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Comparison of invasive and brachial cuff-based
noninvasive measurements for the assessment of blood
pressure amplification

Atsushi Nakagomi, Sho Okada, Toshihiro Shoji and Yoshio Kobayashi

Our aim was to assess the discrepancy in the blood pressure amplification (BPA) value defined as the aortic-to-brachial increase

in systolic BP (SBP) between invasive and noninvasive brachial cuff-based methods. In 45 patients undergoing cardiac

catheterization, BP in the brachial artery and ascending aorta were measured with an invasive catheter and a brachial cuff-based

oscillometric device. To calculate aortic SBP, brachial waveforms were calibrated by the brachial systolic and diastolic BP

(DBP) (C1 calibration) or by the brachial mean BP and DBP (C2 calibration). C1 calibration underestimated aortic SBP

(−17.7 mm Hg (95% confidence interval: −21.9 to −13.5)), whereas C2 calibration generated an approximately accurate aortic

SBP (1.8 mm Hg (−2.4 to 5.9)). Regarding brachial SBP, noninvasively measured values were markedly underestimated

(22.2 mm Hg (−26.4 to −18.0)), resulting in a slightly low BPA value in C1 calibration (11.9±6.3 mm Hg) and a paradoxical

negative BPA value in C2 calibration (−7.6±6.7 mm Hg). Multiple linear regression analysis showed that the cuff-catheter

difference of BPA was positively correlated with the cuff-catheter difference of brachial SBP in both calibrations (C1 calibration:

β=0.51; C2 calibration: β=0.50; both Po0.01). Although noninvasively measured BPA was associated with invasively

measured BPA only in C1 calibration (r=0.33, P=0.03), when using invasively measured brachial SBP instead of a cuff-based

measurement, the BPA was well associated with invasively measured BPA in both calibrations (C1 calibration: r=0.57; C2

calibration: r=0.52; both Po0.001). In conclusion, there was a trade-off in accuracy between brachial cuff-based noninvasive

aortic SBP and BPA because of the inherent inaccuracies in the cuff-based method. This finding should be fully considered in

establishing standardized reference values for aortic BP.
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INTRODUCTION

Direct measurement of intra-arterial blood pressure (BP) demon-
strates a physiological increase in systolic BP (SBP) from the central to
peripheral artery,1,2 generally referred to as BP amplification (BPA).
BPA is mainly caused by differences in vessel stiffness and wave
reflection,3 and is potentially useful for cardiovascular risk
prediction4,5 and detection of high amplification typically observed
in isolated systolic hypertension among the young.6,7 However,
noninvasive and easy-to-perform measurements for brachial and
aortic SBP are required for the use of BPA values in daily clinical
practice.
Brachial BP is measured noninvasively with a cuff-based oscillo-

metric method worldwide, but the noninvasively measured brachial
SBP value is not accurate and is considerably lower than the invasively
measured value8,9; this difference is certain to influence the accuracy of
BPA estimation. It is unrealistic to modify this systematic under-
estimation of brachial SBP given the overwhelming diffusion and
methodological limitations of oscillometric devices.

Several noninvasive methods for estimating aortic BP have been
developed recently.10 The SphygmoCor device (AtCor, Sydney, NSW,
Australia), a radial artery applanation tonometer, has been most
commonly used in epidemiological studies.11 Recently developed
brachial cuff-based oscillometric methods are highly available because
of their easy-to-use, operator-independent methodologies12,13 and
allow the widespread use of central aortic BP in various situations.
Each approach has its own strengths and limitations, but the common
problem is that the accuracy of the estimated aortic BP is compro-
mised mainly because of an error in the brachial BP measurement
used for calibration, which has been widely debated.14–17 Whenever a
cuff-based oscillometric method is used for brachial BP estimation,
aortic BP indices are sure to be inaccurate.
Thus, both brachial and aortic BP measurement errors affect the

accuracy of BPA estimation by a noninvasive method; however, few
studies have assessed the BPA value using both noninvasive and
invasive techniques. Ding et al.18 investigated the SphygmoCor and
Omron HEM-9000AI (Omron Healthcare, Kyoto, Japan) devices for
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the estimation of BPA compared with invasive measurement.
Although the two devices had similar precision in the estimation of
pressure amplification, there was a considerable difference in absolute
values. In addition, a systematic analysis also raised the issue of
compatibility because noninvasive aortic BP and BPA estimation is
device and technique dependent, and results obtained with one
technique are not applicable to other devices.11 However, no other
aortic BP recording devices have been assessed for their accuracy in
BPA estimation. Here we measured brachial and aortic BP invasively
and noninvasively using the Mobil-O-Graph brachial cuff-based
oscillometric device (IEM GmbH, Stolberg, Germany), to investigate
the discrepancy in BPA values between invasive and noninvasive
methods.

METHODS

Subjects
We enrolled patients who underwent elective coronary angiography at our
institution between June 2014 and September 2014. We excluded patients with
hemodynamically significant valvular heart disease, left ventricular outflow tract
obstruction, persistent cardiac arrhythmia or a > 5 mm Hg difference between
the left and right brachial SBP.16 Of the 51 patients who were screened, 6
patients with arrhythmias during evaluation or with invalid aortic BP readings
provided by Mobil-O-Graph were excluded. Accordingly, the present analysis
included 45 participants. The institutional ethics committee approved the study
protocol and written informed consent was obtained from each participant.
Hypertension was defined as brachial SBP⩾140 mmHg or DBP⩾90 mmHg,

or prescription of an antihypertensive drug. The presence of diabetes mellitus
was defined as a fasting blood glucose level ⩾ 126 mg dl− 1 or the use of a
hypoglycemic agent or insulin. Chronic kidney disease was defined as an
estimated glomerular filtration rate o60 ml min− 1 per 1.73 m2. Significant
coronary artery disease was defined as the presence of 450% stenosis in one or
more major coronary arteries.

Measurement of hemodynamic indices
All hemodynamic measurements were performed with the patient in the supine
position immediately before coronary angiography. A 4- or 5-Fr introducer
sheath 25 cm in length (Radifocus, Terumo Medical, Tokyo, Japan) was placed
via a radial approach (right radial approach: 51%, left radial approach: 49%)
and the intra-arterial pressure at the tip of the sheath was measured as the
brachial BP. Immediately after the measurement, a fluid-filled catheter was
positioned in the ascending aorta and aortic SBP and DBP were measured. The
aortic and brachial BPs were simultaneously measured using the Mobil-O-
Graph on the contralateral arm. Only high-quality recordings of the brachial
waveforms by an automated device assessment and by visual inspection were
used. Invasive measurement was performed for at least 10 s, to derive an
average value using a clinical polygraph (RMC-4000; Nihon Koden, Tokyo,
Japan). The pressure transducer was zeroed to the atmosphere before each
measurement and maintained at the level of the mid-axillary line during the
examination. The natural frequency of this system was at least 20 Hz and the
damping coefficient was at least 0.3. For noninvasive measurements, either the
brachial SBP and DBP (C1) or the brachial mean BP (MBP) and DBP (C2)
measured by the Mobil-O-Graph were used for calibration, because the
calibration methods affect the accuracy of aortic BP estimation.12 BPA was
calculated by subtracting aortic from brachial SBP.

Statistical analysis
All data were analyzed using STATA version 13.0 (StataCorp, College Station,
TX, USA). All continuous values were expressed as the mean± s.d. and
categorical variables were reported as percentages. Discrepancies between
invasively and noninvasively assessed BP indices were examined using the
paired samples t-test and Bland–Altman plots. Correlations among BPA values
measured with invasive and noninvasive methods were analyzed using
Pearson’s method. Linear regression analysis was performed to investigate the
determinants of BPA measurement error. The difference between invasively
and noninvasively measured SBP and the SBP level were included in the

multivariate regression model (model 1) based on the findings of a previous
report.18 Possible confounders among baseline characteristics with P-values
o0.15 were added in model 2. All P-values were two-tailed. P-values o0.05
were considered statistically significant.

RESULTS

Participants and demographic baselines
The 45 patients in the study population included 39 men (86.7%),
35 patients with coronary artery disease (77.8%) and 31 hypertensive
patients (68.9%). The mean age was 65.9± 9.0 years and the mean
body mass index was 24.2± 2.9 kg m− 2 (Table 1). Thirty-three
patients were prescribed BP-lowering agents.

Invasive BP and its amplification
Invasive measurements provided a considerably higher value
of brachial SBP compared with aortic SBP (164.1± 28.6 vs
147.7± 26.2 mmHg, Po0.001; Table 2), leading to positive values
for BPA (16.4± 10.5). The DBP value was almost the same between
the aortic root and the brachial artery, resulting in a higher value of
brachial pulse pressure (PP) compared with aortic PP (88.0± 25.5 vs.
72.7± 22.2 mmHg, Po0.001).

Brachial cuff-based BP and its amplification
In the cuff-based noninvasive measurements, brachial SBP was
141.9± 20.5 mmHg and was underestimated by 22.2 mmHg
(95% confidence interval (CI) − 26.4 to − 18.0 mmHg) compared
with invasive brachial SBP. Aortic SBP by the C1 and C2 calibration
methods was 130.0± 18.7 and 149.5± 22.0 mmHg, respectively.
The former was much lower (−17.7 mmHg (95% CI − 21.9 to
− 13.5 mmHg), Po0.001) and the latter was slightly higher
(mean difference: 1.8 mmHg (95% CI − 2.4 to 5.9)) than the invasive
aortic SBP. This difference in accuracy along with the lower brachial
SBP caused a slightly lower BPA in the C1 calibration
(11.9± 6.3 mmHg; mean difference: − 4.5 mmHg (95% CI − 7.6
to − 1.4)) and a markedly underestimated, paradoxically negative
BPA in the C2 calibration (−7.6± 6.7 mmHg; mean difference:

Table 1 Baseline clinical characteristics of the study population

Characteristics Overall (n=45)

Age, years 65.9±9.0

Men 39 (86.7)

Height, cm 164.9±7.6

Weight, kg 65.9±9.8

Body mass index, kg m−2 24.2±2.9

Clinical diagnosis
Hypertension 31 (68.9)

Diabetes mellitus 15 (33.3)

Chronic kidney disease 14 (31.1)

Coronary artery disease 35 (77.8)

Medications
Renin–angiotensin system inhibitors 20 (44.4)

Beta blockers 14 (31.1)

Calcium-channel blockers 23 (51.1)

Nitrates 5 (11.1)

Diuretics 4 (8.9)

Statins 22 (71.1)

Antidiabetic drugs 11 (24.4)

All values are expressed as mean± s.d. or n (%).
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− 23.9 mmHg (95% CI − 27.5 to − 20.4 mmHg)). Noninvasive
brachial DBP and aortic DBP in both calibrations were overestimated
to the same extent; thus, PP was consistently underestimated regard-
less of measurement. Among PPs attained, aortic PP with the
C1 calibration was lower and with the C2 calibration was higher
than brachial PP (brachial PP: 52.2 mmHg; aortic PP with the C1
calibration: 39.2 mmHg; aortic PP with the C2 calibration:
58.0 mmHg; Table 2).

Determinants of the measurement error of noninvasive BPA
BPA by the C1 calibration method, but not the C2 calibration method,
exhibited a significant correlation with invasively assessed BPA
(C1: r= 0.33, P= 0.03; C2: r= 0.10, P= 0.50; Figures 1a and b). A
significant inverse trend was noted between the difference and average
of BPA values derived from invasive and noninvasive methods in each
calibration method (Figures 1c and d). To investigate the determinants
of the measurement error of BPA, we performed linear regression
analysis for cuff-catheter differences in BPA. In univariate analysis, the
cuff-catheter difference in brachial SBP significantly correlated with
the cuff-catheter difference of BPA in both calibration methods
(C1 calibration: r= 0.36, P= 0.02; C2 calibration: r= 0.43, P= 0.003;
Supplementary Figure S1). These correlations remained significant in
the multivariate analysis after adjustment for the brachial SBP level
and possible confounders (Table 3). To eliminate the effect of the
measurement error in brachial SBP, we calculated BPA using
noninvasive aortic SBP and invasive brachial SBP instead of cuff-
based methods. As a result, BPA with either calibration showed a good
correlation with the invasively assessed BPA (C1 calibration: r= 0.57;
C2 calibration: r= 0.52; all Po0.001; Supplementary Figure S2).

DISCUSSION

To the best of our knowledge, this is the first study to investigate the
discrepancy between BPA values estimated with a brachial cuff-based
device and an invasive catheter. Calibration methods considerably
affected the accuracy of aortic SBP estimation and the more accurate
value of aortic SBP calibrated with brachial MBP and DBP resulted in
a paradoxical negative value of BPA, as observed in a previous study12.
In the present study, we used invasive measurement of brachial BP to
reveal that the substantial underestimation of brachial SBP derived by
the cuff-based oscillometric method was the main cause of this
discrepancy.

This study showed that a brachial cuff-based oscillometric device,
Mobil-O-Graph, underestimated brachial SBP by 22.2 mmHg and
overestimated DBP by 13.6 mmHg, leading to the underestimation of
PP. The high frequency of hypertensive patients and high BP values
potentially affected the accuracy of the estimation. Ding et al.18

reported a comparably larger underestimation of brachial SBP
(18.2 mmHg) using the Omron HEM-9000AI in a population
relatively similar to that of the present study in terms of the incidence
of hypertension (69.7%) and the baseline BP profiles. However, several
reports also demonstrated consistent results with underestimation of
brachial SBP and overestimation of brachial DBP regarding the use of
an oscillometric method.8,9,18,19 The essential fact is that oscillometric
devices yield a brachial BP with systematic errors regardless of the
patient’s background factors and devices. Despite the consistent
measurement error, its ability to predict future cardiovascular disease
is firmly established; thus, cuff-derived brachial BP is essential for the
definition and management of hypertension now and probably in the
future. However, this measurement error raises another problem when
aortic BP is estimated noninvasively.
We found that the Mobil-O-Graph underestimated aortic SBP by

17.7 mmHg when brachial SBP and DBP were used for calibration.
This finding is consistent with a previous validation study of this
device.12 The effect of calibration error on the noninvasive estimation
of aortic SBP has been widely debated.14,15 Although the SphygmoCor
device has been widely used as a suitable comparative standard, this
device can derive accurate aortic SBP when calibrated with invasively
measured brachial BP.2 This device considerably underestimates aortic
SBP when calibrated with noninvasively measured brachial SBP and
DBP.20,21 Herbert et al.22 chose noninvasively estimated aortic BP
calibrated with cuff brachial BP to establish reference values for central
BP and its amplification, allowing the underestimation of both
noninvasive aortic and brachial SBP. This underestimation might lead
to an accurate noninvasive estimation of SBP amplification, similar to
our findings obtained from aortic SBP calibrated with brachial SBP
and DBP. However, there is a systematic underestimation of non-
invasive aortic SBP as well as cuff-based brachial SBP, and it no longer
seems possible to change this in clinical practice.
Our findings and those of a previous study suggest that the Mobil-

O-Graph yields accurate aortic SBP values with brachial MBP and
DBP calibration (abbreviated as the C2 calibration method) but not
with brachial SBP and DBP calibration (abbreviated as the C1
calibration method).12 A very recent meta-analysis investigating the

Table 2 Brachial and aortic blood pressure parameters measured with Mobil-O-Graph in comparison with the invasive measurement

Parameter (mm Hg) Invasive method Noninvasive method (C1) Mean difference (95% CI) Noninvasive method (C2) Mean difference (95% CI)

Brachial BP indices
Brachial SBP 164.1±28.6 141.9±20.5 −22.2 [−26.4 to −18.0]** —

Brachial DBP 76.0±12.6 89.7±12.3 13.6 [11.1 to 16.2]** —

Brachial PP 88.0±25.5 52.2±13.6 −35.8 [−40.7 to −31.0]** —

Aortic BP indices
Aortic SBP 147.7±26.2 130.0±18.7 −17.7 [−21.9 to −13.5]** 149.5±22.0 1.8 [−2.4 to 5.9]

Aortic DBP 75.1±13.0 90.9±12.0 15.8 [13.2 to 18.4]** 91.5±12.0 16.4 [13.8 to 19.0]**

Aortic PP 72.7±22.2 39.2±12.1 −33.5 [−38.5 to −28.5]** 58.0±16.1 −14.6 [−18.9 to −10.4]**

BPA 16.4±10.5 11.9±6.3 −4.5 [−7.6 to −1.4]* −7.6±6.7 −23.9 [−27.5 to −20.4]**

Abreviations: BP, blood pressure; BPA, BP amplification; DBP, diastolic BP; MBP, mean BP; PP, pulse pressure; SBP, systolic BP.
BP indices are expressed as mean± s.d. Differences between BP indices derived from invasive and noninvasive methods are expressed as mean value (95% confidence interval).
In the noninvasive method (C1), the brachial SBP and DBP calibration method was used to derive aortic BP indices and BPA values. Brachial BP indices were obtained with simultaneous
measurement by Mobil-O-Graph. In the noninvasive method (C2), the brachial MBP and DBP calibration method was used to derive aortic BP indices and BPA values. The comparison was
performed between corresponding parameters measured with invasive and noninvasive methods.
*Po0.05 and **Po0.001.
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Figure 1 (a) Scatterplot of noninvasively measured BPA using the C1 calibration method (BPAcal1) versus invasively measured BPA (BPAinv). The C1
calibration method used the brachial SBP and DBP to calculate aortic BP. (b) Scatterplot of noninvasively measured BPA with the C2 calibration method
(BPAcal2) versus invasively measured BPA. The C2 calibration method used the brachial mean BP and DBP to calculate aortic BP. (c) Bland–Altman plot of
the data presented in 1A. (d) Bland–Altman plot of the data presented in 1B. For the scatterplots, the dotted lines indicate the lines of identity. The line of
regression is drawn as a solid line only when statistically significant. For the Bland–Altman plots, the lines at the mean value (solid lines) and plus and
minus two s.d. (dotted lines) are included. BPA, blood pressure amplification.

Table 3 Multivariate linear regression analysis for cuff-catheter difference in BPA

Model 1 Model 2

Parameter (mm Hg) C1 calibration C2 calibration C1 calibration C2 calibration

Cuff-catheter difference in bSBP 0.44* 0.41* 0.51** 0.50**

bSBP 0.23 −0.06 0.20 −0.05

Height — — −0.23 −0.43*

Weight — — −0.24 —

Presence of coronary artery disease — — — −0.23

Abbreviations: BPA, blood pressure amplification; bSBP, brachial SBP; SBP, systolic blood pressure.
Standardized β regression coefficients are shown.
In model 1, cuff-catheter difference in bSBP and the bSBP measured with the Mobil-O-Graph were entered into the model. In model 2, the cuff-catheter difference in bSBP, the brachial SBP
measured with Mobil-O-Graph and other possible confounders were included in the model.
*Po0.05 and **Po0.01.
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accuracy of commercial devices also revealed that the C2 calibration
provides more accurate estimation of aortic SBP than the C1
calibration.23 In addition, some studies using the Mobil-O-Graph
reported the superiority of aortic SBP with the C2 calibration
compared with the C1 calibration in the discriminatory power for
cardiac structural abnormalities24,25 and the prognostic ability for
mortality.26 The accuracy and clinical effectiveness of estimated aortic
SBP supports the superiority of MBP over SBP for calibration at least
when estimating aortic SBP by the Mobil-O-Graph.
Despite the accuracy, the aortic SBP with the C2 calibration resulted

in a paradoxical negative value of BPA. A systematic meta-analysis
reported that BPA values measured with the HEM-9000AI and
Arteriograph (TensioMed, Budapest, Hungary) devices were negative,
with weighed mean values of − 1.14 and − 2.57 mmHg, respectively.11

These findings are inconsistent with the general understanding that
brachial SBP is higher than aortic SBP. We showed that the under-
estimation of cuff-based brachial SBP was the main cause of this
inconsistency. This systematic underestimation of brachial SBP may
also result in a lack of difference between cuff-based brachial SBP and
invasively measured aortic SBP.27 Ironically, accurate aortic SBP
estimation with HEM-9000AI,18 Arteriograph28 and Mobil-O-Graph
devices, when calibrated with brachial MBP and SBP, leads to the
cancellation of BPA. These findings suggest that establishing reference
values for aortic BP and amplification is an intractable problem.
In addition, the BPA obtained with the C2 calibration method did

not correlate with invasively assessed BPA in contrast to the BPA
obtained with the C1 calibration method. The BPA, and the difference
between the brachial and aortic SBP, might be more accurately
assessed by the C1 calibration method, because the brachial cuff-
based SBP is directly transferred to the aortic SBP estimation. In
contrast, the brachial SBP is not directly transferred to the aortic SBP
estimation in the C2 calibration method, although brachial SBP is used
to calculate the BPA value. The accumulation of independent errors in
brachial SBP and aortic SBP measurements might lead to the
unreliable BPA value in the C2 calibration method. We found that
the cuff-catheter difference in brachial SBP was an independent
determinant of the BPA measurement error in both the C1 and C2
calibration methods. When the BPA was calculated using noninvasive
aortic SBP and invasive brachial SBP instead of cuff-based brachial
SBP, to eliminate the effect of brachial SBP measurement error, the
BPA in the C2 calibration method showed a good correlation with the
invasively measured BPA, suggesting that brachial SBP measurement
error is a substantial cause of the unreliability of the BPA value in the
C2 calibration method. The C2 calibration seems to be superior at
estimating aortic SBP, but the C1 calibration method might be
superior when assessing BPA with this device. Further studies
investigating the clinical effectiveness of BPA for each calibration
method are needed to confirm this superiority.
There are some limitations to the present study. First, as many

patients had hypertension, high mean values of BP were recorded in
this study, which might have led to the relatively large measurement
errors in brachial SBP and DBP compared with previous reports.
However, similar results regarding the BPA value were obtained after
excluding the hypertensive patients (data not shown), suggesting that
our finding is applicable regardless of the presence of hypertension.
Second, the accuracy of the invasive BP measurement using a fluid-
filled catheter is affected by damping and attenuation, resulting in
either overestimation or underestimation of BP. The use of a high-
fidelity pressure transducer would increase the accuracy of the
recorded pressure waveform. Finally, brachial and aortic BPs were
estimated with a brachial cuff-based oscillometric device. Although

this device has been validated with acceptable results,12 it remains
unclear whether our results are applicable to other devices. In
addition, aortic BP estimation is device dependent and a device-
specific reference value for diagnosis is required.11,18 However, the
fundamental properties discussed here are probably consistent among
devices. Moreover, the aortic BP value can be obtained in an easy-to-
use, operator-independent manner with this device and its availability
might bring central hemodynamics into daily clinical use.
In conclusion, this study demonstrated a trade-off in accuracy

between brachial-cuff based noninvasive aortic SBP and BPA. This
inherent problem in the cuff-based method should be fully considered
in establishing standardized reference values for aortic BP.
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