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Abstract The routine assessment and monitoring of hypertension may benefit from the eval-
uation of arterial pulse pressure (PP) at more central locations (e.g. the aorta) rather solely at
the brachial artery. Pulse Wave Ultrasound Manometry (PWUM) was previously developed by
our group to provide direct, noninvasive aortic PP measurements using ultrasound elasticity
imaging. Using PWUM, radial applanation tonometry, and brachial sphygmomanometry, this
study investigated the feasibility of noninvasively obtaining direct PP measurements at mul-
tiple arterial locations in normotensive, pre-hypertensive, and hypertensive human subjects.
Two-way ANOVA indicated a significantly higher aortic PP in the hypertensive subjects, while
radial and brachial PP were not significantly different among the subject groups. No strong
correlation (r2 < 0.45) was observed between aortic and radial/brachial PP in normal and
pre-hypertensive subjects, suggesting that increases in PP throughout the arterial tree may
not be uniform in relatively compliant arteries. However, there was a relatively strong posi-
tive correlation between aortic PP and both radial and brachial PP in hypertensive subjects
(r2 Z 0.68 and 0.87, respectively). PWUM provides a low-cost, non-invasive, and direct means
of measuring the pulse pressure in large central arteries such as the aorta. When used in
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conjunction with peripheral measurement devices, PWUM allows for the routine screening of
hypertension and monitoring of BP-lowering drugs based on the PP from multiple
arterial sites.
ª 2017 Association for Research into Arterial Structure and Physiology. Published by Elsevier
B.V. All rights reserved.
Introduction

Hypertension is a highly prevalent cardiovascular risk con-
dition that affects nearly 1 billion people globally,1

increasing the risk of heart disease and stroke by 3e4
times.2 In current clinical practice, the diagnosis and
monitoring of hypertension is based on peripheral blood
pressure measurements taken from the brachial artery
using a sphygmomanometer. However, the central blood
pressure (CBP) near the heart (i.e. in large arteries such as
the aorta) has been recognized to play a key role in the
pathogenesis of cardiovascular disease.3e5 The distending
pressure in the large elastic arteries is a key determinant of
the degenerative changes that characterize accelerated
aging and hypertension.6 Furthermore, it has been
demonstrated that different anti-hypertensive pharmaco-
logical treatments may have different effects on CBP
reduction while maintaining similar brachial BP reduc-
tion.6,7 These findings support the need to account for CBP
during hypertension treatment and monitoring.

Pulse pressure (PP), defined as the difference between
the systolic and diastolic blood pressures (i.e. the pressure
increase required to generate a pulse), has been recognized
by several studies as a significant predictor of all-cause
cardiovascular mortality and morbidity.3,8,9 PP arises from
the interaction of cardiac ejection (stroke volume) and the
properties of the arterial circulation. An increased stiffness
of the large arteries leads to an increase in PP due to a
reduction in arterial compliance and increased speed of
wave reflections.10 The PP in peripheral arteries is
commonly assessed using cuff sphygmomanometry at the
brachial site and applanation tonometry at the radial site.11

However, the PP in large arteries remains challenging to
measure clinically, as the only method to obtain a direct
measurement of central PP in the clinic is by way of a highly
invasive arterial catheter. Many longitudinal clinical
research studies3,12e16 have employed radial applanation
tonometry with a generalized transfer function to derive
central PP in large populations of patients. However, an
indirect method may not be used for evaluation on an in-
dividual case-by-case basis.

Pulse Wave Ultrasound Manometry (PWUM) was previ-
ously developed by our group17 as a noninvasive, easy-to-
use central PP measurement technique based on the
regional pulse wave propagation characteristics obtained
using ultrasound elasticity imaging. Initial feasibility studies
have demonstrated the reproducibility (w11% average
intra-subject variability) of the method and its high corre-
lation (0.94 < r2 < 0.98) with the aortic PP waveforms
obtained using radial applanation tonometry and a gener-
alized transfer function in healthy, normotensive subjects.
A block diagram of the PWUM technique on a normal human
aorta is shown in Fig. 1. Aortic wall displacements and pulse
wave velocity (PWV) are estimated using our established
Pulse Wave Imaging (PWI) technique,18e25 and the incre-
mental distension curve is obtained by subtracting the
posterior wall displacements from anterior wall displace-
ments at the central scan line to avoid angle artifacts. The
theoretical basis for PWUM is formed by combining the
Laplace Law26 and the Modified MoenseKorteweg Equa-
tion,27e29 thus relating an incremental change in fluid
pressure (dP) to the PWV, incremental distension (dR), fluid
density (r), Poisson’s ratio (n), and lumen radius (R).

While PWUM has been tested in healthy, normotensive
subjects,17 it has not yet been used to evaluate patients
with elevated blood pressure. This study aims to evaluate
the feasibility of a more complete assessment of PP varia-
tion throughout the arterial tree by performing direct
measurement of PP at three arterial sites using three
different instruments e a sphygmomanometer cuff for the
left brachial artery, an applanation tonometer for the left
radial artery, and PWUM for the infrarenal abdominal aorta.
Methods & study design

Study design

This study was approved by the Institutional Review Board
(IRB) of Columbia University. Outpatients visiting the Dental
Clinic at Columbia University Medical Center for routine
dental exams were recruited. Patients who provided
informed consent to participate in the study were instruc-
ted to lie in the supine position for the duration of the
exam. Three brachial blood pressure measurements were
performed on the left arm over a 15-minute period using a
clinically recommended30 automatic digital blood pressure
monitor (HEM-705CP, Omron Corp., Kyoto, Japan). The first
measurement was excluded, and the average of the latter
two was used to classify each subject as pre-hypertensive
(systolic blood pressure between 120 mmHg and
139 mmHg) or hypertensive (systolic blood pressure
>140 mmHg) based on the American Heart Association
(AHA) recommendation for blood pressure categorization.31

Brachial PP was calculated as the difference between
the systolic and diastolic pressures. Because blood pressure
is known to fluctuate throughout the day,32 it was impor-
tant to perform all measurements as concurrently as
possible. In between each brachial cuff measurement,
PWUM and radial applanation tonometry were performed to
obtain the pulse pressure waveform in the aorta and left
radial artery, respectively. Only the subjects who exhibited



Figure 1 Block diagram of the Pulse Wave Ultrasound Manometry (PWUM) method on a normal human aorta in vivo. A previously
developed technique, Pulse Wave Imaging (PWI), provides local PWV measurements by tracking the estimated aortic wall
displacement waveform, shown here in color overlaid onto consecutive B-Mode frames. The incremental distension waveform
(pink) obtained at the central scan line (pink squares) was used along with the PWV to derive the pulse pressure waveform based on
the Laplace law and the Modified MoenseKorteweg equation. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Figure 2 Schematic for in vivo data acquisition using PWUM.
In order to minimize rigid motion, each subject was asked for
perform breath-holding during each 2.5-second acquisition.
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a clear, unobstructed acoustic window of an infrarenal
abdominal aortic segment were included in this study. This
resulted in N Z 9 pre-hypertensive (5 M, 4 F, mean age
37.8 � 8.4 y.o.) and N Z 5 hypertensive (3 M, 2 F, mean age
54.2 � 3.1 y.o.) subjects. N Z 5 normal subjects (3 M, 2 F,
mean age 27.2 � 3.2 y.o.) were also recruited for com-
parison, yielding a total subject population of N Z 19.

PWUM

The infrarenal abdominal aorta of each subject was scan-
ned in the longitudinal (i.e. long-axis) view using a Sonix-
TOUCH system (Analogic Corp., Peabody, MA, USA) and a
3.3 MHz curvilinear array transducer, as shown in Fig. 2.
Because the pulse wave travels at a high velocity
(w4e12 m/s in human abdominal aortas19,20), a high frame
rate was warranted to adequately track its propagation.33

The imaging depth was adjusted to the minimum depth so
as to visualize both the anterior and posterior aortic walls,
and the lateral resolution was reduced to between 19 and
25 scan lines over the field of view. This resulted in imaging
depths of 7e12 cm and frame rates of 222e351 Hz, which
corresponded to maximum measurable PWVs33 of
w14.9e23.3 m/s. RF frames were acquired over 2-second
intervals during which the subject was required to
perform breath holding in order to minimize rigid motion.
One additional RF frame was acquired at a high line density
(180) to provide a reference frame for accurate manual
segmentation of the aortic walls. All RF signals were digi-
tized at a sampling frequency of 40 MHz, and 5e7 acquisi-
tions were performed for each subject in order to average
the measurements over multiple cardiac cycles.

The incremental (i.e. inter-frame) axial displacements
were estimated offline using a 1-D normalized cross
correlation-based motion estimation method34 on the RF
signals with a 1.5 mm window size and 95% overlap. Due to
its close proximity to the spine, the posterior aortic wall
exhibited minimal motion in vivo. Manual segmentation of
the anterior wall was performed on the high line density
reference frame, generating a wall trace that was mapped
onto the first frame of the RF sequence and automatically
updated based on the inter-frame displacements to track
the wall throughout the sequence.35 The displacements at
each point along the dynamic trace were mapped over
time, generating a 2-D image depicting the spatio-temporal
variation of the pulse wave propagation. Waveform
tracking was performed by automatically identifying the
50% upstroke33 of each displacement waveform on the
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spatio-temporal map, and PWV was estimated via linear
regression of the 50% upstroke markers. The incremental
distension curve was obtained at the central scan line and
inserted along with the PWV into the PWUM framework
(Fig. 1) to arrive at the aortic PP waveform.

Radial applanation tonometry

An applanation tonometry system was assembled and cali-
brated for the purpose of this study by connecting a SPT-
301 noninvasive pulse tonometer to the input channel of a
PCU-2000 pressure control unit (Millar Instruments, Hous-
ton, TX, USA). The output channel of the control unit was
connected to a USB digital I/O device (NI USB-6501, Na-
tional Instruments Corp, Austin, TX, USA) for data acquisi-
tion. The I/O device was controlled by a MATLAB GUI
(MathWorks, Natick, MA, USA) that displayed and saved the
tonometer signal in real-time on the SonixTouch scanner.
Once the pulse in the left radial artery was located by
palpation, the tonometer was placed on the top of the
artery to record 20 s of radial pressure waveforms.

For each subject, radial and aortic pulse pressures were
calculated from the respective waveforms as the amplitude
difference between the peak and the beginning of the up-
stroke (i.e. foot), and averaged over 5e10 cardiac cycles.

Statistical analysis

Due to unequal sample sizes, two-way ANOVA was per-
formed using the Bonferroni method to evaluate statistical
significance among the three subject groups.

Results

PWI yielded aortic PWV measurements of 5.00 � 0.59 m/s,
7.37 � 1.50 m/s, and 11.69 � 2.72 m/s in the normotensive,
pre-hypertensive, and hypertensive subject groups,
respectively. Since PWV is a regional functional index of
arterial stiffness over a certain arterial length,36 the
significantly higher PWV of the hypertensive group
(p < 0.01) suggests that the aortas of the hypertensive
Figure 3 Representative radial and aortic pulse pressure wave
cardiac cycle from (a) one normal subject (brachial BP 113/70), (b)
hypertensive subject (brachial BP 153/91). In each case, the times c
and dicrotic notch in the radial PP waveform are indicated by blue
in this figure legend, the reader is referred to the web version of
subjects were stiffer than those of the normotensive and
pre-hypertensive subjects.

Figure 3 shows the radial and aortic pulse pressure
waveforms over one full cardiac cycle for (a) a normal
subject (F, 23 y.o., brachial BP 113/70) in which radial
PP > aortic PP, (b) a pre-hypertensive subject (M, 51 y.o.,
brachial BP 136/87) in which radial PPz aortic PP, and (c) a
hypertensive subject (M, 60 y.o., brachial BP 153/91) in
which radial PP z aortic PP. Note the difference in the
amplitude scale of the waveforms, which were manually
aligned by the foot (i.e. beginning of the upstroke). In each
case, the times corresponding to the peak of the forward
wave, reflected wave, and dicrotic notch in the radial PP
waveform are indicated by blue lines and labels.

In the normal and pre-hypertensive cases, the peak of
the radial forward wave correlates with an inflection point
in the aortic waveform representing the beginning of the
augmentation pressure, which is commonly observed in the
aorta when the forward and reflected waves merge during
late systole.37 By contrast, the greater separation between
the forward and reflected peaks at the radial site indicates
that the reflected wave merges with the forward wave
during diastole. Also, the amplitude of the radial reflected
wave is greater in the pre-hypertensive case compared to
the normal case.

The radial waveform in the hypertensive case closely
resembles the aortic waveform in the normal and pre-
hypertensive cases e the peak of the forward wave appears
as an inflection point rather than a relative maximum,
suggesting that the higher velocity of the radial reflected
wave in the hypertensive case has caused it to merge with
the forward wave in late systole.38 In the aortic waveform,
the inflection point corresponding to the radial forward
peak is followed by a decrease in pressure rather than the
increase seen in the normal and pre-hypertensive cases.
This suggests that the reflected wave in the aorta of the
hypertensive case may be merging with the forward wave in
early diastole rather than late systole.37

The bar graphs in Fig. 4 show the blood pressure mea-
surements (brachial systolic, brachial diastolic, brachial PP,
aortic PP measured by PWUM, and radial PP measured by
applanation tonometry) averaged across each of the three
forms, manually aligned by the foot of the wave, over a full
one pre-hypertensive subject (brachial BP 136/87), and (c) one
orresponding to the peak of the forward wave, reflected wave,
lines and labels. (For interpretation of the references to colour
this article.)



Figure 4 Summary of the average blood pressure measure-
ments for each subject group (Pre-HTN Z pre-hypertensive,
HTN Z hypertensive). For each of the five pressure measure-
ments, statistical significances amongst the subject groups
were determined using two-way ANOVA (*** denotes p < 0.001,
** denotes 0.001 < p < 0.01, and * denotes 0.01 < p < 0.05).

Figure 5 Aortic PP vs. (a) radial and (b) brachial PP for all
subjects. In both plots, linear regression was performed on the
data within each subject group. The greatest correlation be-
tween aortic PP and radial/brachial PP was observed in the
hypertensive group.
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subject groups. For each of the five pressure measure-
ments, statistical significance among the subject groups
was determined using two-way ANOVA (*** denotes
p < 0.001, ** denotes 0.001 < p < 0.01, and * denotes
0.01 < p < 0.05). Bonferroni’s multiple comparisons test
revealed that a significantly higher PP in the hypertensive
group was detected only at the aortic site by PWUM,
whereas the radial and brachial PPs were not significantly
different among the three subject groups.

The aortic PP vs. (a) radial and (b) brachial PP for all
subjects is shown in Fig. 5. While no strong correlation was
observed in normal and pre-hypertensive subjects, there
was a relatively strong positive correlation between aortic
PP and both radial and brachial PP in hypertensive subjects
(r2 Z 0.68 and 0.86, respectively).
Discussion

In this study, the aortic PP measured by PWUM was
compared to the peripheral PPs measured using radial
applanation tonometry and brachial cuff sphygmomanom-
etry. It is important to note that due to the small sample
sizes present in this study, the objective was not to
establish definitive relationships in PP among different
subject groups, but rather to evaluate the feasibility of
noninvasively obtaining direct measurements of PP at
different arterial locations. The authors acknowledge that
larger sample sizes may affect the results of this study.

Due to the lack of ground-truth PPs, the measurements
were compared relative to each other using correlations.
Significantly higher (p < 0.01) PP in hypertensive subjects
was detected at the aorta by PWUM but not in the case of
the brachial and radial arteries (Fig. 4). This suggests that
changes in overall blood pressure may occur in the central
arteries before they are apparent at peripheral sites,7,39

further stressing the importance of routine CBP evaluation.
While the subjects represented three distinct blood

pressure levels, they also represented three distinct age
groups. The pre-hypertensives were significantly older
(p < 0.05) than the normals, and the hypertensives were
significantly older (p < 0.01) than the pre-hypertensives.
Thus, the effects of aging are also reflected in the PP var-
iations at the three arterial sites. The metabolic and
biochemical factors behind age-dependent arterial stiff-
ening are well established.40 Stiffening of the central ar-
teries will result in changes in both the wave reflection
patterns and arrival times of the reflected waves at the
measurement site.41 This can be either burdensome, if the
reflected wave adds to the main systolic pressure peak, or
beneficial, if the reflected wave arrives at late systole or
early diastole.42 If the reflected wave does not augment the
main systolic pressure peak, an increase in PP will not be
observed, which tends to be the case in younger, more
elastic arteries exhibiting lower PWV and hence lower
reflection amplitudes.41 This phenomenon is evident from
the results within the pre-hypertensive group in this study
e the four subjects who exhibited aortic PP > 50 mmHg
were significantly older (42.0 � 5.7 y.o.) than the five
subjects with aortic PP < 50 mmHg (33.4 � 6.9 y.o.).

Figure 3 depicts the non-uniformity of the PP waveform at
different arterial sites. The arrival of the reflected wave
caused an amplification of the PP in the normal and pre-
hypertensive aortas (Fig. 3a and b, respectively) as well as
in the hypertensive radial artery (Fig. 3c), but not in the hy-
pertensive aorta. This appears to contradict thenotion that in
older, hypertensive individuals, the reflected wave tends to
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arrive at the ascending aorta during early systole, resulting in
an even greater increase in PP.37,43 However, the aforemen-
tioned studies have investigated central PP using either a
generalized transfer function to derive the PP at the
ascending aorta,44,45 or cardiac catheterization at the aortic
root.46 Since this study represents the first non-invasive,
direct measurements of PP in the abdominal aortas of pre-
hypertensive and hypertensive subjects, it is possible that
in some hypertensive cases (such as the one shown in Fig. 3c),
the arrival of the reflected wave at the abdominal aorta may
not always cause pressure amplification.

In the normal and pre-hypertensive groups, no strong
correlation (r2 < 0.45) was observed between the aortic
and peripheral PPs, while in the hypertensive group, a
relatively strong correlation was observed between aortic
PP and both peripheral PPs (r2 Z 0.68 for the radial,
r2 Z 0.87 for the brachial). A combination of prolonged
peripheral hypertension and age-related arterial stiffening
may have resulted in the positive relationship between
radial, brachial, and aortic PP in the hypertensive group.
However, it is worth noting that two of the hypertensive
subjects exhibited PPs within the normal and pre-
hypertensive range at all three arterial sites despite
exhibiting systolic brachial pressures >140 mmHg. This is
attributed to the increased diastolic brachial pressure in
these subjects, which can serve as its own cardiovascular
risk factor.15 The lack of correlation between aortic and
peripheral PPs in the normal and pre-hypertensive groups
indicates that PP elevation throughout the arterial tree may
not be uniform in relatively compliant arteries.

From a physiological perspective, the mechanical
integrity of the aortic wall is mainly determined by its
matrix constituents, namely elastin, collagen, and smooth
muscle.26,27 Elastin is highly distensible and load-bearing at
low pressures, while collagen is 1000 times stiffer and load-
bearing at high pressures.26 As the PP rises, the increased
intraluminal pressure exerts a greater force on the wall,
engaging more collagen fibers and causing a reduction in
arterial compliance. However, the arterial compliance is
also dependent on the vessel size, which may explain the
non-uniformity of PP measurements at the three different
sites investigated in this study.

PWUM relies on fundamental physical assumptions that
are inherent to the validity of the Laplace law and the
MoenseKorteweg equation used in this study. These as-
sumptions include a cylindrical geometry and the linear
elasticity of the arterial wall. The linear elasticity
assumption denotes that the distension and pressure
waveforms have temporal variations that are in-phase. This
is a commonly accepted hypothesis47 relying on the fact
that the nonlinear behavior of the arterial wall in vitro
starts to prevail at higher deformation than the physiolog-
ical one.48 However, it is unclear how well this translates to
human arteries in vivo, as the nonlinear behavior of the
arterial wall may infer to a more complex relationship be-
tween distension and pressure.49,50
Conclusion

PWUM is a technique that can be used to measure the PP in
any artery accessible by ultrasound (e.g. carotid, brachial,
etc.). We have selected the abdominal aorta for all PWUM
studies to date due to its clinical significance and the fact
that it is impossible to directly access with other noninva-
sive methods such as brachial sphymomanometry or
applanation tonometry. Future studies are aimed at
applying the PWUM method at other imaging sites such as
the carotid and brachial arteries.

Conflict of interest statement

The authors certify that they have no affiliations with or
involvement in any organization or entity with any financial
interest, or non-financial interest in the subject matter or
materials discussed in this manuscript.

Acknowledgments

This work was supported in part by NIH R01-HL098830. The
authors would also like to thank Jonathan Vappou, Ph.D.,
and Jianwen Luo, Ph.D., both previously at Columbia Uni-
versity and currently at CNRS-Strasbourg University,
France, and Tsinghua University, China, respectively, for
helpful discussions.

References

1. McEniery CM, Cockcroft JR, Roman MJ, Franklin SS,
Wilkinson IB. Central blood pressure: current evidence and
clinical importance. Eur Heart J 2014;35(26):1719e25.

2. Wang TJ, Vasan RS. Epidemiology of uncontrolled hypertension
in the United States. Circulation 2005;112(11):1651e62.

3. Safar ME, Blacher J, Pannier B, Guerin AP, Marchais SJ,
Guyonvarc’h PM, et al. Central pulse pressure and mortality in
end-stage renal disease. Hypertension 2002;39(3):735e8.

4. Pini R, Cavallini MC, Palmieri V, Marchionni N, Di Bari M,
Devereux RB, et al. Central but not brachial blood pressure
predicts cardiovascular events in an unselected geriatric pop-
ulation: the ICARe Dicomano Study. J Am Coll Cardiol 2008;
51(25):2432e9.

5. Roman MJ, Okin PM, Kizer JR, Lee ET, Howard BV, Devereux RB.
Relations of central and brachial blood pressure to left ven-
tricular hypertrophy and geometry: the Strong Heart Study. J
Hypertens 2010;28(2):384e8.

6. Agabiti-Rosei E, Mancia G, O’Rourke MF, Roman MJ, Safar ME,
Smulyan H, et al. Central blood pressure measurements and
antihypertensive therapy: a consensus document. Hyperten-
sion 2007;50(1):154e60.

7. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A,
Collier D, et al. Differential impact of blood pressure-lowering
drugs on central aortic pressure and clinical outcomes: prin-
cipal results of the Conduit Artery Function Evaluation (CAFE)
study. Circulation 2006;113(9):1213e25.

8. Boutouyrie P, Bussy C, Hayoz D, Hengstler J, Dartois N,
Laloux B, et al. Local pulse pressure and regression of arterial
wall hypertrophy during long-term antihypertensive treat-
ment. Circulation 2000;101(22):2601e6.

9. Dart AM, Kingwell BA. Pulse pressureea review of mechanisms
and clinical relevance. J Am Coll Cardiol 2001;37(4):975e84.

10. Greenwald SE. Pulse pressure and arterial elasticity. QJM 2002;
95(2):107e12.

11. Filipovsky J, Svobodova V, Pecen L. Reproducibility of radial
pulse wave analysis in healthy subjects. J Hypertens 2000;
18(8):1033e40.

http://refhub.elsevier.com/S1872-9312(16)30255-1/sref1
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref1
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref1
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref1
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref2
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref2
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref2
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref3
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref3
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref3
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref3
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref4
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref4
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref4
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref4
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref4
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref4
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref5
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref5
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref5
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref5
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref5
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref6
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref6
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref6
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref6
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref6
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref7
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref7
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref7
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref7
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref7
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref7
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref8
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref8
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref8
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref8
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref8
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref9
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref9
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref9
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref9
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref10
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref10
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref10
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref11
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref11
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref11
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref11


28 R.X. Li et al.
12. Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL, et al.
Estimation of central aortic pressure waveform by mathemat-
ical transformation of radial tonometry pressure. Validation of
generalized transfer function. Circulation 1997;95(7):
1827e36.

13. Trudeau L. Central blood pressure as an index of antihyper-
tensive control: determinants and potential value. Can J Car-
diol 2014;30(5 Suppl):S23e8.

14. Takazawa K, Kobayashi H, Shindo N, Tanaka N, Yamashina A.
Relationship between radial and central arterial pulse wave
and evaluation of central aortic pressure using the radial
arterial pulse wave. Hypertens Res 2007;30(3):219e28.

15. Takazawa K, Kobayashi H, Kojima I, Aizawa A, Kinoh M, Sugo Y,
et al. Estimation of central aortic systolic pressure using late
systolic inflection of radial artery pulse and its application to
vasodilator therapy. J Hypertens 2012;30(5):908e16.

16. Osmanski BF, Montaldo G, Tanter M. Out-of-plane Doppler
imaging based on ultrafast plane wave imaging. IEEE Trans
Ultrason Ferroelectr Freq Control 2015;62(4):625e36.

17. Vappou J, Luo J, Okajima K, Di Tullio M, Konofagou EE. Non-
invasive measurement of local pulse pressure by pulse wave-
based ultrasound manometry (PWUM). Physiol Meas 2011;
32(10):1653e62.

18. Luo J, Li RX, Konofagou EE. Pulse wave imaging of the human
carotid artery: an in vivo feasibility study. IEEE Trans Ultrason
Ferroelectr Freq Control 2012;59(1):174e81.

19. Li RX, Luo J, Balaram SK, Chaudhry FA, Shahmirzadi D,
Konofagou EE. Pulse wave imaging in normal, hypertensive and
aneurysmal human aortas in vivo: a feasibility study. Phys Med
Biol 2013;58(13):4549e62.

20. Vappou J, Luo J, Konofagou EE. Pulse wave imaging for
noninvasive and quantitative measurement of arterial stiffness
in vivo. Am J Hypertens 2010;23(4):393e8.

21. Vappou J, Luo J, Okajima K, Di Tullio M, Konofagou EE. Aortic
pulse wave velocity measured by pulse wave imaging (PWI): a
comparison with applanation tonometry. Artery Res 2011;5(2):
65e71.

22. Fujikura K, Luo J, Gamarnik V, Pernot M, Fukumoto R,
Tilson 3rd MD, et al. A novel noninvasive technique for pulse-
wave imaging and characterization of clinically-significant
vascular mechanical properties in vivo. Ultrason Imaging 2007;
29(3):137e54.

23. Luo J, Fujikura K, Tyrie LS, Tilson MD, Konfagou EE. Pulse wave
imaging of normal and aneurysmal abdominal aortas in vivo.
IEEE Trans Med Imaging 2009;28(4):477e86.

24. Nandlall SD, Goldklang MP, Kalashian A, Dangra NA,
D’Armiento JM, Konofagou EE. Monitoring and staging abdom-
inal aortic aneurysm disease with pulse wave imaging. Ultra-
sound Med Biol 2014;40(10):2404e14.

25. Shahmirzadi D, Narayanan P, Li RX, Qaqish WW, Konofagou EE.
Mapping the longitudinal wall stiffness heterogeneities within
intact canine aortas using Pulse Wave Imaging (PWI) ex vivo. J
Biomech 2013;46(11):1866e74.

26. Fung YC, Fung YCB. Biomechanics: circulation. 2nd ed. New
York; London: Springer; 1997.

27. Nichols WW, O’Rourke MF. McDonald in DABfia McDonald’s
blood flow in arteries: theoretic, experimental and clinical
principles. 5th ed. London: Hodder Arnold; 2005.

28. Moens A. Die Pulskurve. Leiden, Netherlands. 1878.
29. Korteweg D. Uber die Fortpflanzungsgeschwindigkeit des

Schalles in Elastiischen Rohren. Ann Phys Chem 1878;5:
52e537.

30. Parati G, Stergiou GS, Asmar R, Bilo G, de Leeuw P, Imai Y,
et al. European Society of Hypertension practice guidelines for
home blood pressure monitoring. J Hum Hypertens 2010;
24(12):779e85.

31. Pickering TG, Hall JE, Appel LJ, Falkner BE, Graves JW, Hill MN,
et al. Recommendations for blood pressure measurement in
humans: an AHA scientific statement from the council on high
blood pressure research professional and public education
subcommittee. J Clin Hypertens (Greenwich) 2005;7(2):
102e9.

32. Tsukamoto T, Kitano Y, Kuno S. Blood pressure fluctuation and
hypertension in patients with Parkinson’s disease. Brain Behav
2013;3(6):710e4.

33. Li RX, Qaqish WW, Konofagou E. Performance assessment of
Pulse Wave Imaging using conventional ultrasound in canine
aortas ex vivo and normal human arteries in vivo. Artery Res
2015;9.

34. Luo J, Konofagou E. A fast normalized cross-correlation
calculation method for motion estimation. IEEE Trans Ultrason
Ferroelectr Freq Control 2010;57(6):1347e57.

35. Lee WN, Ingrassia CM, Fung-Kee-Fung SD, Costa KD,
Holmes JW, Konofagou EE. Theoretical quality assessment of
myocardial elastography with in vivo validation. IEEE Trans
Ultrason Ferroelectr Freq Control 2007;54(11):2233e45.

36. Cavalcante JL, Lima JA, Redheuil A, Al-Mallah MH. Aortic
stiffness: current understanding and future directions. J Am
Coll Cardiol 2011;57(14):1511e22.

37. Shirwany NA, Zou MH. Arterial stiffness: a brief review. Acta
Pharmacol Sin 2010;31(10):1267e76.

38. Wilkinson IB, Hall IR, MacCallum H, Mackenzie IS, McEniery CM,
van der Arend BJ, et al. Pulse-wave analysis: clinical evalua-
tion of a noninvasive, widely applicable method for assessing
endothelial function. Arterioscler Thromb Vasc Biol 2002;
22(1):147e52.

39. Jondeau G, Boutouyrie P, Lacolley P, Laloux B, Dubourg O,
Bourdarias JP, et al. Central pulse pressure is a major deter-
minant of ascending aorta dilation in Marfan syndrome. Cir-
culation 1999;99(20):2677e81.

40. Sun Z. Aging, arterial stiffness, and hypertension, Hyperten-
sion 2015;65(2):252e6.

41. Bleasdale RA, Parker KH, Jones CJ. Chasing the wave. Un-
fashionable but important new concepts in arterial wave
travel. Am J Physiol Heart Circ Physiol 2003;284(6):H1879e85.

42. Avolio AP, Butlin M, Walsh A. Arterial blood pressure mea-
surement and pulse wave analysisetheir role in enhancing
cardiovascular assessment. Physiol Meas 2009;31(1):R1e47.

43. Nichols WW. Clinical measurement of arterial stiffness ob-
tained from noninvasive pressure waveforms. Am J Hypertens
2005;18(1 Pt 2):3Se10S.

44. Kang JH, Lee DI, Kim S, Kim SW, Im SI, Na JO, et al. A com-
parison between central blood pressure values obtained by the
Gaon system and the SphygmoCor system. Hypertens Res 2012;
35(3):329e33.

45. Savage MT, Ferro CJ, Pinder SJ, Tomson CR. Reproducibility of
derived central arterial waveforms in patients with chronic
renal failure. Clin Sci (Lond) 2002;103(1):59e65.

46. Philippe EG, Hebert JL, Coirault C, Zamani K, Lecarpentier Y,
Chemla D. A comparison between systolic aortic root pressure
and finger blood pressure. Chest 1998;113(6):1466e74.

47. Van Bortel LM, Balkestein EJ, van der Heijden-Spek JJ,
Vanmolkot FH, Staessen JA, Kragten JA, et al. Non-invasive
assessment of local arterial pulse pressure: comparison of
applanation tonometry and echo-tracking. J Hypertens 2001;
19(6):1037e44.

48. Fung YC. Biomechanics: mechanical properties of living tis-
sues. 2nd ed. New York; London: Springer-Verlag; 1993.

49. Couade M, Pernot M, Prada C, Messas E, Emmerich J,
Bruneval P, et al. Quantitative assessment of arterial wall
biomechanical properties using shear wave imaging. Ultra-
sound Med Biol 2010;36(10):1662e76.

50. Meinders JM, Hoeks AP. Simultaneous assessment of diameter
and pressure waveforms in the carotid artery. Ultrasound Med
Biol 2004;30(2):147e54.

http://refhub.elsevier.com/S1872-9312(16)30255-1/sref12
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref12
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref12
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref12
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref12
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref12
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref13
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref13
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref13
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref13
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref14
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref14
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref14
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref14
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref14
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref15
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref15
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref15
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref15
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref15
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref16
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref16
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref16
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref16
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref17
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref17
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref17
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref17
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref17
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref18
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref18
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref18
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref18
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref19
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref19
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref19
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref19
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref19
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref20
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref20
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref20
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref20
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref21
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref21
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref21
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref21
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref21
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref22
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref22
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref22
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref22
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref22
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref22
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref23
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref23
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref23
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref23
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref24
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref24
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref24
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref24
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref24
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref25
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref25
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref25
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref25
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref25
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref26
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref26
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref27
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref27
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref27
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref28
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref29
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref29
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref29
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref29
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref30
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref30
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref30
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref30
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref30
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref31
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref32
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref32
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref32
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref32
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref33
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref33
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref33
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref33
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref34
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref34
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref34
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref34
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref35
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref35
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref35
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref35
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref35
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref36
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref36
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref36
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref36
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref37
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref37
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref37
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref38
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref38
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref38
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref38
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref38
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref38
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref39
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref39
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref39
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref39
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref39
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref40
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref40
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref40
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref41
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref41
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref41
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref41
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref42
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref42
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref42
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref42
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref42
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref43
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref43
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref43
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref43
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref44
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref44
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref44
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref44
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref44
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref45
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref45
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref45
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref45
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref46
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref46
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref46
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref46
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref47
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref47
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref47
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref47
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref47
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref47
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref48
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref48
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref49
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref49
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref49
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref49
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref49
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref50
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref50
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref50
http://refhub.elsevier.com/S1872-9312(16)30255-1/sref50

