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Abstract

Aims Augmented central systolic blood pressure (cSBP), which is known to affect the cardiac afterload, is an independent
risk factor for cardiovascular disease. While an inverse relationship is known to exist between the heart rate (HR) and the
cSBP, it has not yet been clarified if the HR also modulates the association between the cSBP and the cardiac afterload.
The present study was conducted to clarify whether the association of the cSBP with the serum levels of the N-terminal frag-
ment B-type natriuretic peptide (NT-proBNP) differs between subjects with high and low HRs, using data obtained from the
same subjects on two occasions (2009 and 2012) so as to confirm their consistency.
Methods and results The radial augmentation index, systolic pressure at the second peak of the radial pressure waveform
(SBP2), and serum NT-proBNP levels were measured and analysed in a worksite cohort of 2000 middle-aged men in 2009 and
in 2012. The subjects were divided into three groups by the HR (i.e. ≤69, 70–79, and ≥80 b.p.m.). While the serum NT-proBNP
levels were similar among the three groups, the radial augmentation index increased (from 61 ± 12% to 72 ± 13%, P < 0.01 in
2009 and from 61 ± 13% to 73 ± 12%, P < 0.01 in 2012) and the SBP1-2 decreased (from 18 ± 7 to 13 ± 7 mmHg, P < 0.01 in
2009 and from 19 ± 7 to 13 ± 6 mmHg, P < 0.01 in 2012) significantly with decreasing HR. After the adjustment, the SBP2
showed a significant association with the serum NT-proBNP levels in the overall study population [non-standardized coeffi-
cient (B) = 0.005, standard error (SE) = 0.001, P < 0.01 in 2009 (n = 2257) and B = 0.004, SE = 0.001, P < 0.01 in 2012
(n = 1986)]. In subgroup analyses, the SBP2 showed a significant association with the serum NT-proBNP levels [B = 0.004,
SE = 0.002, P = 0.02 in 2009 (n = 1291) and B = 0.005, SE = 0.001, P < 0.01 in 2012 (n = 1204)] only in the subject group with
an HR of ≤69 b.p.m.
Conclusions In middle-aged Japanese men, the relationship between the cSBP and the cardiac afterload appears to differ
depending on the HR; the results of our analysis showed that the relationship between the cSBP and the cardiac overload
may be more pronounced and strongly significant in patients with low HRs as compared with patients with high HRs.
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Introduction

Several studies have reported that high heart rates (HRs) are
a risk factor for cardiovascular (CV) outcomes, not only in pa-
tients with heart disease but also in the general population,
acting via several mechanisms.1–5 The increased cardiac

workload caused by a high HR is thought to be one of the un-
derlying mechanisms.4–7 In addition to a high HR, increased
cardiac afterload also acts to increase the cardiac workload.8

Systolic blood pressure (SBP) is one of the major determi-
nants of the cardiac afterload. Although conventionally bra-
chial SBP (bSBP) has been used to assess the cardiac
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afterload, recent studies have demonstrated that the central
SBP (cSBP) rather than the bSBP may be a more valid tool to
assess the cardiac afterload.9,10

The cSBP is estimated by measurement of the augmenta-
tion index (AI), a marker of the pressure wave reflection in
the arterial tree, and the bSBP.9,10 The AI increases as the
HR decreases so that the cSBP is augmented relative to
the bSBP at lower HRs.9–11 Thus, while the component of
the cardiac workload related to the HR decreases with de-
creasing HR, the cardiac workload component related to
the cSBP may be increased.12 The cSBP is an independent
predictor of future CV events,13 and increased cardiac
afterload is thought to be one of the underlying mecha-
nisms related to poor CV outcomes.9,14 Therefore, it is im-
portant to clarify whether the impact of the cSBP on the
cardiac afterload differs significantly between subjects with
high and low HRs.

The blood natriuretic peptide level is a recognized marker
of the CV outcomes, not only in subjects with heart diseases
but also in the general population.15,16 Increased blood levels
of the peptide are related to increase of the cardiac
afterload.17 Previously, our prospective observational study
conducted in a worksite cohort reported a significant associ-
ation of the serum N-terminal fragment B-type natriuretic
peptide (NT-proBNP) levels with the central haemodynamic
parameters.18,19 In this study, in addition to measurement
of the central haemodynamic parameters, measurement of
the serum NT-proBNP level was conducted two times (in
2009 and in 2012).19 The present study was conducted in
middle-aged Japanese men to clarify whether the association
of the cSBP with the serum NT-proBNP levels might differ be-
tween subjects with high and low HRs, using data measured
in the same subjects on two occasions, that is, in 2009 and,
again 3 years later, in 2012, to confirm the consistency of
the findings.

Methods

Subjects

The subjects of this prospective study consisted of a cohort of
Japanese employees of a single large construction
company.18,19 Data were obtained from the annual health
check-ups carried out in the subjects in 2009 and 2012. The
health check-up examinations, including measurements of
the radial AI and serum NT-proBNP, were conducted in the
morning after the subjects had fasted overnight. Informed
consent was obtained from all of the study participants prior
to their participation in this study. The study was conducted
in compliance with the Declaration of Helsinki and with the
approval of the Ethical Guidelines Committee of Tokyo Med-
ical University (No. 209 and No. 210 in 2003).

In 2009, a total of 3265 subjects who were working at the
company headquarters or branch offices underwent annual
medical examinations, and in 2012, a total of 2954 subjects
underwent the examinations.

From the cohort of 2009, the data of 482 women (because
their number was relatively small as compared with the num-
ber of men) and 526 men [17 men with atrial fibrillation, 7
men with an ankle/brachial SBP index of <0.90, 54 men with
standard deviation of the radial AI of ≥6%, 44 men with a his-
tory of treatment for heart disease or stroke, 22 men with se-
rum creatinine levels of >1.5 mg/dL or a history of treatment
for renal disease, and 382 men with serum glycosylated
haemoglobin A1c (HbA1c) values of >6.5% and/or a history
of treatment for hypertension, dyslipidaemia, and/or diabe-
tes mellitus (some of men had more than two abnormalities)]
were excluded.

Furthermore, from the cohort of 2012, the data of 425
women and 543 men [6 men with atrial fibrillation, 1 man
with an ankle/brachial SBP index of <0.90, 21 men with stan-
dard deviation of the radial AI of ≥6%, 39 men with a history
of treatment for heart disease or stroke, 13 men with serum
creatinine levels of >1.5 mg/dL or a history of treatment for
renal disease, and 463 men with serum HbA1c values of
>6.5% and/or a history of treatment for hypertension,
dyslipidaemia, and/or diabetes mellitus (some of men had
more than two abnormalities)] were excluded.

Finally, the data of the remaining 2257 men from the 2009
cohort and 1986 men from the 2012 cohort were included for
the analysis.

Measurements

Augmentation index
Measurements of the blood pressure and radial AI were con-
ducted after the subjects had rested for at least 5 min in the
sitting position, in a temperature-controlled room (24–26°C)
designated exclusively for this purpose. The blood pressure
was measured in the right upper arm using the oscillometric
method (HEM-907; Omron Healthcare Co., Ltd., Kyoto,
Japan). Immediately after this measurement, the left radial
arterial waveform was recorded using an arterial applanation
tonometry probe equipped with an array of 40
micropiezo-resistive transducers (HEM-9000AI; Omron
Healthcare Co., Ltd.).19 Then, the first and second peaks of
the peripheral SBP (SP1 and SP2, markers of the cSBP) and
peripheral diastolic blood pressure (DBP) were automatically
determined using the fourth derivatives for each radial arte-
rial waveform and then averaged. The first peak pulse pres-
sure (PP1) and second peak pulse pressure (PP2, a marker
of the central pulse pressure) were calculated as
SP1 � brachial DBP and SP2 � brachial DBP, respectively.
The radial AI, a marker of the central AI, was then calculated
as follows: PP2/PP1 × 100 (%).20 We previously reported a
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good reproducibility of the radial AI (Pearson’s correlation co-
efficient, 0.95; P < 0.01; coefficient of variation, 3.2%).20

Laboratory measurements

Fasting serum concentrations of triglyceride, total choles-
terol, high-density lipoprotein cholesterol, and creatinine,
fasting plasma glucose, and HbA1c concentrations were mea-
sured using enzymatic methods (Falco Biosystems Co., Ltd.,
Tokyo, Japan). Serum NT-proBNP levels were determined
using a chemiluminescence immunoassay kit (Roche Diagnos-
tics, Mannheim, Germany).21 (The sensitivity was 88%, and
specificity was 92%; the inter-observer and intra-observer co-
efficients of variation were 1.8% and 1.6%, respectively.) All
the blood samples were obtained in the morning after the
patients had fasted overnight.

Statistical analyses

Data are expressed as the means ± standard deviation
(figures are shown with error bars). Because the serum
NT-proBNP levels were skewed rightward, the values were
log transformed for the analyses. The relationships among
the variables were assessed by univariate and multivariate
linear regression analyses with backward elimination.
Concerning the adjustments, the covariates used in the basic
adjustment model were the age, body mass index, smoking
status, and creatinine.

All the analyses were conducted using the IBM/SPSS soft-
ware (Version 25.0; IBM/SPSS Inc., Armonk, NY, USA). A P
value of <0.05 was considered as being indicative of a statis-
tically significant difference.

Results

Table 1 shows the clinical characteristics of the study subjects
measured in 2009 and 2012. Among the 2374 men whose
data were obtained in 2009, 1567 men underwent the same
examinations again in 2012. Among men with repeated mea-
surement data, the radial AI (from 68 ± 13% to 71 ± 13%), sec-
ond peak of the radial pressure waveform (SBP2) (from
105 ± 14 to 106 ± 15 mmHg), and serum NT-proBNP level
(from 23 ± 26 to 29 ± 28 pg/mL) increased significantly from
2009 to 2012 (P < 0.01).

Figure 1 shows the measured radial AI, SBP1-2 (SBP1 minus
SBP2; i.e. a low SBP1-2 corresponds to augmentation of the
cSBP relative to the bSBP), and serum NT-proBNP levels
among three groups classified by the HR (i.e. ≤69, 70–79,
and ≥80) in 2009 and 2012. While the serum NT-proBNP
levels were similar among the three groups, the radial AI

increased and the SBP1-2 decreased significantly with de-
creasing HR.

Table 2 summarizes the results of univariate and multivar-
iate linear regression analyses with backward elimination to
examine the association of SBP1 and SBP2 with the serum
NT-proBNP levels among the three groups classified by the
HR. The SBP2 showed a significant association with the serum
NT-proBNP levels in the overall study population. However, in
subgroup analyses, the SBP2 showed a significant association
with the serum NT-proBNP levels only in subjects with
HR ≤ 69 b.p.m.

Discussion

The present study was the first to examine the differential as-
sociation of the cSBP with the serum NT-proBNP levels in
subjects with high and low HRs. Augmentation of the cSBP
relative to the bSBP was more pronounced in subjects with
low HRs as compared with those with high HRs, and signifi-
cant association of the cSBP with the serum NT-proBNP levels
was only observed in subjects with low HRs, but not those
with high HRs. These findings were consistent between data
obtained in 2009 and those obtained in 2012.

The present study suggested that the cSBP may exert a sig-
nificant influence on the cardiac afterload in the presence of
under the condition of low HRs, but not in the presence of
under the condition of high HRs. A plausible explanation for
this difference in the influence of the cSBP on the cardiac

Table 1 Clinical characteristics of the study subjects

Examination time 2009 2012

Number of subjects 2257 1986
Age (years) 44 ± 9 45 ± 9
BMI 23.9 ± 3.0 24.0 ± 3.0
Smoking history (not/current) (%) 1592/665 (29) 1464/522 (26)
SBP1 (mmHg) 122 ± 14 119 ± 14
SBP2 (mmHg) 107 ± 16 105 ± 15
SBP1-2 (mmHg) 14 ± 7 15 ± 7
HR (b.p.m.) 69 ± 10 68 ± 10
Radial AI (%) 69 ± 13 70 ± 13
TC (mmol/L) 5.4 ± 0.9 5.4 ± 0.9
HDL (mmol/L) 1.6 ± 0.4 1.7 ± 0.4
TG (mmol/L) 1.4 ± 1.2 1.3 ± 0.9
FPG (mmol/L) 5.0 ± 0.5 4.9 ± 0.4
Cr (μmol/L) 76 ± 9 74 ± 9
HbA1c (%) 5.1 ± 0.3 5.0 ± 0.3
NT-proBNP (pg/mL) 25 ± 29 29 ± 46

2009, examination conducted in 2009; 2012, examination con-
ducted in 2012; AI, augmentation index; BMI, body mass index;
Cr, serum creatinine level; FPG, fasting plasma glucose; HbA1c, se-
rum glycosylated haemoglobin A1c; HDL, serum high-density lipo-
protein cholesterol level; HR, heart rate; NT-proBNP, serum level of
the N-terminal fragment of B-type natriuretic peptide; SBP1, first
peak of the radial pressure waveform; SBP2, second peak of the ra-
dial pressure waveform; SBP1-2, SBP1 minus SBP2; smoking,
not = not current smoker and current = current smoker; TC, serum
total cholesterol level; TG, serum triglyceride level.
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afterload depending on the HR might be as follows: (i) the
SBP affects the cardiac afterload, and the AI reflects the ex-
tent of augmentation of the cSBP relative to the
bSBP.10,14,20,22 In the present study, the AI increased

gradually as the HR (classified in intervals of 10 beats) de-
creased. In addition, the SBP1-2 also decreased gradually as
the HR decreased; that is, augmentation of the brachial-to-
central SBP increased gradually as the HR decreased. While

Figure 1 The radial augmentation index (AI), SBP1 minus SBP2 (SBP1-2; i.e. low SBP1-2 corresponds to augmentation of the central systolic blood pres-
sure relative to the brachial systolic blood pressure; ≤69, 70–79, and ≥80 = heart rate <69, 70–79, and ≥80 b.p.m.), and serum N-terminal fragment
B-type natriuretic peptide (NT-proBNP) levels in the three groups divided by heart rate in 2009 and in 2012. *P < 0.01 vs. heart rate ≤69; †P < 0.01 vs.
heart rate 70–79.
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the bSBP is a major determinant of the cardiac afterload re-
gardless of the HR, the augmented SBP represented by the
cSBP may exert a significant additive influence on the cardiac
afterload in the presence of a low HR, but not that of a high
HR. (ii) A time-varying myocardial load, affected by the pres-
sure wave reflection, has been proposed.23 Kobayashi et al.
reported that sustained late systolic loading due to an aug-
mented arterial wave reflection was accompanied by an in-
creased cardiac afterload caused by concentric hypertrophy.
While the extent of late systolic cardiac load was not evalu-
ated in this study, increased AI, which reflects elevated cSBP,
may increase the time-varying myocardial load.24

In subjects with elevated CV risk reflected by elevated
blood natriuretic peptide levels,15,16 high HR is a risk factor
for adverse CV outcomes.1–3 Numerous pathophysiological
studies have identified atherosclerosis, ventricular remodel-
ling, hypertension, and heart failure as the potential mecha-
nisms underlying the CV risk associated with high HRs.4,5,25

A meta-analysis conducted of data obtained from the gen-
eral population demonstrated a dose–response relationship
of the HR with the incidence of hypertension and heart
failure.26 Therefore, the aforementioned pathophysiological
abnormalities associated with high HRs could be attenuated
in subjects with low HRs. However, some studies have pro-
posed a J-shaped relationship of the HR with adverse CV
outcomes (i.e. both high and low HRs could be detrimental
for CV outcomes).27,28 In addition, although it is limited to
patients with heart failure or coronary artery disease, the
beneficial effects of pharmacological lowering of the HR by
ivabradine on the CV outcomes were limited to patients
with HRs of 70 b.p.m. or greater.29–31 The mechanisms un-
derlying such HR-dependent limitation of the beneficial ef-
fect of pharmacological lowering of HR have not yet been
fully clarified. In patients with heart failure or coronary ar-
tery disease, cardiac workload may be one of the major fac-
tors affecting their CV outcomes.4–8 Therefore, based on the
findings of the present study, as one of the mechanisms un-
derlying the J-shaped relationship of the HR with adverse CV
outcomes and for the previously mentioned HR-dependent
limitation of the beneficial effects of pharmacological lower-
ing of the HR, it is plausible that augmented cSBP in subjects
with HR ≤ 69 b.p.m. counteracts the beneficial effect of re-
duced cardiac workload associated with low HR, including
pharmacologically lowered HR.

Clinical implications

While the cSBP has been proposed as an independent predic-
tor of future CV events,9,13,14,22 its clinical relevance is not yet
fully established. The present study was conducted to verify
the proposition that the significance of the cSBP as a predic-
tor of the CV outcomes is modulated by the HR and that the
cSBP could be used as a marker of cardiac afterload,Ta
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independent of the bSBP, especially in subjects with low HRs
(i.e. ≤69 b.p.m.) in middle-aged Japanese men. Recently, a
cuff-based measurement method for the cSBP has become
available,32 and this simple method is applicable for
first-line assessment of the CV risk. From our findings, in such
assessment of the CV risk based on the cSBP, modulation by
the HR might also need to be considered.

As the next step, it would be of interest to clarify whether
augmented cSBP caused by pharmacological lowering HR
overrides the benefits of HR-lowering therapy in patients
with CV disease. For example, the importance of pharmaco-
logical lowering of the HR in patients with heart failure
and/or coronary heart disease has been proposed.1,2,5,12

The only parameter that can be used for monitoring the effi-
cacy of HR-lowering therapy is the HR. However, the present
study proposed the importance of monitoring of the cSBP,
which might be useful to prevent adverse outcomes, such
as heart failure caused by elevated cSBP associated with low-
ering of the HR.

Study limitations

The present study had several limitations: (i) in the present
study, we did not determine the significance of the impact
of augmented cSBP in subjects with low HRs on the cardiac
afterload in subjects with CV diseases, such as hypertension,
diabetes, dyslipidaemia, heart failure, or coronary artery dis-
ease. (ii) The significance of modulation by the HR of other
cSBP-mediated harmful effects on the CV outcomes, such as
insufficiency of the coronary blood supply or pulsatile vascu-
lopathy, also needs to be clarified.9,13,14,22 (iii) Gender differ-
ences and differences among ethnicities in the AI have been
reported20,33 so that our findings need to be confirmed in
women and other ethnicities. (iv) To confirm the consistency
of our findings, the analyses were conducted using data ob-
tained on two occasions: in 2009 and, then 3 years later, in
2012. While data on both occasions could only be obtained
in 1567 of 2374 men (66%), consistent results were obtained

in men with repeated measurement data (data not shown).
(v) HR variability assessed by 24 h Holter monitoring, which
is a marker of autonomic nervous activity, has been reported
to be associated with the serum NT-proBNP levels.34 Auto-
nomic nervous system activity affects the vascular tonus,
which in turn affects the cardiac afterload.35 Therefore, it
would be desirable to determine the associations among
the cSBP, serum NT-proBNP levels, and HR variability.

Conclusions

In middle-aged Japanese men, the relationship between the
cSBP and the cardiac afterload appears to differ depending
on the HR; the results of our analysis showed that the rela-
tionship between the cSBP and the cardiac overload may be
more pronounced and strongly significant in patients with
low HRs as compared with patients with high HRs.
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