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ABSTRACT Oscillometric devices are widely used for automatic cuff blood pressure (BP) measurement.
These devices estimate BP from the oscillometric cuff pressure waveform using population average methods.
Hence, the devices may only be accurate over a limited BP range. The objective was to evaluate a new patient-
specific method, which estimates BP by fitting a physiologic model to the same waveform. One-hundred and
forty-five cardiac catheterization patients and normal adults were included for study. The oscillometric cuff
pressure waveform was obtained with an office device, while reference BP was measured via brachial artery
catheterization or auscultation, during baseline and/or nitroglycerin administration. Fifty-seven of the subject
records were utilized for refining the patient-specific method, while the remaining 88 subject records were
employed for evaluation. The precision errors for all BP levels of the patient-specific method ranged from
6.3 to 7.6 mmHg. These errors were significantly lower than those of the office device (by 29% on average)
in subjects with high pulse pressure (>50 mmHg) while being comparable to those of the device in subjects
with normal pulse pressure (<50 mmHg). The bias and precision of the differences in repeated estimates
for all BP levels of the patient-specific method ranged from 0.1 to 1.1 and 2.1 to 5.9 mmHg, respectively.
These precision differences were significantly lower than those of the office device (by 64% on average).
The patient-specific method may afford more accurate automatic cuff BP measurement in patients with large
artery stiffening while limiting the number of required cuff inflations/deflations per measurement.

INDEX TERMS Arterial stiffness, blood pressure measurement, cuff, oscillometry, parameter estimation,
physiologic model.

I. INTRODUCTION
Automatic cuff blood pressure (BP) measurement devices are
routinely employed for hypertension detection and control.
Most of these devices are based on oscillometry [1]–[3].
Oscillometric devices act as both an actuator to alter the
transmural pressure of the brachial artery via cuff infla-
tion/deflation and a sensor to measure the pressure inside the
cuff. The measured cuff pressure indicates the applied pres-
sure and is superimposed with small oscillations representing
the pulsatile blood volume in the artery. Since the volume-
pressure relationship of the brachial artery is nonlinear,

the amplitude of the cuff pressure oscillations varies with the
applied cuff pressure. BP is estimated from the oscillation
amplitude versus cuff pressure function (henceforth referred
to as ‘‘oscillogram’’).

The BP estimation method is proprietary but believed to
be based on population averages [1], [2], [4]. For example,
the standard method is to first estimate mean BP (MP) as
the cuff pressure at which the oscillogram is maximal and
then estimate each of systolic and diastolic BP (SP and DP)
as the cuff pressure at which the oscillogram is some fixed
ratio of its maximal value [1], [2], [5]. The fixed ratio values
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are determined by obtaining the oscillogram and reference
BP from a group of subjects and then finding the values that
maximize the agreement between the estimated and reference
BP in the group. As a result, the devices may only be accurate
in new subjects with typical BP levels. Indeed, it is well
known that oscillometric device accuracy degrades in patients
with high pulse pressure (PP = SP - DP) due to large artery
stiffening [2], [4], which is a common condition that occurs
with aging and disease.

We recently proposed a patient-specific method for oscil-
lometric BP measurement [6]. The method represents the
oscillogram with a physiologic model and then estimates the
patient-specific model parameters, which include BP levels,
by optimally fitting the model to the oscillogram. Hence,
unlike conventional population average methods, which use
the same parameter values in their empirical model for trans-
forming the oscillogram to BP levels in all patients, the new
method determines the parameter values of its physiologic
model for each patient at the time of measurement. In this
way, the accuracy could bemaintained over a wider BP range.
Furthermore, by employing a physiologic model, the method
could be more robust to deviations in the oscillogram caused
by respiration and heart rate variability and thus more
repeatable.

We also demonstrated that the patient-specific method
could indeed provide more accurate BP estimates than pop-
ulation average methods [6]. However, the testing data in
this earlier study was limited in that it included only single
rather than repeated measurements from 20 patients. Hence,
we neither conclusively proved superior accuracy in subjects
with atypical BP levels nor showed enhanced repeatability
relative to population average methods.

In this study, our aim was to thoroughly assess the patient-
specific method. We analyzed data from 145 patients and
normal adults whose PP varied from normal levels to high
levels due to large artery stiffening. The results of this val-
idation study clearly showed that the method was able to
significantly improve upon widely used methods and office
devices in terms of precision accuracy, especially in subjects
with high PP levels, and repeatability.

II. MATERIAL AND METHODS
A. PATIENT-SPECIFIC OSCILLOMETRIC BLOOD
PRESSURE MEASUREMENT METHOD
The method is illustrated in Fig. 1 and described in detail
elsewhere [6]. Briefly, BP is estimated from a standard oscil-
logram in four steps. The first two steps produce estimates
of SP and DP (see Fig. 1a), while the last two steps yield an
estimate of MP (see Fig. 1b). In the first step, the oscillogram
(difference between the upper and lower envelopes in red)
is represented with a parametric model accounting for the
nonlinear brachial artery blood volume-transmural pressure
relationship (Eq. (1)). The unknown parameters represent SP,
DP, and brachial artery mechanics [a, b, c, e]. In terms of the
brachial artery compliance curve (i.e., the derivative of the
nonlinear relationship with respect to transmural pressure),

a reflects the transmural pressure at which the curve is max-
imum; b and c denote the width of the curve and extent of
asymmetry about its maximum; and e indicates the amplitude
of the curve. The parameter e is actually determined by the
reciprocal of the cuff compliance [k], which is assumed to be
constant as justified by experimental data (see approximately
linear cuff pressure-air volume relationships), in addition to
brachial artery mechanics. In the second step, the patient-
specific parameters are estimated by optimally fitting the
model to the oscillogram in the least squares sense (Eq. (2)).
In the third step, the blood volume waveform is constructed
to within a k scale factor using the parameter estimates and
cuff pressure oscillations through a sequence of arithmetic
operations. Finally, in the fourth step, the entire BP waveform
is derived from the scaled blood volume waveform and the
estimated and likewise scaled brachial artery blood volume-
transmural pressure relationship (Eq. (3)) via root finding,
and MP is computed as the time average of the derived
waveform.

B. HUMAN DATA
To assess the patient-specific method, a total of 158 human
subjects were studied at Taipei Veterans General Hospital
(Taiwan). All procedures were approved by the Institutional
Review Board of the hospital and adhered to the principles of
the Declaration of Helsinki. Written, informed consent was
obtained from all subjects prior to study.

Amongst the subjects, 138 were adult patients admitted
for diagnostic cardiac catheterization. The study procedures
for these subjects are described in detail elsewhere [7], [8].
Briefly, all patients had normal sinus rhythm and inter-
arm cuff BP differences of no more than 3 mmHg.
A micromanometer-tipped catheter (SPC-320, Millar Instru-
ments, USA) was inserted into a brachial artery to measure
the gold standard reference BP waveform. An appropri-
ately sized, inflatable cuff of an office oscillometric device
(WatchBP Office, Microlife AG, Switzerland or VP-1000,
Omron Colin, Japan) was properly placed over the other
brachial artery to measure the raw cuff pressure waveform
for analysis and to obtain the BP estimates of the device.
The waveforms were simultaneously recorded during base-
line and/or sublingual nitroglycerin administration. When the
Microlife device was used, two cuff pressure waveformswere
recorded per condition via repeated cuff inflation/deflation
cycles.

The remaining 20 subjects were normal adults. The inflat-
able cuff of the Microlife device was placed over a brachial
artery to again measure the cuff pressure waveform for anal-
ysis and obtain the BP estimates of the device. Using a
three-way stopcock, the same cuff was interfaced to a mer-
cury sphygmomanometer to simultaneously obtain reference
SP and DP from the same arm via auscultation. The aus-
cultation measurements were performed strictly according to
AHA guidelines. Two pairs of cuff pressure waveforms and
auscultation measurements were recorded via repeated cuff
inflation/deflation cycles.
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FIGURE 1. The patient-specific method for estimating blood pressure (BP) from the oscillogram [6]: (a) The first
two steps produce estimates for systolic and diastolic pressure (SP and DP) and the parameters, a, b, c, and e,
which characterize the underlying model of the brachial artery blood volume-transmural pressure relationship.
(b) The last two steps use the resulting parameter estimates and measured cuff pressure oscillations to produce
an estimate for mean pressure (MP).

The cuff pressure waveforms for analysis and invasive
reference BP waveforms were visually screened for sub-
stantial artifact due to motion or otherwise. All waveforms

with such artifact were excluded from subsequent analysis
to benchmark method performance. A total of 315 pairs of
cuff pressure waveforms and reference BP measurements
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TABLE 1. Measurement and subject characteristics.

from 145 patients and normal subjects remained for
analysis. The measurement pairs from 57 of the patients
were identical to those previously analyzed to demonstrate
proof-of-concept of the patient-specific method [6]. Hence,
these data were utilized as training data to refine the method,
while the remaining new data from 88 patients and normal
subjects were utilized as testing data to thoroughly evaluate
the method. Note that while patient-specific methods do not
require training data in theory, all methods need such data in
practice to define any user-selected variables. Table I sum-
marizes the measurement and subject characteristics of the
training and testing datasets for analysis. Table II shows the
average, standard deviation, and range of reference SP, MP,
DP, and PP during baseline and nitroglycerin administration
for the patients and normal subjects in the testing dataset.
Hence, the BP levels varied widely, with PP and SP ranging
from normal levels to high levels due to large artery stiff-
ening. The corresponding statistics for the training dataset,
which are reported elsewhere [6], indicated a fairly similar
BP range.

C. DATA ANALYSIS
First, the training dataset was analyzed. The requisite oscil-
logram for BP estimation was constructed from each cuff
pressure waveform as described previously [6].

The user-selected variables of the patient-specific method
were determined by maximizing the agreement between
its BP estimates and the reference BP values while min-
imizing the number of parameters for estimation in order
to enhance robustness. The resulting user-selected vari-
ables were similar to those established previously [6]. The
only differences were fixing the a parameter, which indi-
cates the peak position of the brachial artery compliance
curve, to 1.5 instead of 2.5 mmHg and the b parame-
ter for each value of the c parameter such that the com-
pliance curve was right-skewed by 40 rather than 35%
about its maximum. Note that these parameter settings
are buttressed by directly measured compliance curves [9].
Hence, the optimized patient-specific method estimated
four parameters [SP, DP, c, e] from the oscillogram and
yielded BP estimates with similar accuracy to the originally
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TABLE 2. Reference blood pressure (BP) levels in the testing data

established method on the training dataset (see results
elsewhere [6]).

A fixed-ratio method was likewise developed using the
training dataset by maximizing the agreement between its
BP estimates from the same oscillograms and the reference
BP values. The resulting fixed ratio values were 0.57 for SP
and 0.75 for DP.

Then, the testing dataset was analyzed. The patient-specific
and fixed-ratio methods were applied to oscillograms like-
wise constructed from the cuff pressure waveforms. The
BP estimates of these methods and the office device were
compared for accuracy and repeatability.

For accuracy, note that the testing dataset included refer-
ence BP via brachial artery catheterization or auscultation
(see Table I). Further note that the patient-specific and fixed-
ratio methods were trained based on the former reference
method (see Table I), whereas the office device was likely
developed based on the latter reference method. Since there
are systematic differences between the two referencemethods
(i.e., invasive SP and DP are a few mmHg higher and lower
than auscultation SP and DP, respectively) [10], bias accuracy
could not be fairly quantified and compared. To quantify
precision accuracy, the errors between the SP,MP, DP, and PP
estimates and the reference BP values were computed. The
bias component of each of these errors for each method in
each of the three cohorts in the testing dataset (see Table I)
was then removed. In this way, BP error variability introduced
by systematic differences in the reference method as well as
in the office device and data in each cohort was eliminated.
The resulting precision errors were then combined over the
three cohorts. These errors were thereafter divided into two
groups: normal PP (reference PP < 50 mmHg) and high PP
(reference PP > 50 mmHg). Note that a 50 mmHg threshold
was chosen so as to arrive at groups of approximately equal
size. In the case of repeated measurement pairs, only the first
measurement pair was included in the groups. The root-mean-
square (RMS) of the errors and percentage of large errors
(i.e., percent of absolute errors > 10 and 15 mmHg) in each
PP group were then computed. Finally, to compare precision
accuracy, the Pittman-Morgan test was applied to the RMS
of the errors (which were nearly void of a bias component)
of pairs of methods in each PP group [11]. A p < 0.0167
(=0.05/3) was considered significant based on Bonferroni
correction for pairwise comparison of three methods.

For repeatability, the mean and standard deviation of the
differences between each of the repeated estimates of SP, MP,

DP, and PP of each method were computed. The paired t-test
and Pittman-Morgan test were then applied to compare the
resulting bias and precision of pairs of methods, respectively.
A p < 0.0167 was likewise considered significant.

III. RESULTS
Fig. 2a summarizes the SP, MP, DP, and PP precision
accuracy results for the patient-specific method, fixed-ratio
method, and Omron/Microlife device in the normal PP and
high PP groups of the testing dataset. These results were
obtained from 88 subjects wherein the normal PP and high
PP groups constituted 42 and 58% of the data, respectively.
The mean±SD of PP was 39.9±8.0 mmHg in the normal PP
group and 69.4±15.0 mmHg in the high PP group. The refer-
ence was either auscultation BP (41% of the data) or invasive
BP (59% of the data) in the normal PP group but almost
exclusively invasive BP in the high PP group. The RMS errors
of the patient-specific method ranged from 6.3 to 7.6 mmHg
over both PP groups, and its percentages of large errors were
fairly similar between the groups. Hence, the patient-specific
method was able to maintain the precision accuracy over
a wide PP range. Furthermore, the precision errors of this
method were significantly lower (or not different) relative to
the fixed-ratio method in both PP groups. In particular, the
RMS errors for SP, DP, and PP of the patient-specific method
were, on average, 36% smaller than those of the fixed-
ratio method, while the absolute precision errors exceeding
10/15 mmHg of the new method were, on average, 50/75%
less than the standard method. More notably, the precision
errors of the patient-specific method were significantly lower
relative to the widely employed Omron/Microlife device in
the high PP group while being similar in the normal PP group.
Specifically, in the high PP group, the RMS errors for all BP
levels of the patient-specific method were, on average, 29%
smaller than those of the Omron/Microlife device, while the
absolute precision errors exceeding 10/15 mmHg of the new
method were, on average, 51/79% less than the office device.
Hence, the patient-specific method was able to reduce the
number of large precision errors and improve the precision
accuracy, especially over the high PP range. Fig. 3ab shows
Bland-Altman plots for visual assessment of the precision
errors.

Fig. 2b summarizes the SP, MP, DP, and PP repeatability
results for the three methods in the testing dataset. These
results were obtained from 32 subjects for SP, DP, and PP and
16 subjects for MP. The bias and precision of the differences
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FIGURE 2. Bar graphs of (a) BP precision error metrics in the normal and high reference pulse pressure (PP) groups and
(b) BP repeatability metrics for the patient-specific method and two available methods in the testing data. ∗ denotes
p < 0.0167 compared to the patient-specific method. For precision error, only the root-mean-square (RMS) metrics were
statistically compared. Bias errors could not be fairly quantified and compared, as described in the text.

in repeated estimates for all BP levels of the patient-specific
method ranged from 0.1 to 1.1 mmHg and 2.1 to 5.9 mmHg,
respectively. These values were significantly lower (or not
different) relative to the other methods. In particular, the bias
of the differences in repeated estimates for SP and PP of
the patient-specific method were, on average, 79% smaller
than those of the fixed-ratio method, while the precision of
the differences in repeated estimates for SP, MP, and PP of
the new method were, on average, 53% smaller than those

of the standard method and 64% smaller than those of the
Microlife device. Hence, the patient-specific method was
able to improve BP measurement repeatability. Fig. 3c shows
Bland-Altman plots for visual assessment of the differences.

Secondary results (which are not shown) were as follows.
Firstly, and as alluded to earlier, the bias accuracy for the SP
and DP estimates of the patient-specific method tended to be
superior relative to the Omron/Microlife device when inva-
sive BP was the reference (bias error of−2.4 vs.−5.4 mmHg
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FIGURE 3. Bland-Altman plots (mean±1.96·SD) of the (a) precision errors in the normal PP group; (b) precision errors in the high PP group; and
(c) differences in repeated estimates for the patient-specific method and two available methods in the testing data.

for SP and −0.1 vs. 1.5 mmHg for DP; p = NS) but tended
to be worse compared to the office device when ausculta-
tion BP was the reference (4.0 vs. 2.4 mmHg for SP and
−6.6 vs. −3.9 mmHg for DP; p = NS). However, the pre-
cision accuracy of the patient-specific method and office
device were similar in the normal PP group regardless of the
reference method employed (precision errors of 6.5-6.9 vs.
6.3-7.8 mmHg for invasive BP and 5.9-8.0 vs. 6.6-7.7 mmHg
for auscultation BP). This result, along with the observation
that the precision errors of the office device were random

(i.e., without obvious trends) in the Bland-Altman plots for
the high PP group (see Fig. 3b) wherein invasive BP was
essentially the reference, indicate that the bias removal pro-
cess employed herein may have indeed eliminated the sys-
tematic BP differences between the two reference methods
employed. Further, the c and e parameter estimates of the
patient-specific method were 5.2±0.7 (mean±SD) unitless
and 8.2±1.4 mmHg during baseline and 5.9±1.0 unitless
and 8.9±1.4 mmHg during nitroglycerin administration,
respectively (p ≤ 0.013 via t-tests). Increases in the
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c and e parameters both correspond to enhanced brachial
artery compliance, so the patient-specific method was able to
correctly track the drug-induced compliance changes. Finally,
and perhaps as a result, the precision accuracy of the patient-
specific method tended to be less impacted by nitroglycerin
administration than the Omron/Microlife device (average dif-
ference in RMS error from baseline to nitroglycerin adminis-
tration of −0.98 mmHg vs. −1.95 mmHg).

IV. DISCUSSION
Most automatic cuff BP measurement devices employ popu-
lation average methods to estimate BP from an oscillogram
and may thus be accurate only over a limited BP range.
We recently proposed a patient-specific method to estimate
BP from the oscillogram by leveraging a physiologicmodel in
conjunction withmodel fitting (see Fig. 1) [6]. In this way, the
routinely used devices may not only maintain accuracy over a
wider BP range but also be less sensitive to common physio-
logic deviations in the oscillogram and thus more repeatable.
We also demonstrated that the method can offer improved
accuracy compared to population average methods [6].
However, this demonstration was based on a limited set of
testing data comprising 20 patients without repeated mea-
surements and thus provided only proof-of-concept. In this
validation study, we refined the method and thoroughly com-
pared it to existing methods for both accuracy and repeatabil-
ity in 145 human subjects with normal PP levels and high PP
levels induced by large artery stiffening (see Tables I and II).

The patient-specific method achieved BP errors reflect-
ing precision accuracy that ranged from 6.3 to 7.6 mmHg
(see Fig. 2a). Hence, the method maintained the precision
accuracy over both the normal and high PP ranges. Further,
this level of precision accuracy was within the Association
for the Advancement of Medical Instrumentation (AAMI)
precision limits of 8 mmHg. However, the method did not
meet the AAMI standard, because an AAMI data collection
protocol was not employed.

The patient-specific method was compared to both the
standard fixed-ratio method, which was developed using the
same training dataset as the new method, and a currently
used office device (Omron or Microlife). Overall, the office
device attained greater precision accuracy than the fixed-
ratio method (see Fig. 2a), thereby suggesting that the device
estimates BP based on other useful features in the oscillo-
gram in addition to, or instead of, amplitude ratios. However,
the level of precision accuracy of the office device was
not within 8 mmHg for the high PP range. Compared to
this device, the patient-specific method revealed significantly
lower precision errors for all BP levels in the high PP range
(by 29 to 79% on average) while showing similar precision
errors with respect to either invasive BP or auscultation BP in
the normal PP range (see Figs. 2a and 3ab).

The reference method was almost exclusively invasive BP
in the high PP range. The well-known auscultatory gap is
strongly related to carotid artery stiffening and aging [12] and
thus high PP. Perhaps as a result, the ability of auscultation

to stratify risk for stroke and heart disease diminishes with
aging [13]. Since auscultation BP was not utilized as the
reference in the high PP range, the improvement in precision
accuracy attained by the patient-specific method here may
be particularly significant. The improved precision accuracy
with respect to invasive BP could also be significant in
terms of monitoring central BP, which may offer superior
cardiovascular risk stratification to brachial BP [14]. That
is, a major source of error of non-invasive measurements of
central BP is the discrepancy between the BP estimates of
current oscillometric devices, which are used to calibrate the
tonometry waveforms, and invasive brachial BP [15], [16]
Hence, the patient-specific method may be able to enhance
the accuracy of non-invasive central BP monitoring.

The bias accuracy of the methods could not be fairly
assessed and compared due to the systematic differences in
the two reference methods [10] employed for training as well
as testing them. While the inability to address bias accuracy
represents the main study limitation, precision accuracy may
be much more important anyhow. For example, the bias accu-
racy of the patient-specific method, which was developed
using the invasive BP reference, could easily be corrected
for an auscultation BP reference by subtracting and adding
a constant (e.g., 3-4 mmHg [12]) to its SP and DP estimates,
respectively.

The patient-specific method also achieved a bias and pre-
cision of the differences in repeated BP estimates that ranged
from 0.1 to 1.1 mmHg and 2.1 to 5.9 mmHg, respectively
(see Fig. 2b). This level of repeatability was within the AHA
recommended limits of 5 mmHg for SP, MP, and DP and near
these limits for PP [17].

While the office device was more accurate than the fixed-
ratio method, the standard method appeared more repeatable
(see Fig. 3c). However, the level of repeatability of the fixed-
ratio method was not close to the AHA limits for SP and PP
(see Fig. 2b). Compared to this method, the patient-specific
method revealed significantly lower bias of the differences in
repeated SP and DP estimates (by 79% on average) and pre-
cision of the differences in repeated SP, MP, and PP estimates
(by 53% on average) (see Figs. 2b and 3c).

In sum, the new information gained from this validation
study compared to our previous methods/proof-of-concept
study [6] is that the patient-specific method can afford supe-
rior precision accuracy, especially in the high PP range,
and repeatability compared to widely used, population-based
methods. Hence, the new method could improve cardiovas-
cular risk stratification in the elderly and other patients with
large artery stiffening while limiting the number of required
cuff inflations/deflations per BP measurement [17].

The accuracy of current oscillometric BP measure-
ment devices is also known to degrade in other condi-
tions such as arrhythmias, especially atrial fibrillation, and
pre-eclampsia [17], [18], as well as with improper cuff usage
such as cuff misplacement and over-cuffing [19]. Future
studies would have to be conducted to determine the relative
capabilities and limitations of the patient-specific method in
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such cases. Subsequent studies to confirm the results of this
study and assess the cardiovascular risk stratification ability
of the method may also be worthwhile.

V. CONCLUSION
Hypertension detection and control currently represent a
major healthcare problem around the world, especially in
low resource settings. Effective BP measurement technology
is essential to alleviate this problem. Amongst the available
technologies, oscillometry offers a number of advantages.
In particular, it is non-invasive (unlike catheterization), easy-
to-use (unlike manual auscultation or tonometry), inexpen-
sive (unlike volume clamping), unaffected by the auscultatory
gap and terminal digit bias (unlike manual auscultation), less
sensitive to cuff position and ambient sound (compared to
automatic auscultation), environmentally safe (unlike mer-
cury manometers), and more convenient in terms of main-
tenance (compared to aneroid manometers). However, the
disadvantage of oscillometry is that it is not as accurate as
other technologies (catheterization and manual auscultation).
The reason is that BP is estimated from the oscillogram using
population average methods. We evaluated a patient-specific
method for estimating BP from a standard oscillogram. The
new method showed significantly improved accuracy over a
wide PP range as well as repeatability compared to the stan-
dard BP estimation method and widely used office devices.
With further testing, the patient-specific method could pos-
sibly facilitate the management of hypertension by affording
more accurate automatic cuff blood pressure measurement in
patients with large artery stiffening while limiting the number
of required cuff inflations/deflations per measurement.
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