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Abstract
It is not established whether central blood pressure (BP) evaluated by a radial pulse wave analysis is useful to predict
cardiovascular prognoses. We tested the hypothesis that central BP predicts future cardiovascular events in treated hypertensive
subjects. We conducted a multicenter, observational cohort study of 3566 hypertensives being treated with antihypertensive
medications at 27 institutions in Japan. We performed the radial pulse wave analyses using applanation tonometry in all subjects.
The primary outcome was the incidence of any of the following: stroke, myocardial infarction (MI), sudden cardiac death, and
acute aortic dissection. The mean age of the subjects was 66.0 ± 10.9 years, and 50.6% were male. The mean brachial SBP and
central SBP were 138 ± 18mmHg and 128 ± 19mmHg, respectively. When the central SBP was divided into quintiles, the
number of events was least in the 2nd quintile, and we set it as the reference. In the Cox regression analysis adjusting for age,
sex, body mass index, creatinine, diabetes, use of β-blocker, and history of MI/stroke, the patients in the 3rd (hazard ratio (HR)
3.55, 95% confidence interval 1.29–9.78, p= 0.014), 4th (HR 4.12, 95% CI 1.53–11.10, p= 0.005), and 5th quintiles (HR 2.87,
95% CI 1.01–8.18, p= 0.048) had a significantly higher incidence of cardiovascular events compared to the 2nd quintile. The
results were essentially unchanged when brachial DBP was additionally adjusted. In conclusion, in treated hypertensives, high
central SBP was associated with worse cardiovascular outcomes.

Introduction

Whether or not central blood pressure (BP) is superior to
brachial BP in predicting future cardiovascular events is a
matter of debate. In the Conduit Artery Function Evaluation
(CAFE) sub-study of the Anglo-Scandinavian Cardiac
Outcomes Trial (ASCOT), central BP was more closely
associated with cardiovascular prognosis than brachial BP
[1]. In the Strong Heart study, central pulse pressure (PP)
values of ≥50 mmHg predicted adverse cardiovascular
disease (CVD) outcomes [2]. We identified 11 prospective
cohort studies performed since 2002 that assessed the

relationship between central hemodynamics and prognosis
(Supplementary Table 1). Among them, 9 studies demon-
strated a relationship between central blood pressures and
cardiovascular risk, but in the Australian National Blood
Pressure Study 2 (ANBP2) [3] and Framingham study [4],
central hemodynamics including central systolic blood
pressure (SBP) and PP were not predictors of CVD when
adjusted by conventional risk factors [4, 5]. A meta-analysis
of published and unpublished data suggested that there was
a trend for central PP to predict CVD events better than
brachial PP [6].

Because central hemodynamic parameters are affected by
many modifying factors such as age, body size, heart rate,
dietary sodium [7], 24 h urine sodium/potassium ratio [8],
and cardiovascular medications, the impact of central BP on
cardiovascular disease would vary by the subjects’ char-
acteristics. However, previous studies enrolled varying
populations, ranging from the general population to hemo-
dialysis patients. Of note, only four studies reported the
prognostic significance of central hemodynamics in treated
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and/or untreated hypertensive subjects [1, 3, 9, 10]. It has
not been established whether central hemodynamics are
useful to predict incident cardiovascular events in hyper-
tensive subjects. In the present study, we tested the
hypothesis that central hemodynamics parameters such as
central BP could be useful to predict future cardiovascular
events in treated hypertensive subjects.

Methods

Study design and subjects

This is a main paper of the ABC-J II study, an expanded
version of the original “Antihypertensives and Blood pres-
sure of Central artery” in Japan (ABC-J) study. The ABC-J
study has enrolled almost 4000 treated hypertensive sub-
jects since 2007. The first report from this study was pub-
lished in 2010 [11]. Briefly, the ABC-J II study is an
observational study being conducted to evaluate the
predictive values of central BP for cardiovascular events in
Japanese treated hypertensive subjects. The protocol of
the ABC-J II study has been registered on the University
Hospital Medical Information Network Clinical Trials
Registry (UMIN-CTR) website (trial no.
UMIN000002966). This is a prospective study of retro-
spectively collected data. All of the subjects in the present
study were treated hypertensive subjects enrolled in the
ABC-J II study [11]. The subjects had been under stable
antihypertensive treatment for at least 3 months. The
Institutional Review Board of the Jichi Medical University
School of Medicine and each participating institute
approved this study, and because of the retrospective nature,
no written informed consent was obtained from the parti-
cipants. In the first part of this study, 1727 subjects were
analyzed and by prolonging the study period, we further
recruited rest of the subjects in participating institutions
who performed radial tonometry as a part of routine clinical
practice retrospectively. Between January 2007 and March
2011, the central BP data of 4310 subjects were examined
as part of clinical practice, and these subjects were enrolled
as part of an observational study by 29 doctors at 27
institutions (13 primary practices, 3 hospital-based out-
patient clinics, and 11 specialized university hospitals)
throughout Japan. The chart review was performed until
May 2013, and event information was collected from each
institution and provided to a central study office.

The study was of treated Japanese essential hypertensive
subjects who met all of the following criteria: (1) they had
been taking a stable dosage of antihypertensive medication
for at least 3 months; (2) radial tonometry data including
radial augmentation index (rAI) and central BP data were
available; and (3) age ≥35 years. All clinical data were

obtained from medical records. Because almost 10% of
young men have been reported to have an exaggerated
amplification of the arterial pressure wave as it travels out to
the periphery [12] (although the clinical significance of this
remains controversial [13]), we did not include subjects
younger than 35 years.

We excluded: (1) subjects with extremely abnormal BP
(i.e., SBP 40 mmHg or diastolic BP (DBP) 20 mmHg
higher or lower, respectively) compared to usual office BP
or home BP during the examination; (2) subjects with
arrhythmia; (3) subjects with estimated glomerular filtration
rate (eGFR) <15 ml/min/1.73 m2; (4) no follow-up data, or a
follow-up period of <100 days; (5) subjects with heart
failure history; and (6) rAI ≤50%.

Hypertension was defined as office SBP >140 mmHg
and/or DBP >90 mmHg, or the subjects being on anti-
hypertensive medication [14]. In the present study, diabetes
mellitus (DM) was defined as one or more of the following:
self-report of DM; the use of diabetes medication; fasting
plasma glucose ≥126 mg/dL; or hemoglobin A1c (HbA1c)
(National Glycohemoglobin Standardization Program
(NGSP)) ≥6.5% [15, 16]. Dyslipidemia was defined as one
or more of the following: self-report; total cholesterol level
≥240 mg/dL; triglycerides ≥150 mg/dL; high-density lipo-
protein (HDL) <40 mg/dL; or being under treatment for
hyperlipidemia [17]. Chronic kidney disease (CKD) was
defined as the presence of overt proteinuria or an eGFR <60
ml/min/1.73 m2, or existing renal disease. Heart failure was
diagnosed by the Framingham criteria [18] as is widely
accepted. The diagnosis of peripheral artery disease (PAD)
was based on the American Heart Association (AHA)
guideline [19]. Those with any symptoms or ankle-brachial
index <0.9 were defined as having PAD in this study. We
identified several cases with histories of aortic regurgitation
(n= 7), thoracic aortic aneurism (n= 2), abdominal aortic
aneurism (n= 2), and dissecting aneurism (n= 7) among
the 3566 cases. Detailed information of these is not avail-
able, but all of these patients were stable. Therefore, we
determined not to exclude these subjects.

Blood pressure measurements

Brachial BP

Brachial BP was measured by a physician or laboratory
technician at each institution based on the hypertension
guideline [14] in laboratory circumstances. Briefly, arm
circumference was measured and the appropriate cuff size
was selected, and brachial BP was measured by an auto-
mated BP monitor (HEM-9000AI; Omron Healthcare,
Kyoto, Japan) after ≥5 min of rest in the sitting position just
before the measurement of the radial artery waveform. The
algorithm of BP measurement of HEM-9000AI is the same
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as that of HEM-907, which is validated in many studies
[20, 21].

Assessment of central hemodynamics

Central hemodynamics were assessed based on the rAI. The
rAI was measured with the same semi-automatic tonometry
device (HEM-9000AI; Omron Healthcare, Kyoto, Japan) as
that used for the brachial BP measurements, as previously
described [22].

The HEM-9000AI was used to calculate the peripheral
augmentation index as (P2−DBP)/(P1−DBP), taking P1
and P2 as the first and second inflection points on the radial
pulse waveform [22]. The rAI values are expressed as rAI
adjusted for heart rate 75 bpm. Estimated central SBP was
calculated from late SBP in the radial artery; i.e., “SBP2” by
the equation described [22]. Tonometric radial pressure
waveforms were calibrated to the brachial cuff SBP and
DBP values. SBP2 was used as a central SBP estimate
without any correction for comparison with invasive pres-
sure measurements. SBP2 measured by the HEM-9000AI
was almost identical to central SBP estimated by the
SphygmoCor system [23]. The high reproducibility of this
device has been demonstrated [24].

Assessment of events

We defined an incident cardiovascular (CV) event as the
occurrence of any of the following: myocardial infarction
(MI), stroke, sudden death, or acute aortic dissection. The
definition of each event was based on the COLM (Combi-
nation of OLMesartan and calcium channel blocker or
diuretic in high-risk elderly hypertensive patients) study
[25, 26], but the subjects of the ABC-J II study are com-
pletely different from the COLM study. All cardiovascular
events and serious adverse events reported by the partici-
pating investigators were adjudicated by the Endpoint
committee that was blinded to the study group.

Statistical analysis

All statistical analyses were carried out with SAS system
ver. 9.4 software (SAS, Cary, NC, USA). All analyses were
performed using the final dataset of the ABC-J II study.
This is a prespecified post-hoc analysis of the ABC-J II
study. The main analyses were performed by quintiles of
central SBP (SBP2) because the relationship between cen-
tral BP and cardiovascular events was not linear, but J-
curved. Based on the Wald test, marginally significant linear
or non-linear relationship exists between central SBP and
CV outcomes. By comparison, the Wald chi-square test for
linear SBP2 model was also marginally significant (χ2=
3.4969, p= 0.0615), while that for SBP2_max140

(predictor in the 3rd model) was statistically significant
(χ2= 5.9708, p= 0.0145). In summary, we conclude from
these additional analyses that central SBP is associated with
CVD risk, and that the relationship is non-linear, but is not
clearly non-monotonic. The subjects were classified by
quintiles (Q) of central SBP (Q1: 73.0–111.7; Q2:
112.0–122.6; Q3: 122.7–131.0; Q4: 132.0–142.5; Q5:
143.0–215.0 mmHg).

We performed multivariable Cox regression analyses to
analyze factors associated with the study endpoint. Factors
associated with central SBP in the bivariate analysis or
confirmed associating factors were entered as independent
variables in the models. As a first step, we performed a
preliminary analysis using age, sex, body mass index
(BMI), presence of DM, use of β-blockers, history of MI
and/or stroke, serum creatinine, CKD, the use of an α-
blocker, diuretics, and the number of antihypertensive
medications as independent variables. Then, as a second
step, we entered significant covariates in the preliminary
analysis of the Cox model. Thus, in multivariable Cox
regression model, sex, history of MI and/or stroke, and
number of hypertensive drugs were used as independent
variables, and incident CV events were set as a dependent
variable. The variance inflation factor (VIF) in serum
creatinine was 1.226 and that in eGFR was 1.122, both of
which are far below VIF 5 in this multivariable model.
Therefore, there is no collinearity between serum creatinine
or eGFR and other covariates, but we prefer serum creati-
nine because serum creatinine was not associated with age
in our dataset (r= 0.0046, p= 0.79). We performed recei-
ver operating characteristic (ROC) analysis to determine the
cutoff value of central BP. We made a spline curve to
characterize the functional form of the association between
central BP and outcome. Comparative analyses between
linear and non-linear model were based on comparing the
two log likelihood chi-squares (the higher one is better) or
comparing the two Akaike information criteria (AIC) (the
lower one is better) [27]. Probability values (p) < 0.05 were
considered significant.

Results

There were 1806 females and 1758 males; the mean age
was 66.0 ± 10.9 years, and 939 subjects (26.3%) had DM.
The flow of the subjects is shown in Fig. 1. A total of 4023
treated hypertensives were initially enrolled. After exclud-
ing subjects with eGFR <15 ml/min/1.73 m2 (n= 106), no
follow-up data (n= 31), or a follow-up period <100 days
(n= 44), the number of subjects was reduced to 3842. We
then further excluded subjects with a heart failure history
(n= 101), atrial fibrillation (n= 111), or rAI ≤50%
(n= 64). Thus, a final total of 3566 subjects was analyzed.
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Table 1 shows the characteristics of the subjects divided
by quintiles of central SBP. The lower central BP groups
tended to have more females, be younger, have a longer
history of hypertension, and more frequently have DM. The
Q5 tended to have more males, be thinner, less frequently
have DM, have a lower rate of high uric acid, and a higher

rate of PAD. Otherwise, there were no significant differ-
ences in clinical characteristics among the groups.

Table 2 shows the BP parameters among the groups. As
defined, SBP2 increased from Q1 to Q5 as did all of the
other BP parameters including brachial BP, mean arterial
pressure (MAP), central pulse pressure (PP2), rAI, and
deltaSBP2 (brachial SBP minus central SBP). However,
heart rates tended to decrease from Q1 to Q5.

Table 3 shows the laboratory data among the groups.
Serum creatinine and serum uric acid tended to be lower,
whereas total cholesterol, HDL cholesterol, and low-density
lipoprotein (LDL) cholesterol tended to be higher from Q1
to Q5. Table 4 shows the cardiovascular medications used
in each group. Diuretics, calcium channel blockers (CCBs),
and α-blockers tended to be used more in the low central BP
groups, but no other drugs including β-blockers differed
significantly among the groups. The number of BP medi-
cations used was higher in the lower central BP groups than
the higher groups.

There were 64 incident CV events: 39 cerebral infarc-
tions, 11 myocardial infarctions, 6 cerebral bleedings,
4 sudden deaths, 3 aortic dissections, and 1 undetermined
stroke. The median follow-up duration was 5.0 years

Fig. 1 Flow of the subjects in the ABC-J II follow-up study. A total of
4023 treated hypertensives were initially enrolled. After the exclusion
of subjects as illustrated, a final total of 3566 subjects were analyzed

Table 1 Characteristics of
subjects

Q1 Q2 Q3 Q4 Q5 P-value for
trend

(n= 657) (n= 769) (n= 686) (n= 704) (n= 750)

Sex, male (%) 307 (46.7) 346 (45.0) 343 (50.0) 369 (52.4) 438 (58.4) <0.001

Age (years) 64.8 ± 11.0 65.1 ± 10.3 66.3 ± 10.8 67.1 ± 10.5 66.9 ± 11.5 <0.001

BMI (kg/m2) 24.6 ± 3.7 24.7 ± 3.6 24.3 ± 3.5 24.6 ± 3.7 23.9 ± 3.4 <0.001

Past smoking (%) 107 (16.3) 127 (16.5) 94 (13.7) 87 (12.4) 115 (15.3) 0.45

Current smoking (%) 92 (14.0) 103 (13.4) 78 (11.4) 86 (12.2) 93 (12.4)

Drinking (%) 203 (30.9) 257 (33.4) 191 (27.8) 188 (26.7) 232 (30.9) 0.34

History of hypertension

<1 Year 35 (5.3) 40 (5.2) 42 (6.1) 43 (6.1) 66 (8.8) 0.035

1−5 Years 156 (23.7) 166 (21.6) 142 (20.7) 131 (18.6) 165 (22.0)

5−10 Years 104 (15.8) 162 (21.1) 125 (18.2) 112 (15.9) 118 (15.7)

>10 Years 208 (31.7) 240 (31.2) 177 (25.8) 213 (30.3) 199 (26.5)

Diabetes (%) 180 (27.4) 216 (28.1) 198 (28.9) 184 (26.1) 161 (21.5) 0.012

Dyslipidemia (%) 307 (46.7) 376 (48.9) 330 (48.1) 344 (48.9) 352 (46.9) 0.91

High uric acid (%) 80 (12.2) 105 (13.7) 70 (10.2) 82 (11.6) 56 (7.5) 0.002

CKD (%) 196 (29.8) 209 (27.2) 175 (25.5) 154 (21.9) 160 (21.3) 0.001

PAD (%) 19 (2.9) 34 (4.4) 37 (5.4) 22 (3.1) 46 (6.1) 0.010

Angina pectoris (%) 77 (11.7) 100 (13.0) 80 (11.7) 78 (11.1) 72 (9.6) 0.34

Myocardial infarction
(%)

37 (5.6) 30 (3.9) 21 (3.1) 28 (4.0) 21 (2.8) 0.060

Cerebral infarction (%) 31 (4.7) 30 (3.9) 23 (3.4) 22 (3.1) 27 (3.6) 0.57

Cerebral bleeding (%) 4 (0.6) 3 (0.4) 3 (0.4) 3 (0.4) 2 (0.3) 0.91

Quintiles of central SBP (Q1: 73.0–111.7; Q2: 112.0–122.6; Q3: 122.7–131.0; Q4: 132.0–142.5; Q5:
143.0–215.0 mm Hg)

BMI body mass index, CKD chronic kidney disease, PAD peripheral artery disease
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Table 2 Comparison of blood
pressure parameters

Q1 Q2 Q3 Q4 Q5 P-value

(n= 657) (n= 769) (n= 686) (n= 704) (n= 750)

Brachial SBP (mmHg) 115.5 ± 9.4 128.3 ± 7.2 136.9 ± 6.8 145.1 ± 6.7 161.7 ±
12.5

<0.001

Brachial DBP (mmHg) 66.3 ± 8.5 74.3 ± 8.6 78.2 ± 9.8 81.7 ± 10.6 88.0 ± 13.9 <0.001

SBP2 (mmHg) 102.6 ± 7.1 117.2 ± 3.2 127.1 ± 2.7 136.6 ± 3.2 155.4 ±
12.0

<0.001

PP2 (mmHg) 36.3 ± 7.9 42.9 ± 8.7 48.9 ± 10.1 54.9 ± 10.7 67.4 ± 14.9 <0.001

ΔSBP2 (mmHg) −13.0 ±
6.8

−11.1 ±
6.8

−9.8 ± 6.5 −8.5 ± 6.0 −6.2 ± 5.5 <0.001

rAI (%) 75.0 ± 11.7 81.6 ± 12.4 85.6 ± 12.0 89.1 ± 11.4 95.3 ± 11.1 <0.001

rAI adjusted by pulse rate 75
bpm (%)

73.5 ± 10.8 79.4 ± 11.0 83.4 ± 10.7 86.5 ± 9.9 92.3 ± 9.5 <0.001

Heart rate (bpm) 71.2 ± 11.5 69.8 ± 11.2 69.9 ± 11.0 69.0 ± 10.9 68.2 ± 11.6 <0.001

MAP mean arterial pressure, SBP2 late systolic blood pressure in the radial artery, PP2 central pulse
pressure, rAI radial augmentation index, ΔSBP2 a difference between brachial SBP minus central SBP

Table 3 Laboratory data
Q1 Q2 Q3 Q4 Q5 P-value

(n= 657) (n= 769) (n= 686) (n= 704) (n= 750)

Hemoglobin (g/dL) 13.5 ± 1.6 13.8 ± 1.5 13.7 ± 1.5 13.6 ± 1.5 13.7 ± 4.7 0.0049

BUN (mg/dL) 16.1 ± 5.5 15.7 ± 4.9 15.7 ± 4.8 15.7 ± 4.9 15.7 ± 5.8 0.74

Creatinine (mg/dL) 0.86 ± 0.38 0.81 ± 0.28 0.82 ± 0.34 0.78 ± 0.28 0.76 ± 0.25 <0.0001

Uric acid (mg/dL) 5.7 ± 1.5 5.7 ± 1.6 5.6 ± 1.6 5.5 ± 1.4 5.4 ± 1.5 0.002

Blood glucose (mg/dL) 111 ± 36 110 ± 26 111 ± 33 110 ± 28 109 ± 28 0.038

HbA1c (NGSP) (%) 6.1 ± 0.9 6.0 ± 0.8 6.1 ± 0.9 6.1 ± 0.8 5.9 ± 0.8 0.009

Total cholesterol (mg/dL) 193 ± 33 197 ± 31 197 ± 30 200 ± 32 202 ± 31 <0.0001

HDL-chol (mg/dL) 55 ± 16 56 ± 15 57 ± 15 57 ± 16 60 ± 16 <0.0001

LDL-chol (mg/dL) 113 ± 28 115 ± 28 115 ± 26 118 ± 28 118 ± 29 0.007

Triglycerides (mg/dL) 127 ± 77 130 ± 83 129 ± 77 130 ± 74 126 ± 79 0.49

NGSP National Glycohemoglobin Standardization Program, BUN blood urea nitrogen

Table 4 Cardiovascular
medications

Q1 Q2 Q3 Q4 Q5 P-value

(n= 657) (n= 769) (n= 686) (n= 704) (n= 750)

ARBs (%) 423 (64.4) 501 (65.1) 455 (66.3) 468 (66.5) 523 (69.7) 0.24

Diuretics (%) 179 (27.2) 200 (26.0) 160 (23.3) 134 (19.0) 150 (20.0) <0.001

CCBs (%) 458 (69.7) 560 (72.8) 460 (67.1) 498 (70.7) 446 (59.5) <0.001

ACE inhibitors (%) 55 (8.4) 58 (7.5) 69 (10.1) 60 (8.5) 47 (6.3) 0.11

α-Blockers (%) 126 (19.2) 99 (12.9) 89 (13.0) 112 (15.9) 81 (10.8) <0.001

β-Blockers (%) 136 (20.7) 137 (17.8) 123 (17.9) 135 (19.2) 130 (17.3) 0.50

Nitrates (%) 33 (5.0) 33 (4.3) 24 (3.5) 29 (4.1) 23 (3.1) 0.39

Number of BP meds 2.3 ± 1.2 2.1 ± 1.0 2.0 ± 1.1 2.0 ± 1.0 1.9 ± 1.1 <0.001

Statins (%) 191 (29.1) 247 (32.1) 216 (31.5) 221 (31.4) 208 (27.7) 0.30

Aspirin (%) 132 (20.1) 138 (17.9) 122 (17.8) 133 (18.9) 107 (14.3) 0.053

ARB angiotensin receptor blocker, CCB calcium channel blockers, ACE angiotensin-converting enzyme
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(interquartile range: 3.1 to 6.2 years). The event rate of
incident CV events was 3.92/1000 person-year. In multi-
variable Cox regression analysis, central BP (SBP2) as a
continuous variable was associated with incident CV events
(hazard ratio (HR) 1.02, 95% confidence interval (CI)
1.00–1.03, p= 0.02) adjusting for the same covariates used
in Fig. 2.

Supplementary Figure 1 shows the Kaplan–Meier ana-
lysis of the subjects by quintiles of central SBP. Q4 had the
highest event rate, followed by Q3, Q1, and Q5, and Q2 had
the lowest event rate among the groups. The results of the
multivariable Cox regression analysis are shown in Fig. 2.
When the patients in Q2 were set as a reference, the patients
in Q3 (HR 3.55, 95% CI 1.29–9.78, p= 0.014), Q4 (HR
4.12, 95% CI 1.53–11.10, p= 0.005), and Q5 (HR 2.87,
95% CI 1.01–8.18, p= 0.048) had a significantly higher
incidence of incident CV events. We created a spline curve
to characterize the functional form of the association
between central BP and outcome (Supplementary Figure 2).
Based on the result of functional form of the association
between central BP and outcome, we have run a “3rd
model” using the following predictor: SBP2_max140=min
(140, SBP2). This model tests the hypothesis that the effect
of BP increases up to 140 mmHg, but then is flat above
that. AIC for the “3rd model” suggests that this model is a
better model (916.597− 913.381 > 2.0) than the linear
model. AIC for the “3rd model” suggests that this model is
also better model (915.621− 913.381 > 2.0) than the spline
model. Therefore, the relationship between central BP and
CV outcome was non-linear, but linear increase in risk up to
central SBP= 140, and constant risk thereafter.

The patients in Q1 tended to have more events compared
to Q2 (HR 2.23, 95% CI 0.77–6.44, p= 0.138), but this was
not significant. The results did not change when the use of
statin and aspirin were added in the same model.

When the brachial SBP was divided by quintiles, only Q4
had a higher event rate (Supplementary Figure 3) compared
to the others. In the multivariable Cox regression analysis,
when Q2 was set as a reference, only Q4 had a significantly
higher event rate (Supplementary Figure 4). However, same
quintile analyses by brachial PP did not show significant
results. The comparison of CV risk among brachial DBP
quintiles (Supplementary Figure 5) or quartiles (data not
shown) failed to show significant inter-group differences. Of
note, we looked at the proportion of resistant hypertension,
defined by brachial BP level ≥140 and/or ≥90mmHg and
the use of 3 or more antihypertensive medications. As shown
in supplementary Figure 6, subjects with higher central BP
tended to have more proportion of resistant hypertension.

We ran ROC analyses to determine the appropriate cutoff
value of central BP to predict cardiovascular events. As
shown in Fig. 3, the cutoff value of central SBP in which
the Youden Index become maximal was 122.1 mmHg for
the follow-up period 1000 days, and 123 mmHg for the
follow-up period 2000 days.

Finally, we compared AICs of the linear model, spline
model, and 3rd model in central SBP and brachial SBP,
respectively, to compare which model is better than the
other model based on the paper of Snipes and Taylor [27]
(Supplementary Table 2). As a result, AIC for the brachial
spline models was much better than the spline model of

Fig. 2 Multivariable Cox regression analysis of central SBP quintiles
for incident CV events. Incident CV events defined as myocardial
infarction, stroke, sudden death, or acute aortic diseases were set as the
outcome. As a first step, we performed a preliminary analysis using
age, sex, body mass index (BMI), presence of DM, use of β-blockers,
history of MI and/or stroke, serum creatinine, chronic kidney disease
(CKD), the use of an α-blocker, diuretics, and the number of anti-
hypertensive medications as independent variables, and CV events as
the dependent variable. As a result, sex, history of MI and/or stroke,
and number of hypertensive drugs were selected as significant vari-
ables. Then, as a second step, we entered these as covariates in the Cox
model. Thick bars indicate HRs and thin bars 95% CIs

Fig. 3 The ROC curves at 1000 and 2000 days after baseline. The
cutoff value of central SBP in which the Youden Index become
maximal was 122.1 mmHg for the follow-up period of 1000 days, and
123 mmHg for the follow-up period of 2000 days
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central BP (915.621− 912.364 > 2.0) and 3rd model of
central BP. Therefore, for the comparison between central
vs. brachial BP, spline model of brachial SBP is better than
spline model of central BP.

Discussion

In the present study, in treated hypertensive subjects, high
central BP was associated with a higher incidence of car-
diovascular events independently of various covariates.
This is one of the largest studies to demonstrate a positive
association between central BP and incident CV events in
treated hypertensive subjects.

Central BP and prognosis

We observed that high central BP was associated with a
higher incidence of CV events. Compared to the Q2
patients, the patients in Q3, Q4, and Q5 had a significantly
higher incidence of incident CV events (Fig. 2). Because
these results were unchanged after additional adjustment for
DBP, it is apparent that higher central SBP can be used as a
prognostic indicator of incident CV events in treated
hypertensives.

These results are in line with most of the previous studies’
finding that central BP was associated with CV outcomes—
ANBP2 [3] and two sub-studies from the Framingham study
are exceptions (Supplementary Table 1) [5].

Because central BP directly affects strain vessels in the
brain, heart, and kidney, central BP could be a better marker
than brachial BP, as shown in the present study (especially
in treated individuals). Additionally, in light of our present
findings, we propose 123 mmHg as the threshold of central
SBP for the prediction of CV events based on the ROC
curves (Fig. 3).

On the other hand, brachial SBP and DBP were not
predictors of CV events. Therefore, in stably treated
hypertensives, brachial SBP, which is largely modulated by
pulse pressure amplification due to pulse wave propagation
and reflection in the upper limb arteries, or DBP, which is
nearly unaltered throughout a conduit artery from the cen-
tral to the periphery but with less variance due to anti-
hypertensive treatment, may not be a very useful
hemodynamic markers in predicting future CV events.

Linear vs. non-linear association

In the present study, the model which most parsimoniously
explains the association between central BP and outcome
was the “3rd model” in which the relationship was linear up
to SBP2 of 140 mmHg, but was flat above 140 mmHg. The
spline model was the 2nd best model, with the linear model

showing a weak positive association with CV risk, but
providing the poorest overall fit to the data. Accordingly,
we conclude that CV risk increases as the central SBP
increases up to a central SBP level of around 140 mmHg.
This is consistent with the observation from the Framing-
ham study that increased aortic stiffness does not always
reflect increased wave reflection. Age-associated wave
amplitude changed minimally with advancing age, despite a
steady increase in forward wave amplitude [28]. This is in
contrast to the steady increase in aortic stiffness assessed by
carotid femoral pulse wave velocity. In summary, the rela-
tionship between central BP and CV events is not simple,
but central SBP would be predictive in the treated hyper-
tensive range (<140 mmHg).

Is low central BP a risk?

In the present study, insignificantly higher incidence of CV
events was observed in Q1. Although central BP as a
continuous variable was weakly associated with incident
CV events, we set Q2 as the reference, because the rela-
tionship between central BP and CV events was non-linear.
As shown in Tables 1 and 4, the Q1 patients tended to show
more CKD (p= 0.001 for trend) and history of MI, and
their uses of α-blocker and diuretics were high, and the
number of antihypertensive medications used was highest
among the groups. Further adjustment using these variables
did not change the main result of this study. However, the
clinical significance of a very low level of central SBP (e.g.,
<112 mmHg) cannot be clarified from this study.

Technical aspects of central BP measurement

We estimate central SBP as SBP2, the second peak of the
radial artery pressure waveform determined by the HEM-
9000AI [22], which has been established as almost identical
to the generalized transfer function-derived central aortic
SBP estimate by the use of a SphygmoCor [29], which is
regarded as a standard method of evaluating central
hemodynamics noninvasively. However, the SBP2-based
central BP estimation method was reported to underestimate
central SBP in patients with lower BP or lower augmenta-
tion [30]. Especially in individuals with a central AI value
as low as in Murgo type C beat, radial SBP2 can no longer
reflect central peak pressure [31]. Hence, we excluded
subjects with rAI values ≤50%, which was determined
based on the relationship between central and rAI as pre-
viously reported [32].

Study limitations

This study has several limitations. Because the subjects in
this study are all treated for their hypertension, the event
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number was small at 3.92/1000 person-year for the com-
bined endpoints. Therefore, the different cutoff values of
central SBP by the quintile analysis (Fig. 2) and quartile
analysis (data not shown) did not show consistent results.
Based on the goodness-of-fit analysis, we cannot say that
central BP is superior to brachial BP (or vice versa) in
predicting incident CV events, and the spline model of
brachial SBP was better than spline model of central BP.
Because of the high collinearity (variance inflation factor
>5) when both central SBP and brachial SBP are entered in
the same model, adjustment by brachial SBP cannot be
performed in the Cox model in Fig. 2. Because the endpoint
of this study was based on the COLM study, heart failure
was not included as a CV event. As a prospective study of
retrospectively collected data, brachial and central BP data
were picked up from examination records at each institu-
tion, and the BP data were taken only once, not as the
composite of baseline and follow-up. Finally, to explore
cutoff limits of central BP, a population study might be
more appropriate. However, in the study, we aimed to
explore the cutoff value of treated individuals.

Perspectives

With regard to central BP, although a number of important
findings that clarified the physiological mechanisms of
arterial stiffness have been reported, the clinical applica-
tions of these methods are still under way. Several studies
have reported normal values or reference values of central
BP [10, 33, 34]. The normal value of central SBP was
proposed as 130 mmHg based on data from Asia [10].
Although it is slightly lower, we propose 123 mmHg as a
possible target level of central SBP in antihypertensive
therapy, based on our present findings. In treated indivi-
duals, a very low value of central BP is not always a sign of
low risk, but the confirmation of the waveform (which
determines central BP) is necessary. These issues should be
evaluated in further prospective studies.

Conclusion

In treated hypertensives, higher central SBP was associated
with an increased risk of incident cardiovascular events,
especially among those with central SBP ≥123 mmHg.
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