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Increased pulse wave velocity (PWV) is associated with incidence of
stroke and coronary diseases, independent of other cardiovascular risk
factors [1–3]. Therefore, the measurement of PWV is recommended in
many current guidelines for the management of hypertensive patients
[4,5]. Recently, we constructed a novel mathematical transformation
function (TF) for central blood pressure (CBP) values estimated by
non-invasive oscillometric blood pressure (BP) measurements [6]. In
the present study, we reconstructed TF in coronary artery disease
(CAD) patients, who have different arteriosclerotic characteristics
from healthy subjects [7]. Furthermore, we examined whether there is
association of PWVwith estimated CBP and pulse pressure (PP), obtain-
ed by new constructed TF in CAD patients.

We recruited 70 consecutive CAD patients (male: n = 54 [77%] and
female: n=16 [23%], average: 70.7± 8.6 years old), whowere referred
to Kumamoto University Hospital and diagnosed by coronary angiogra-
phy (CAG). The study protocol was in agreement with the guideline of
the ethical committee of Kumamoto University, and written informed
consent was obtained from each patient or the family of the subject.
PWV values in CAD patients were measured on admission using a de-
vice for PWV/ABI Form (Omron Colin Co., Ltd., Tokyo, Japan). Themeth-
od of PWV measurements was reported previously [8].

During heart catheterization, we measured CBP and constructed TF
as reported previously [6]. Briefly, either a 5 or 6 French Judkins-type
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catheter (Togo Medikit, Hyuga, Japan) was placed into the ascending
aorta of the patients, and the CBP was measured and recorded prior to
the initial CAG and administration of any cardiovascular agents. Simul-
taneously with the measurement of CBP by a catheter, we wrapped a
cuff around the left upper arm of supine-positioned patients and mea-
sured the brachial BP oscillometrically using a Pasesa AVE-1500 (Shisei
Datum, Tokyo, Japan).Wealsomeasured an arterial velocity pulse index
(AVI) [6] and an arterial pressure-volume index (API) [9] in CAD
patients, and obtained TF between the invasive CBP values and non-
invasive oscillometric BP values in each patient. We made a correlation
matrix to investigate the correlation among several independent
variables. The independent variables, which had significant correlations
with aortic systolic BP (AoSBP) were age, systolic BP (=brachial BP,
PSBP), diastolic BP (PDBP), AVI and API values obtained in this matrix.
To examine multiple regression equation, we used AoSBP as a depen-
dent variable and adopted the five above-mentioned variables as inde-
pendent variables. We also adopted aortic pulse pressure (AoPP) as a
dependent variable for the five independent variables: age, PSBP,
pulse pressure (PPP), AVI and API. Using these statistical analyses, we
obtained intercepts and coefficients for each independent variable and
constructed the following formulas: estimated central SBP (eCSBP) =
0.1152 ∗ age + 0.7512 ∗ PSBP + 0.3095 ∗ PDBP + 0.1884 ∗ AVI +
0.4001 ∗ API − 0.1105, estimated central PP (eCPP) = 0.1496 ∗ age +
0.1088 ∗ PSBP + 0.7312 ∗ PPP + 0.2163 ∗ AVI + 0.3649 ∗ API −
12.3859. Data, analyzed using the method by Bland and Altman, re-
vealed good agreement between AoSBP and eCSBP (mean difference:
0.010 ± 9.255) and between AoPP and eCPP (mean difference:
−0.001 ± 8.735) without any systematic bias (Fig. 1A). In addition,
both correlations were not statistically different (r = −0.222, p =
0.065 and r = −0.219, p = 0.068, Fig. 1A upper left panel and upper
right panel, respectively), indicating no statistical difference between
both methods. Thus, we clearly demonstrated the accuracy of eCSBP
and eCPP values calculated by TF of conventional non-invasive
oscillometric BP measurements. Moreover, the estimated CSBP and
CPP were significantly and strongly correlated with baPWV values
(r = 0.51, p b 0.001 and r = 0.48, p b 0.001, respectively, Fig. 1B
lower panel).

Augmentation index (AI) is also known to be an index of indicating
vascular stiffness [10]. This tonometry method generally needs to mea-
sure BP pulse wave from body surface, so it is required to detect artery
positions accurately and to press arteries which enable to make slightly
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijcha.2015.05.004&domain=pdf
http://dx.doi.org/10.1016/j.ijcha.2015.05.004
eyamamo@kumamoto-u.ac.jp
http://dx.doi.org/10.1016/j.ijcha.2015.05.004
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.sciencedirect.com/science/journal/
http://www.journals.elsevier.com/ijceartnd-culature


(mmHg)

(mmHg)(mmHg)

(mmHg)

-30

-20

-10

0

10

20

30

50 100 150 200 250 0 50 100 150 200
-30

-20

-10

0

10

20

30

mean
0.010

-1.96SD
-18.130

+1.96SD
18.150

mean
-0.001

-1.96SD
-17.121

+1.96SD
17.119

Average of two measurements Average of two measurements

D
if

fe
re

nc
e

D
if

fe
re

nc
e

Fixed error Proportional error

Difference of mean 95% CI
Existence of 

error

Correlation 

coefficient
P-value

Existence 

of error

b-a 0.010 -2.197 , 2.217 No -0.222 0.065 No

d-c -0.001 -2.084 , 2.082 No -0.219 0.068 No

95% CI, confidence interval.

a, AoSBP ; b, eCSBP ; c, AoPP ; d, eCPP.

40

60

80

100

120

140

160

40 60 80 100 120 140 160

eC
P

P

AoPP

r=0.91, p<0.001

100

120

140

160

180

200

100 120 140 160 180 200

eC
SB

P

AoSBP

r=0.91, p<0.001

(mmHg)

(mmHg)(mmHg)

(mmHg)

800

1300

1800

2300

2800

3300

40 60 80 100 120 140 160

ba
P

W
V

eCPP

r=0.48, p<0.001

800

1300

1800

2300

2800

3300

100 120 140 160 180 200

ba
P

W
V

eCSBP

r=0.51, p<0.001 (cm/sec)

(mmHg)

(cm/sec)

(mmHg)

A

B

Fig. 1. The correlations of estimated CBP with AoBP and baPWV Panel A shows Bland–Altman plots between AoSBP and eCSBP (upper left panel), and AoPP and eCPP (upper right panel).
B upper panel shows the correlations between estimated CSBP andAoSBP (upper left panel), andbetween estimatedCPP andAoPP (upper right panel). B lower panel shows the correlations
between estimated CSBP and baPWV (lower left panel), and between estimated CPP and baPWV (lower right panel). CBP; central blood pressure, AoBP; aortic blood pressure, baPWV;
brachial-ankle pulse wave velocity, CSBP; central systolic blood pressure, AoSBP; aortic systolic blood pressure, CPP; central pulse pressure, AoPP; aortic pulse pressure.
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flat position without occlusion of arteries. The tonometry methods are
not always easy, and are prone to examiner-dependent manner. In
this study, hence, we proposed new TFs estimating accurate CBP by
oscillometric measurements, which have less measurement errors de-
pendent on the examiner. Moreover, AI is generally influenced by
aging, and it is less significant to monitor in the elderly [11]. Because
the average age of patients in this study was 71 years old, AIs of these
patients have possibility to reach a plateau. Hence, we further examined
13 relatively younger patients (less than 60 years old; male: n = 9
[69%]; average: 52.4 ± 10.5 years old), and applied TFs in relatively
younger patients to examine the accuracy of these TFs. As a result,
both estimated CSBP and CPPwere significantly and strongly correlated
with AoSBP and AoPP respectively (r = 0.86, p b 0.001 and r = 0.84,
p b 0.001, respectively, figures not shown) also in these patients. Thus,
we demonstrated the accuracy of estimated CSBP and CPP values, inde-
pendent of aging. Furthermore, the brachial BP, aortic BP and eCSBP
were 139.71 ± 20.5 mm Hg, 153.9 ± 22.3 mm Hg, and 153.9 ±
20.3 mm Hg, respectively, and these associations with baPWV were
shown in Table 1. The associations of PWV with eCBP and eCPP were
stronger than those with other BP parameters.



Table 1
The relationships among brachial, aortic BP and eCSBP, and between baPWV and these BP
parameters.

Correlations r value p value

Brachial BP vs. eCSBP 0.99 p b 0.01
Aortic BP vs. eCSBP 0.91 p b 0.01
eCSBP vs. baPWV 0.51 p b 0.01
Brachial BP vs. baPWV 0.51 p b 0.01
Aortic BP vs. baPWV 0.48 p b 0.01

BP; blood pressure, baPWV; brachial-ankle pulse wave velocity, eCSBP; estimated central
systolic blood pressure.
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Increased CBP causes vascular wall stress in peripheral vessels, such
as the cerebral, coronary and renal arteries, and accelerates atheroscle-
rosis in these arteries, resulting in various cardiovascular diseases. As
described above, accumulating clinical evidence showed a close associ-
ation between CBP and the occurrence of cardiovascular diseases in CAD
and other vascular diseases [12,13]. Because direct CBP measurements
are invasive procedures using a catheter, it is very useful to measure
CBP in CAD patients precisely and non-invasively demonstrated in this
study for risk stratification of CAD. Furthermore, PP, as well as PWV, is
associated with adverse cardiovascular events in CAD patients [10].
This study demonstrated that not only eCSBP but also eCPP had strong
correlation with PWV, indicating the accuracy eCPP values calculated
by new TF in CAD patients. Moreover, there were strong and significant
associations of PWVwith eCSBP and eCPP, suggesting the clinical signif-
icance of estimated CBP by TF, which we firstly constructed.

In conclusion, the associations between PWV and the BP parameters
were calculated byusingnew reconstructed TF, indicating the validity of
these TFs in CAD patients.
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