic stiffening because of
ageing or other cardiovascular risk factors results in greater
changes in aortic pressure during LV ejection. Aortic (cen-
tral) PP, thus, reflects pulsatile stress and aortic rigidity [25].
The central BP augmentation following arterial stiffening
might be explained by decreased proximal aortic reservoir
function [3–5] and increased forward wave propagation
and reflection [1,2]. Numerous studies already showed that
cPP plays an important role in the development of clinically
overt heart failure [26,27]. In contrast, large-scale outcome
studies investigating the prognostic value of the forward
and backward pulsatile loads for incidence of cardiovascu-
lar morbidity [16], mortality [28] and heart failure [14] came
to discrepant conclusions.

LV diastolic function tends to worsen over the adult life
course and in the presence of cardiovascular risk factors
such as hypertension and diabetes mellitus [29]. Conven-
tional echocardiography and TDI allow the detection of
subclinical deterioration of LV diastolic function [30].
Impaired LV myocardial relaxation is characterized by
decreased transmitral early (E) and enhanced late (A)
diastolic blood velocities. Furthermore, combining early
transmitral flow velocity with early mitral annular TDI
velocity (E/e0 ratio) allows evaluation of LV-filling pressure.

Community-based studies reported an independent
association between subclinical LV diastolic dysfunction
and decreased aortic compliance as reflected by increased
cPP [10–13]. For instance, in a recent longitudinal study in
607 random participants, we showed that women are more
vulnerable to the detrimental effects of increased cPP on LV
diastolic function over time than men [9]. In fact, the greater
values of aortic stiffness and central pulsatility observed in
women as compared with men might explain the higher
likelihood of women to develop heart failure with pre-
served ejection fraction [10,12].

Previous studies suggested that the detrimental effects of
increased central haemodynamics on LV diastolic dysfunc-
tion and left atrial volume might be mediated by the
haemodynamic loads of both the Pf and Pb waves. For
instance, in 524 young-to-middle aged participants [15], E/e0

ratio reflected LV-filling pressure was independently
8 www.jhypertension.com
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associated with both haemodynamic load components.
These observations are in line with our findings. In addi-
tion, we showed greater association size and statistical
significance of the association of E/e0 ratio with both Pf
and Pb components in women compared with men. On the
other hand, we could not gain any additional information
from the association of LV diastolic function with Pf or Pb
over and beyond the association we already observed with
cPP. Indeed, E/e0 ratio was more strongly associated with
the composite cPP compared with haemodynamic load
components in all participants as well as in both sexes
(Supplemental Table S4, http://links.lww.com/HJH/A878).
Moreover, in our cross-sectional study, reflection magni-
tude was not significantly related to the most clinically
useful parameters reflecting LV diastolic relaxation and
filling pressure.

As we reported previously, our study also demonstrated
the age-dependent relationship between radial systolic
function and cPP [10]. Similarly, LV radial strain increased
significantly with higher Pf and Pb only in middle-aged
participants. Once again, no additional information was
retrieved from the association between LV radial strain and
Pf or Pb over and beyond the association we reported
with cPP.

The present study must be interpreted within the con-
text of its potential limitations and strengths. First, echo-
cardiographic measurements are susceptible to
measurement errors by cause of signal noise, acoustic
artefacts and angle dependency. All echocardiographic
images, however, were recorded and postprocessed by
one experienced observer (T.K.) using a highly standard-
ized protocol. Second, because of the failure of the com-
mercial WSA algorithm to derive Pf and Pb, we excluded
from the statistical analysis a substantial number of partic-
ipants (18%), particularly elderly women with worse hae-
modynamic profile. Third, our study population included
white Europeans only, limiting the extrapolation of our
findings to other ethnicities.

In conclusion, our findings underscored the importance
of central haemodynamics for prediction of LV dysfunc-
tion. We also questioned the clinical usefulness of an
automated, commercial WSA algorithm because of its
low feasibility in participants with unfavourable haemo-
dynamic status.
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Reviewer’s Summary Evaluation

Reviewer 2
A central blood pressure (BP) approach may be more
sensitive than a conventional brachial BP approach in
estimating the impact of hemodynamic load on cardiovas-
cular structure and function. Emerging evidence supports
the view that the adverse effects of increased central
hemodynamics on left ventricular diastolic properties might
be dependent on the hemodynamic loads of both the
forward and backward waves. The study by Cauwenberghs
et al. adds a new piece of information on this issue by
showing that the association between both the hemody-
namic components and a validated Tissue Doppler index of
LV filling pressure (E/e0 ratio) is greater in women than
in men.
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