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Abstract Recently, the importance of central blood pres-
sure for cardiovascular risk stratification has been empha-
sized. Accordingly, the differences in peak systolic and
bottom diastolic pressures between the ascending aorta and
the brachial artery should be clarified. Study subjects con-
sisted of 82 consecutive patients with suspected coronary
artery disease who underwent cardiac catheterization, and
in whom ascending aortic pressure waveform was obtained
using a catheter-tipped micromanometer, and at the same
time systolic and diastolic pressures were measured (single
measurement) from the right upper arm with a cuff-type
sphygmomanometer based on the oscillometric technique.
No significant systematic difference (bias) was found
between the peak pressure obtained in the ascending aorta
and the systolic pressure from the right upper arm (133.6 £
25.1 vs 131.8 + 21.5mmHg, not significant). Bland—Altman
analysis showed only a small bias of +1.8mmHg, and the
limits of agreement were 25.4mmHg and —21.8mmHg. In
contrast, the bottom pressure in the ascending aorta was
significantly lower compared with the diastolic pressure
from the upper arm (68.5 = 10.7 vs 73.0 £ 12.4mmHg, P <
0.0001). Bland-Altman analysis showed a small but signifi-
cant bias of —-4.5mmHg, and the limits of agreement were
14.1mmHg and -23.1 mmHg. The observed biases seemed
to remain within practical range. However, random varia-
tion in the two measurements was rather large. This is con-
sidered to be caused by the random error in the single
measurement with the cuff-type sphygmomanometer.
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Introduction

Recently, the importance of central blood pressure evalua-
tion for cardiovascular risk stratification has been empha-
sized.' There are previous studies which show that central
(aortic) peak systolic pressure is lower than brachial systolic
pressure, while mean and bottom diastolic pressures are
generally constant across different sites of the arterial tree,
bringing lower pulse pressure in the center than in the
periphery.”™

Several investigators have reported that the central pres-
sure waveform can be precisely generated from the radial
pressure waveform obtained by applanation tonometry
with the use of general transfer function.”” However, in the
clinical setting, radial pressure waveforms are calibrated by
noninvasively obtained brachial systolic and diastolic pres-
sures. It is reported that significant underestimation of
central peak and pulse pressures is caused by this proce-
dure,*"" and hence brachial systolic and diastolic pressures
measured with a cuff-type sphygmomanometer may give
better estimates of central peak and bottom pressures.*"
Accordingly, we assessed the relationship between blood
pressure in the upper arm obtained with a cuff-type sphyg-
momanometer and central blood pressure with a catheter-
tipped micromanometer in patients who underwent cardiac
catheterization for the evaluation of coronary artery disease
(CAD), and in whom precise blood pressure measurements
were required for cardiovascular risk management.

Patients and methods

Study subjects consisted of 82 consecutive patients (65 men
and 17 women; age 64.3 + 9.4 years) with suspected CAD
who underwent cardiac catheterization. Patients with an
acute coronary syndrome, primary valvular heart disease, or
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atrial fibrillation were excluded from the study. According
to the findings of cardiac catheterization, 69 patients had
CAD, 46 patients with prior myocardial infarction and 23
without prior myocardial infarction. The remaining 13
patients had neither significant coronary stenosis nor left
ventricular wall motion abnormality but had atypical chest
pain. In all patients, pulsation of the right brachial artery
was overt at their antecubital fossae. All studies were per-
formed while patients were receiving cardiac and/or antihy-
pertensive medications. All subjects gave written informed
consent to participate in the study, and the study was per-
formed according to the regulations proposed by the Ethical
Guidelines Committee of the Nagoya City University
Graduate School of Medical Sciences.

Blood pressure measurements

During diagnostic cardiac catheterization, before contrast
material was injected into the left ventricle or coronary
artery, aortic pressure waveforms were obtained using a
catheter-tipped micromanometer (SPC-454D, Millar Instru-
ment, Houston, TX, USA) at approximately 10cm above
the aortic valve in the ascending aorta and recorded on a
polygraph system (RMC-2000, Nihon Kohden, Tokyo,
Japan). The micromanometer was electrically calibrated at
the two pressure levels,i.e.,0 and 100mmHg, using a control
unit (TC-510, Millar Instrument). The frequency response
of the micromanometer used was flat to 10kHz. Before the
catheter-tipped micromanometer inserted into the aorta,
the pressure zero was adjusted electrically just beneath the
silent surface of saline. The offset of the pressure waveform
was again adjusted to that obtained with a fluid-filled system
at the bottom diastolic pressure level when it was in the
ascending aorta. The details of our pressure measurement
during cardiac catheterization were reported elsewhere.'”
Patients kept breathing naturally during the measurement.
From the recorded aortic pressure waveforms, peak and
bottom pressures in the ascending aorta were measured
during five cardiac cycles and the average values were used
for statistical analysis. We also calculated the augmentation
index of waveform, as shown in Fig. 1."

While obtaining ascending aortic pressure waveforms,
blood pressure in the right upper arm was simultaneously
measured with a validated automated cuff-type sphygmo-
manometer (BP-8800, Omron Colin, Tokyo, Japan), which
uses the oscillometric method. The measurement of upper
arm pressure was made only once while obtaining aortic
pressure.

Statistical analysis

Data are presented as means + SD. Differences between
pressures obtained with the catheter-tipped micromanom-
eter and with the automated sphygmomanometer were
tested using the paired Student #-test. Bland—Altman analy-
sis'" was applied to the evaluation of agreement between
the two methods of pressure measurement. Differences
with P values less than 0.05 were considered significant.
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Fig. 1. Representation of pressure waveform obtained in the ascending
aorta using a catheter-tipped micromanometer. The augmentation
index was calculated as the difference between P2 and P1 (AP),
expressed as a percentage of the pulse pressure

Results

No significant difference was found between the peak
pressure obtained in the ascending aorta and the systolic
pressure obtained from the right upper arm (133.6 + 25.1
vs 131.8 £ 21.5mmHg, not significant). The relationship
between the two parameters was expressed as the following
equation: Y=1.03X -2.58 (r=0.88, P <0.0001) (X = systolic
pressure from the right upper arm in mmHg; Y = peak pres-
sure in the ascending aorta in mmHg). Bland—Altman anal-
ysis showed only a small bias of +1.8mmHg, and the limits
of agreement were 25.4mmHg and -21.8 mmHg (Fig. 2). In
contrast, the bottom pressure in the ascending aorta was
significantly lower compared with the diastolic pressure
from the right upper arm (68.5 £ 10.7 vs 73.0 + 12.4mmHg,
P < 0.0001). The regression line of the bottom pressure in
the ascending aorta (YmmHg) on the diastolic pressure
from the right upper arm (XmmHg) was Y = 0.59X + 25.4
(r = 0.69, P < 0.0001). Bland-Altman analysis showed a
small but significant bias of —4.5mmHg, and the limits of
agreement were 14.1 mmHg and -23.1mmHg (Fig. 3). The
pulse pressure in the ascending aorta was significantly
greater compared with that from the right upper arm (65.1
+21.2 vs 58.9 £ 17.2mmHg, P < 0.0001). The regression of
the pulse pressure in the ascending aorta (Y mmHg) against
the pulse pressure from the right upper arm (XmmHg) was
Y=1.02X+5.12 (r=0.83, P <0.0001). Bland-Altman analy-
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Peak pressure —ascending aorta

Systolic pressure —arm
(mm Hg)

Fig.2. Left Relationship between the peak systolic pressures measured
at the ascending aorta with a catheter-tipped manometer and from the
right upper arm with an oscillometric sphygmomanometer. A signifi-
cant and close correlation was observed. Right Bland-Altman plot for
peak systolic pressures measured by the both sites. The analysis showed
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only a small bias of +1.8mmHg, and the limits of agreement were
25.4mmHg and -21.8 mmHg.

Difference = peak aortic pressure — brachial systolic pressure
Average = (peak aortic pressure — brachial systolic pressure)/2
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Fig. 3. Left Relationship between bottom diastolic pressures measured
at the both sites. A significant but relatively weak correlation was
found. Right Bland—Altman plot of bottom diastolic pressures at the
both sites. The analysis showed a small but significant bias of -4.5mmHg,
and the limits of agreement were 14.1 mmHg and —23.1 mmHg.

sis also showed a small but significant bias of +6.3mmHg,
and the limits of agreement were 29.1mmHg and
—16.5mmHg (Fig. 4).

The augmentation index obtained in the ascending aorta
was significantly correlated with aortic peak pressure (r =
0.64, P < 0.0001) and also with aortic pulse pressure (r =
0.71, P < 0.0001), indicating that late systolic peaking caused
by pulse wave reflection from the lower body affected the
both pressures (Fig. 5).

Discussion

The oscillometric method is based on detecting the oscilla-
tions on the lateral walls of the occluded artery during
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Difference = bottom aortic pressure — brachial diastolic pressure
Average = (bottom aortic pressure — brachial diastolic pressure)/2

deflation of the cuff. The oscillations begin at approximately
the level of systolic pressure and reach their maximum
amplitude at the level of mean arterial pressure. Systolic
pressure measurement by this method is accurate, but dia-
stolic pressure, which is derived from the systolic and mean
pressures, may not be accurate.”” Each company has its own
secretive algorithm for calculating diastolic blood pressure.
Generally speaking, oscillometric devices are designed to
give the same systolic and diastolic pressures as the auscul-
tatory technique using Korotkoff sounds. The auscultatory
method tends to give diastolic pressures that are slightly
higher than direct intra-arterial measurements.'*" Since the
bottom diastolic pressures in the aorta and in the brachial
artery are nearly equal, the difference between the former
obtained by direct intra-aortic measurements and the latter
obtained by oscillometric measurements shows that the
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Fig. 4. Left Relationship between pulse pressures measured at the
both sites. A significant and close correlation was observed. Right
Bland-Altman plot of pulse pressures at the both sites. The analysis
showed a relatively small but significant bias of +6.3mmHg, and the
limits of agreement were 29.1 mmHg and —16.5mmHg.

Fig. 5. Relationships between
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augmentation index and aortic
peak systolic and pulse
pressures. Significant positive
correlations were found between
the parameters

Peak pressure-ascending aorta

Pulse pressure-ascending aorta

Augmentation index

oscillometric device which we used had the above-
mentioned tendency (bias).

Even if there is no difference in peak systolic pressure
between the direct intra-arterial measurement and the non-
invasive oscillometric measurement, the peak systolic pres-
sure in the ascending aorta and that obtained from the
upper arm can differ because of the amplification of the
pressure pulse with transmission. However, the present
study demonstrates that there was no significant systematic
difference (bias) between the peak pressure measured in
the ascending aorta and the systolic pressure obtained from
the right upper arm in our study group of patients with
suspected coronary artery disease. It is reported that ampli-
fication is greatest when pulse wave velocity is low and
ejection duration short, and where wave reflection has the
greatest positive effect on the peripheral pressure wave and
the least positive effect on the central pressure wave."” In
relatively younger subjects, reflected waves return from the
lower body to the ascending aorta in diastole because of low
pulse wave velocity in the arterial tree without arterioscle-
rosis. In such a case, augmentation of aortic systolic pressure

05

0.8 0.1 05 0.8

Augmentation index

does not occur. On the other hand, in the elderly, reflected
waves return as early as late systole because of higher pulse
wave velocity in the stiffer arterial tree, which augments late
systolic pressure (late systolic peaking). Therefore, amplifi-
cation with transmission to the lower body (ratio of peak
peripheral pressure to peak aortic pressure) is greater for
younger subjects. The process of formation of the peak of
pressure wave in the upper arm is different from that in the
aorta. The peak is formed due to summation of reflected
waves returning from the upper limb (mainly from the
hand). Since reflection sites in the upper arm are anatomi-
cally closer, the timing of the formation of pressure peak is
considerably earlier than that in the aorta. In the upper arm,
the peak appears in very early systole. In contrast to pulse
wave transmission along the aorta to and from the lower
body, aging has little effect on pulse wave velocity in the
upper limb."® Therefore, aging has little effect on the timing
of the formation of pressure peak in the upper arm. In
young adults, this peak in the upper arm is considerably
higher than the aortic pressure peak. Therefore, amplifica-
tion of pressure in the upper arm in young adults is consid-
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erably large. However, in the elderly, augmentation of aortic
pressure caused by early return of reflected waves from the
lower body becomes prominent, which increases aortic peak
pressure (late systolic peaking) (Fig. 5), and eventually
makes the difference between aortic peak pressure and
upper arm peak pressure less significant.

Our study group was a particular group of patients with
suspected coronary disease aged 64.3 £9.4 years,and showed
prominent augmentation. Such a group is typical of those
in which pressure waves are less amplified. Indeed, there
was no significant systematic difference between the peak
pressure obtained in the ascending aorta and the systolic
pressure obtained from the right upper arm.

Although pressure measurements were made at two dif-
ferent sites in the present study, an assessment according to
the USA Association for the Advancement of Medical
Instrumentation (AAMI) SP10 criteria" for arterial pres-
sure measurements with different methods at the same loca-
tion may provide a standard for the quality of pressure
measurement. The AAMI SP10 criteria for acceptability of
blood pressure measurement devices requires that blood
pressures measured with an automated sphygmomanome-
ter should achieve a mean difference of £5mmHg and SD
of ¥#8mmHg (2SD = +16 mmHg) against a reference stan-
dard. In our study, the mean differences in peak systolic and
bottom diastolic pressures between the ascending aorta and
the right upper arm remained less than £5 mmHg. However,
the standard deviations of the differences between paired
measurements exceeded the above criteria. Indeed, the
limits of agreement for both systolic and diastolic pressure
measurements would not be acceptable for -clinical
purposes.

The relatively large standard deviations of the differ-
ences between paired measurements of aortic pressure and
upper arm pressure are considered to be caused by the poor
reproducibility of the single measurement from the upper
arm using a cuff-type sphygmomanometer."” Rushing
procedure of invasive measurement of ascending aortic
pressure did not allow us to measure systolic and diastolic
pressures from the upper arm more than one time in each
patient. In any case, single measurement of blood pressure
by sphygmomanometer causes a large error.”” In addition,
the upper arm pressure measurements were made in unusual
circumstances in the catheter laboratory. This may also have
brought such relatively large random variations. However,
if we made measurements from the upper arm by sphygmo-
manometer as many times as practically possible to obtain
the average values, the peak and bottom pressures in the
ascending aorta could be replaced by the systolic and dia-
stolic pressures obtained from the upper arm in a study
group with less pressure amplification.

Several investigators reported that ascending aortic pres-
sure waveform could be precisely generated from radial
pressure waveform, obtained using applanation tonometry
with the use of general transfer function.”” In the genera-
tion of ascending aortic pressure waveform using the trans-
fer function, radial pressure waveform should be calibrated
using systolic and diastolic pressures in the radial artery. If
the pressure waveform is calibrated by pressures invasively

obtained in the radial artery, aortic systolic and diastolic
pressures may be precisely estimated using the transfer
function.”” However, in the clinical setting, systolic and dia-
stolic pressures in the radial artery are replaced by those in
the brachial artery measured using a cuff-type sphygmoma-
nometer.”’ Smulyan et al." reported that an inaccuracy of
the oscillometric cuff method for measuring pressures from
the upper arm appeared to be a limiting factor for the use
of applanation tonometry on the radial artery. O’'Rourke
and Adji” also addressed that there was a debate on the
biases of accuracy of the cuff-type sphygmomanometer to
describe systolic and diastolic brachial pressures. Further-
more, several investigators reported that an amplification of
systolic pressure between the brachial artery and the radial
artery exists, which causes underestimation of central pres-
sures when the tonometry method calibrated by cuff-derived
brachial artery pressures is applied.”"*

Davies et al.*’ demonstrated that central pressure wave-
form generated using applanation tonometry from the
radial artery with the transfer function and calibration using
noninvasively obtained brachial pressures significantly
underestimated systolic and overestimated diastolic blood
pressures compared with invasively measured pressures in
the ascending aorta. They also reported important findings
showing that peripheral systolic blood pressure measure-
ments using a cuff-type automated sphygmomanometer
from the left upper arm overestimated invasive measure-
ments of systolic blood pressure in the ascending aorta, but
only by a nonsignificant value of 3.36 + 10.47mmHg, and
peripheral blood pressure measurements significantly over-
estimated diastolic blood pressure measured invasively,
with a mean of 11.7 £ 7.18mmHg; they concluded that
peripheral blood pressure gave a better estimate of aortic
peak pressure than did the tonometry method. Cloud et al."
also reported a similar finding. They presented the data that
noninvasive brachial systolic pressure underestimated the
catheter-measured peak aortic pressure by only 1.9mmHg
and brachial diastolic pressure overestimated the bottom
aortic pressure by 11.5mmHg. Our results are compatible
with their results, although the range of overestimation of
bottom aortic pressure was relatively smaller in our study.
The difference between their studies and ours is considered
to be caused by the difference in the algorithm for deriving
diastolic pressure.

The present study may provide comprehensive under-
standing of central blood pressure and arterial wave reflec-
tion physiology in the arterial tree. This may contribute to
precise evaluation of the effect of antiatherosclerotic
therapy, considering the influence of blood pressure on arte-
rial stiffness and intima-media thickening.>*

Conclusions

These findings indicated that peak systolic and bottom dia-
stolic pressures in the ascending aorta can be directly esti-
mated from systolic and diastolic pressures measured from
the upper arm using an automated cuff-type sphygmoma-



nometer in an elderly study group. The observed biases
seem to remain within practical range. However, random
variation in the single measurement of upper arm pressure
was large and unacceptable for clinical purposes. Measure-
ment by sphygmomanometer should be repeated as many
times as practically possible.
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