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Editorial on the Research Topic

Cardiovascular Physiology and Medical Assessments: Physics and Engineering Perspectives

Physics and Engineering perspective plays an important role in cardiovascular physiology and
medical assessments. It utilizes the theory of physics and engineering to carry out physiological
analysis, detect physiological dysfunction, diagnose disease, and guide remedial surgery. The medical
physics and engineering field has enabled a more in depth understanding of cardiovascular
physiology.

Let us start with ‘Neural Regulation of Cardiac function,’ which is carried out by the sympathetic
and parasympathetic divisions of the autonomic nervous system. The sympathetic nerves to the heart
are facilitatory, whereas the parasympathetic nerves are inhibitory; in certain regions of the heart,
such as the ventricular myocardium, the effects of the sympathetic division are more dominant. The
mechanisms of neural regulation of the heart can be investigated into, extending from regulation of
heart rate in regular activity and heart rate variability in athletic manoeuvres, to reperfusion of the
ischemic myocardial tissue.

Then in ‘Bioelectrical Process in the Heart’ the electrical activity is initiated in the SA node, and
the impulse spreads throughout the atria via specialized internodal pathways, to the atrial myocardial
contractile cells and the atrioventricular node. From the AV node, the electrical impulse spreads
through the bundle of His, bundle branches, and Purkinje fibres to myocardial contractile cells in the
ventricles, causing ventricular contractility for initiating left ventricular ejection. This bioelectrical
activity is characterized by electrocardiography (ECG), and its signal processing enables cardiac
diagnostics.

Now let us discuss ‘Cardiac Perfusion.’ For computing intra-myocardial blood flow velocity and
pressure patterns, we can carry out myocardial perfusion SPECT imaging, prescribe the
myocardial conductivity, and then do intra-myocardial flow analysis to determine the blood
pressure and velocity distributions in myocardial segments. In this way, we can quantify decreased
blood flow in the ischemic areas of the myocardium, which can lead to decreased ventricular
contractility.

Finally, let us enter the left ventricle. Therein, ‘assessment of subjects at risk of heart failure’ is
carried out by means of the governing equations of fluid flow, by which we can determine the flow
patterns of velocity and pressure distribution in the left ventricle (LV), and thereby show how if
adequate pressure is generated to open the aortic valve. For this purpose, we can use the vector flow
mapping technique to generate flow velocity vector fields, by post-processing the colour doppler echo
images. This information is then transferred to monitors in real time, in order to visualize abnormal
flow patterns and to guide cardiologists in their diagnosis [1].
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This special issue focuses on how breakthroughs in physics
and engineering have helped us to advance the understanding of
cardiovascular physiology, and to make it more quantitative for
the purpose of medical assessment [2]. Herein, we are providing a
quantitative format of cardiovascular physiology and its medical
assessment, based on physics and engineering perspective. This
issue has four research articles, and we will now present the
features of the papers.

In the first paper, ‘Carotid Stiffness Assessment with Ultrafast
Ultrasound Imaging in Case of Bicuspid Aortic Valve,’ Goudot
et al. have focused on the carotid stiffness assessment in the case
of bicuspid aortic valve (BAV) by using ultrafast ultrasound
imaging. Ultrasound imaging is the perfect follow-up
implement for BAV patients, because of its radiation free
technology, and its cost-effectiveness. Ultrafast ultrasound
imaging (UF) permits show of the fit tissue movement at high
time-related resolution, by utilizing plane wave transmitted with
different tendency and a testing rate over 1,000 frames/s [3].
Then, Ultrafast Doppler acquired by processed data precisely
evaluate the tissue velocities [4]. In this paper, they have
compared the carotid flow parameters and carotid stiffness
based on UF, in BAV patients and healthy subjects.
Meanwhile, the deformation of the carotid arterial breadth
during the cardiac cycle was described by UF-Doppler
imaging. They measured the arterial distensibility, the
maximal rate of systolic distension (MRSD), and wall shear
stress (WSS). The computation of WSS was based on analysing
the blood flow velocities near the carotid walls. A key point of
the arterial wall remodelling is hemodynamic assessment of
blood flow [5]. The absence of WSS alteration in the BAV
patients could also clarify the lack of stiffness variation of the
carotid wall. The specific morphology of the BAV could lead to
the WSS modifications in the ascending aorta, with increased
possibility of degenerative lesions observed in the aortic wall [6].
Compared with healthy subjects, it is remarkable that the
carotid flow parameters and carotid stiffness are not changed
in the case of BAV.

In recent years, many investigations have combined separate
sensor sorts for pulse wave acquisition, such as pulse wave from
the left forefinger, wrist, and second toe arteries. Although all
these devices can detect and record arterial pulse waves, their
operating modes and sensitivities are different, resulting in
different shapes and timings of the pulse waves, leading to
changes in diagnostic efficiency [7]. In the second paper,
‘Quantitative Comparison of the Performance of Piezoresistive,
Piezoelectric, Acceleration, and Optical Pulse Wave Sensors,’
Wang et al. have compared and analyzed the radial, carotid,
arterial femoral and digital signals under a series of conditions
(three levels of contact force: light, medium, and heavy ) and they
used various pulse sensors to help make wise choices of the
appropriate type sensor signals for recording arterial pulse waves.
From the existing sensor types, they chose four: a piezoresistive
strain gauge sensor (PESG) and a piezoelectric Millar tonometer
(the first mentioned of two has the ability to scale contact force), a
rounded diaphragm acceleration sensor, and an light reflection
sensor. Thse four sensors were used to record the pulse wave
signals of the left radial artery, carotid artery, femoral artery and

digital artery of 60 subjects. In their studies, they found that the
impact of contact pressure, measurement location, and ambient
light on the pulse wave should be taken into account when
monitoring the patients. Secondly, by comparing the four
pulse wave sensors, it is found that the performance of the
tonometer is the best, followed by the accelerometer, followed
by PESG, and the optical sensor being the worst. Finally, there
was significant difference among the four sensors in their
waveform shapes and the timing of the arterial pulse wave and
amplitude parameters. So in practice, different sensor types could
be used, perhaps in combination according to the measurement
site and the nature of the required signal analysis and in this way,
the advantages of each can be better utilized.

The third paper is ‘Topologic and Hemodynamic
Characteristics of the Human Coronary Arterial Circulation,’
authored by Schwarz et al. A fitting perception of the complex
interplay of various factors contributing to coronary arterial flow
needs a quantitative method based on the characteristics of the
coronary network. Therefore, the purpose of their work is aimed
at contributing a comprehensive quantification of the partial
feature of the human coronary circulation. They employed a
high-resolution imaging cryomicrotome to alternately cut and
block-face the imaged frozen heart for 3D reconstruction of the
left coronary circulation, and then analysed the flow in geometric
topological, and topographic properties. Their model describes
the flow at bifurcations of the vessel diameter. They have
presented a method that dealt with the wide range of data on
the partial features, to comopute the hemodynamics. Their
findings set the stage for further research, containing
structural conversion, integration of vasomotor responsiveness,
and their effects on the supply to the left ventricle for its health
maintenance.

The incidence of aortic dissection markedly increases with
atherosclerosis and hypertension [8]. D-dimer, a specific
degradation product of cross-linked fibrin, represents the
coagulation and fibrinolytic system activation [9]. It is now
commonly used in the diagnosis of pulmonary embolism [10],
deep vein thrombosis [11], acute coronary syndrome [12], and
acute aortic dissection [9,13,14]. The fourth paper, ‘Association
Between D-dimer and Early Adverse Events in Patients With
Acute Type A Aortic Dissection Undergoing Arch Replacement
and the Frozen Elephant Trunk Implantation: A Retrospective
Cohort Study,’ authored by Liu et al. is aimed to investigate the
association between D-dimer levels and 90-day postoperative
adverse events in patients undergoing arch replacement and
frozen elephant trunk (FET), by using a multivariate Cox
regression model containing all known associated major
perioperative predictors. They have retrospectively analyzed
the data of patients with acute type A aortic dissection
undergoing aortic arch surgery and FET, from July 2017 to
December 2018 at Beijing Anzhen Hospital. The D-dimer
levels were evaluated within 24 h of admission. A total of 347
patients were included in the study. The median D-dimer level
was 1.95 μg/ml (interquartile range, 0.77–3.16 μg/ml). The
multivariable Cox regression analysis revealed that D-dimer
level was independently associated with 90-day postoperative
adverse events, after adjustment for confounding factors
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(hazard ratio � 1.19 per 10 μg/ml increase in D-dimer, 95%
confidence interval: 1.01–1.41; P � 0.039). The Kaplan–Meier
analysis revealed that the highest tertile (median 6.27 μg/ml) had
more 90-day postoperative adverse events, compared with the
median and lowest tertiles (P � 0.0014). Their results showed that
increased D-dimer levels at admission were associated with 90-
day postoperative adverse events in patients with type A aortic
dissection undergoing arch surgery with FET. This indicates that
such high-risk patients deserve close medical monitoring.

In summary, these four interesting papers have focused on
current state-of-the-art advances in physics and engineering
perspective in cardiovascular physiology and medical
assessment. Their results provide readers with valuable
information on the application of the theory of physics and
engineering in cardiovascular physiology and medical
assessments. We hope that this special issue will provide a

platform for researchers and clinical physicians to collaborate
on some research areas with the aim of promoting a more
scientific medical study of cardiovascular physiology.
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Carotid Stiffness Assessment With
Ultrafast Ultrasound Imaging in Case
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Aims: To compare the carotid stiffness and flow parameters by ultrafast ultrasound
imaging (UF), in bicuspid aortic valve (BAV) patients to first-degree relatives (controls).

Methods: BAV patients (n = 92) and controls (n = 48) were consecutively included
at a reference center for BAV. Aortic valve and ascending aorta were evaluated by
echocardiography. Common carotid arteries were evaluated by UF with a linear probe.
A high frame rate (2,000 frames/s) was used to measure the pulse wave velocity
(PWV). The arterial diameter change over the cardiac cycle was obtained by UF-Doppler
imaging. This allowed us to measure the distensibility and the maximal rate of systolic
distension (MRSD). The wall shear stress (WSS) was measured based on the same
acquisitions, by analyzing blood flow velocities close to the carotid walls.

Results: BAV patients had significantly larger aortic diameters (p < 0.001) at the
Valsalva sinus and at the tubular ascending aorta but no larger carotid diameters. No
significant differences were found in carotid stiffness parameters (distensibility, MRSD,
and PWV), even though these patients had a higher aortic stiffness. Carotid stiffness
correlated linearly with age and similar slopes were obtained for BAV patients and
controls. No difference in carotid WSS was found between BAV patients and controls.

Conclusion: Our results clearly show that the carotid stiffness and flow parameters are
not altered in case of BAV compared with controls.

Keywords: bicuspid aortic valve, arterial stiffness, ultrafast ultrasound imaging, carotid, wall shear stress

INTRODUCTION

Bicuspid aortic valve (BAV) is associated with alterations of the aortic wall that lead to a higher
risk of aortic aneurysm and acute aortic events (Verma and Siu, 2014). The decision to replace the
ascending aorta by prophylactic surgery is currently only based on the aortic diameter (Aboyans
et al., 2017). Due to early histological changes in the aortic wall, particularly affecting elastin fibers,
it has been suggested that aortic stiffness may be a prognostic marker of dilatation (Nistri et al.,
2008; Aquaro et al., 2017; Goudot et al., 2019a). The involvement of common carotid arteries
in the aortic remodeling process in case of BAV remains controversial. Carotid dissections seem
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indeed to be part of the BAV spectrum (Schievink and Mokri,
1995) and Li et al. (2016) found a reduced arterial distensibility at
the common carotid artery site. This finding was not confirmed
by Santarpia et al. (2012) nor, more recently, by Kim et al.
(2017) using tissue Doppler velocities. Nevertheless, common
carotid arteries share a common embryological origin with the
ascending aorta from the neural crest (Le Lièvre and Le Douarin,
1975; Majesky, 2007). More accessible to ultrasound imaging,
their evaluation could therefore constitute a useful prognostic
marker to predict acute aortic syndromes. More explorations are,
however, required to ascertain the presence of a “carotidopathy”
associated with the BAV.

Ultrasound imaging is the ideal tool for the follow-up of
patients with BAV, due to its availability, its low cost, and its
radiation free technology. Ultrafast ultrasound imaging (UF),
using plane wave transmits with multiple inclinations and a
sampling rate over 1,000 frames/s, allows to display the fine tissue
displacements at high temporal resolution (Tanter and Fink,
2014) and Ultrafast Doppler, obtained by post-processing the
same data, estimates precisely the tissue velocities (Bercoff et al.,
2011). This new imaging modality gives access to local parameters
of arterial stiffness, such as the pulse wave velocity (PWV)
and the arterial wall distensibility. The PWV measurement with
UF was initially presented and validated in vivo in healthy
volunteers by Couade et al. (2011). A good agreement with
other techniques was then established: distensibility using a high-
resolution echo-tracking device (MyLab 70, ART. LAB, Esaote,
Italy) (Marais et al., 2019) and the carotid-femoral PWV obtained
by SphygmoCor R© (Mirault et al., 2015).

New biomarkers developed with UF, such as arterial stiffening
over the cardiac cycle, may also help better define the arterial
phenotype, as it has been done in the case of vascular Ehlers-
Danlos syndrome (Mirault et al., 2015; Goudot et al., 2018).

In this work, we aimed at evaluating the changes in carotid
biomechanical properties associated with BAV. We also evaluated
the influence of the wall shear stress. As systematic screening of
BAV in the family of the patient is performed in our center, we
collected data from non-BAV relatives using the same protocol.
This method allowed us to compare cases with controls sharing
the same genetic background but without BAV.

MATERIALS AND METHODS

Population
This study is a cross-sectional study of 140 consecutive patients
undergoing dedicated consultation, between December 2017 and
December 2018 at the European hospital Georges-Pompidou,
a reference center for BAV disease. Patients with BAV have
been prospectively evaluated at the National Reference Centre
for Rare Vascular Diseases in a dedicated consultation. First-
degree healthy relatives, i.e., with a tricuspid aortic valve, were
used as controls. The ethical committee approved this study
and patients signed a written informed consent form (CPP Île-
de-France VI, n◦2017-A01508-45). Confirmation of BAV was
retained in case of the short-axis view of the aortic valve with
the presence of only two functional cusps. First-degree relatives

were also prospectively included and were considered as controls
if a tricuspid aortic valve was found. In case of doubt about
the diagnosis, the cardiac ultrasound loops were proofread by
an expert physician, and a cardiac magnetic resonance imaging
(MRI) was requested to evaluate the morphology of the aortic
valve more precisely.

Transthoracic Cardiac Ultrasound
Transthoracic echocardiography was performed using
commercial available equipment [IU22 R©, S5-1 (5–1 MHz;
80 elements) probe, Philips Medical Systems©, Andover, MA,
United States]. Analysis of the aortic valve and the ascending
aorta was systematically performed following a dedicated
protocol previously published (Goudot et al., 2019b).

Carotid Wall Ultrafast Ultrasound
Imaging
Bilateral evaluation of common carotid arteries by UF was
performed using an Aixplorer© device (Supersonic Imagine©,
Aix-en-Provence, France) and a linear probe (15–4 MHz, 256
elements, 0.2 mm pitch). The ultrafast acquisition was carried
out using plane wave successively emitted at three tilted angles
(–5◦, 0◦, and 5◦), with a frame rate of 2,000 s−1. The acquisitions
duration was 507 ms, and was triggered at the start of the QRS.
The maximum depth of the image, between 10 and 40 mm
was set by the operator, depending on the image obtained
with conventional B-mode. Data analysis was performed using
MatLab R© software (Version R2013b, The MathWorks©, Natick,
MA, United States). For each transmitted plane wave, the
backscattered ultrasonic echoes were recorded and assembled
to reconstitute the 2D image using conventional delay-and-
sum beamforming and spatial compounding (Montaldo et al.,
2009). Tissue Doppler velocities (Figure 1A) were obtained
at each point of the image at a high frame rate (Movie in
Supplementary Video S1). The anterior and posterior walls of
the acquisitions of adequate quality were manually segmented by
an independent observer, following the signal of the carotid wall
on the B-mode image obtained with UF (Supplementary Figure
S1). From the initial manual delimitation of the carotid artery,
the arterial diameter variation rate curve was automatically
determined by calculating the difference in tissue Doppler
velocities between the anterior and posterior walls over the
cardiac cycle. The arterial diameter variation curve was then
obtained from temporal integration of the variation rate during
the cardiac cycle (Figure 2A).

Distensibility
Carotid distensibility was calculated according to the following
formula:

Dist = 2×
SD− DD

DD× (SBP − DBP)

Dist, Distensibility (mmHg−1); SD, Systolic diameter (mm); DD,
Diastolic diameter (mm); SBP, Systolic blood pressure (mmHg);
and DBP, Diastolic blood pressure (mmHg).

An oscillometric device measured brachial blood pressure.
Measurements were performed on both arms and the higher
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FIGURE 1 | Ultrafast tissue Doppler imaging along the arterial wall over the cardiac cycle. Analysis of the tissue Doppler velocities of the arterial walls over time
provides access to pulse wave velocity (PWV) measurements (A). The measurement is obtained by the automated calculation of the slope of the main tissue Doppler
acceleration peaks (B).

FIGURE 2 | Carotid strain obtained with ultrafast ultrasound imaging (A). MRSD (maximum rate of systolic distension) and MRDR (maximum rate of diastolic recoil)
(B) are derived from the measurement of the diameter variation over time.

value was selected. The diameter variation curve was obtained at
each transversal section of the artery.

Pulse Wave Velocity (PWV)
The time shift of the diameter variation curve from the proximal
part of the carotid to the distal part allowed us to measure the
velocity of each component of the pulse wave, as suggested and
measured by Couade et al. (2011):

(1) PWV 1 is the propagation velocity of the foot of
the pulse wave, corresponding to the displacement of
the main acceleration peak of the arterial diameter
increase (Figure 1B).

(2) PWV 2 is the propagation velocity of the dicrotic notch,
corresponding to the displacement of the main acceleration
peak of the arterial diameter recoil (Figure 1B).

The precise measurement of each of these PWV components
was based on the diameter acceleration signal (derived from
the speed at which the wall moves over time). We were thus
able to better identify the precise movement of the same signal
along the arterial wall. For each acceleration signal, identified as
corresponding to PWV 1 or 2 (Figure 1B), a linear regression
of the space-time coordinates of the acceleration peaks was
performed and the PWV was determined by calculating the slope
of the regression. Average of right and left carotid values were
done for further analyses. The ability of ultrafast ultrasound
imaging to accurately evaluate the velocity of an elastic wave
propagating at several meters per second within the arterial wall
has been validated in vitro using the shear wave elastography with
the same scanner used in our study (Couade et al., 2010; Maksuti
et al., 2016). As well as with the shear wave elastography, PWV
measurement is performed using tissue Doppler imaging on the
entire length of the probe to track precisely the propagation of the
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pulse wave along the arterial segment and has already been used
in human studies (Mirault et al., 2015; Marais et al., 2019).

Arterial Stiffness and Stiffening Biomarkers
Ultrafast ultrasound imaging acquisitions give access to the
measurement of several complementary arterial stiffness
indicators. At the carotid level, the longitudinal view of the
carotid artery allowed us to measure the PWV 1, generated
at diastolic arterial pressure (DBP) and PWV 2, at the time
of the systolic arterial pressure peak (SBP). Since the PWV
value is dependent on the level of blood pressure, each PWV
value is shown divided by its corresponding blood pressure.
Distensibility, maximum rate of systolic distension (MRSD) and
maximum rate of diastolic recoil (MRDR), as defined by Aquaro
et al. (2011) with MRI, can be measured in the same sequence, by
analyzing the change in vessel diameter, obtained by tracking the
wall with ultrafast tissue Doppler (Figure 2B).

Carotid Flow Velocities and Wall Shear
Stress (WSS)
To evaluate the WSS along the arterial wall, the same sequences
were processed to produce vector flow images of the arterial
flow. An adaptive spatiotemporal singular value decomposition
(SVD) clutter filter was then used to separate tissue from blood
(Baranger et al., 2018). Tissue Doppler was computed in order
to track automatically the wall over the entire sequence and
thus avoid WSS discrepancies due to arterial motion during the
cardiac cycle. Multi-directional (–10◦, 0◦, 10◦) color-Doppler
images were assessed using sub-aperture beamforming, and
used to compute flow vectors inside the lumen area. Lastly,
considering blood as a Newtonian fluid, the WSS was derived
using the following formula:

τ = µ.|| E∇ × Ev||∂� = µ.|−
∂vx

∂z
+

∂vz

∂x
|∂�

With τ(Pa): the Wall Shear Stress, µ (Pa.s): the blood viscosity,
E∇ : the gradient operator, Ev (m.s−1): the blood velocity, �
describes the region of the lumen and ∂� its boundary.

Statistical Analysis
Continuous data are presented as a mean ± standard deviation.
Comparisons were done using a Student t-test. To assess the
correlation between age and arterial stiffness parameters, we used
the linear correlations with Pearson’s coefficients and covariance
analysis (ANCOVA), according to BAV status. The categorical
variables were compared using the Chi-square test. Statistical
significance was considered at the 0.05 level. Analyses were
performed using R R© software (R-Studio, version 3.4.1, Boston,
MA, United States).

RESULTS

Population
Ninety-two non-operated patients with BAV and forty-eight
controls were consecutively assessed for their carotids in addition

to their cardiac evaluation. Patients’ characteristics are presented
in Table 1. BAV patients only differed from controls on gender,
aortic diameters and stiffness. Men were more represented in
BAV patients than in controls.

Aortic Stiffness in BAV and Controls
Diameters were larger at the sinus of Valsalva and at the tubular
level of the ascending aorta in BAV patients compared with
controls. It is important to note that the systolic and diastolic
blood pressure values, key elements for the interpretation
of the arterial stiffness indicators, did not differ between
the two groups. Segmental aortic distensibility, measured by
conventional echocardiography, was significantly lower in case of
BAV (p < 0.001 at the sinus of Valsalva level and p = 0.018 at the
tubular aortic level, Table 1).

Carotid Stiffness Between Patients With
BAV and Controls
The carotid stiffness parameters, PWV raw values as well as
values divided by the corresponding blood pressure, as reported
by Mirault et al. (2015) are presented in Table 2. In univariate
analysis, no significant difference was found between patients
with BAV and controls for each carotid stiffness parameter
(Table 2). Due to the influence of age on the arterial stiffness,
correlations between stiffness indicators (Y-axis) and age (X-
axis) are shown in Figures 3–5. A poor correlation was found
for PWV1 with age (R2 = 0.087 for BAV and R2 = 0.004 for
controls), but no correlation for PWV 1/DBP with age (R2 = 0.005
for BAV and R2 = 0.001 for controls) (Figure 3). Greater
correlations with age were established for PWV 2 (R2 = 0.283
for BAV and R2 = 0.556 for controls), and to a lesser extend
for PWV 2/SBP (R2 = 0.050 for BAV and R2 = 0.039 for
controls). A significant correlation was found between arterial
stiffening over the cardiac cycle, measured by Delta-PWV and
Delta-PWV/PP, and age (Figure 4).

TABLE 1 | Characteristics of BAV patients and controls.

BAV patients
N = 92

Controls
N = 48

p

Age (years) 47.5 ± 16.6 42.6 ± 17.6 0.107

Men 62 (67) 18 (38) <0.001

Sinus of Valsalva diameter (mm) 35.3 ± 6.6 27.8 ± 5.8 <0.001

Tubular ascending aorta diameter (mm) 36.6 ± 8.3 28.4 ± 4.6 <0.001

Mean carotid arterial diameter (mm) 6.84 ± 0.82 6.56 ± 0.82 0.066

Sinus of Valsalva distensibility
(103.mmHg−1)

1.86 ± 1.66 3.65 ± 2.19 <0.001

Tubular aorta distensibility
(103.mmHg−1)

2.70 ± 2.11 3.69 ± 2.21 0.018

DBP (mmHg) 71.5 ± 10.7 69.8 ± 10.1 0.370

SBP (mmHg) 120.2 ± 16.3 117.6 ± 15.0 0.362

PP (mmHg) 48.6 ± 12.5 47.5 ± 10.8 0.616

Results are mean ± standard deviation, or number (percentage). BAV, bicuspid
aortic valve; DBP, diastolic aortic pressure; SBP, systolic aortic pressure; PP, pulse
pressure. P-values are from Student t-test and Chi-square test for sex comparison.
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TABLE 2 | Carotid stiffness parameters of BAV patients and controls.

BAV patients
N = 92

Controls
N = 48

p

PWV-1 (m.s−1) 4.40 ± 1.06 4.14 ± 1.07 0.188

PWV-2 (m.s−1) 6.42 ± 1.98 6.02 ± 2.05 0.293

Delta–PWV (m.s−1) 2.01 ± 1.87 1.88 ± 1.92 0.723

PWV-1/DBP (cm.s−1.mmHg−1) 6.82 ± 1.47 6.38 ± 1.18 0.084

PWV-2/SBP (cm.s−1.mmHg−1) 5.29 ± 1.63 5.24 ± 1.39 0.660

Delta–PWV/PP (cm.s−1.mmHg−1) 2.87 ± 3.08 3.38 ± 2.81 0.353

Distensibility (mmHg−1) 26.1 ± 21.0 27.6 ± 15.6 0.503

MRSD (s−1) 1.89 ± 1.10 2.15 ± 1.07 0.177

MRDR (s−1) 1.00 ± 0.59 1.01 ± 0.52 0.942

Results are mean ± standard deviation. BAV, bicuspid aortic valve; DBP, diastolic
aortic pressure; SBP, systolic aortic pressure; PP, pulse pressure; PWV, pulse
wave velocity; MRSD, maximal rate of systolic distension; MRDR, maximal rate
of diastolic recoil. P-values are from Student t-test.

Carotid diameters did not differ in BAV patients compared
with controls. Concerning the indicators based on the carotid
diameter variation (distensibility, MRSD, and MRDR), the
correlations obtained with age were much better than those

obtained by measuring the PWV. MRSD and MRDR values
correlated well with age (Figure 5). No significant difference was
found in any of the parameters evaluated between patients with
BAV and controls (Table 2).

Carotid Flow Parameters Between
Patients With BAV and Controls
No difference in peak systolic velocity was observed between
BAV patients and controls. The measurement of the WSS over
the cardiac cycle allowed us to determine the maximal peak of
WSS as well as the average of WSS over the whole sequence
(time average WSS). There was no significant difference between
BAV patients and controls for each of these parameters (Table 3,
Supplementary Figure S2, and Supplementary Table S1).

DISCUSSION

The multiparametric analysis of carotid stiffness and carotid
stiffening over the cardiac cycle did not provide any specific
biomechanical change of the common carotid arteries in BAV
patients, although they had a segmental aortopathy compared

FIGURE 3 | Correlations of following stiffening indicators (Y-axis) with age (X-axis): PWV 1 (A); (PWV1/DBP) (B); PWV2 (C) and PWV2/SBP (D), for patients with
bicuspid aortic valve (BAV) (red) and controls (blue). BAV, bicuspid aortic valve; PWV, pulse wave velocity; DBP, diastolic blood pressure; SBP, systolic blood pressure.
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FIGURE 4 | Correlation of carotid stiffening indicators (Y-axis) with age (X-axis): Delta-PWV (A) and Delta-PWV/PP (B), for patients with bicuspid aortic valve (BAV)
(red) and controls (blue). BAV, bicuspid aortic valve; PWV, pulse wave velocity; PP, pulse pressure.

with controls. The study of carotid walls in case of BAV
has been poorly conducted and the results presented in the
literature are contradictory. A lower carotid distensibility was
found using conventional ultrasound imaging by Li et al.
(2016). The carotid distensibility, evaluated with B mode by
the authors, remains however, a variable measurement with a
low reproducibility, since it is difficult to follow precisely the
carotid walls and determine exactly the minimum and maximum
diameters. Kim et al. (2017) did not find any difference in
carotid morphology (diameter and thickness intima-media),
distensibility and peak tissue velocity using tissue Doppler
on the carotid wall. This technology may be more accurate
than the classic B-mode to assess distensibility. The tissue
Doppler allows indeed a more precise measurement of small

displacements of the arterial wall because it is based on a
very precise estimate of the displacement velocity. It allows
to quantify sub-wavelength displacements (much less than
the mm) which is not possible with the speckle tracking
(Bonnefous and Pesqué, 1986).

Our results converge toward the absence of the common
carotid artery involvement in BAV-associated vascular
remodeling, which appears to affect only the ascending
aorta, and particularly the sinus of Valsalva (Goudot et al.,
2019b). From an embryological point of view, the smooth muscle
cells forming the aortic valve and the sinus of Valsalva come
from the second cardiac field, while the smooth muscle cells
forming the tubular aorta and the common carotid arteries
come from the neural crest (Yassine et al., 2017). This divergent
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FIGURE 5 | Correlations of the following stiffness indicators (Y-axis) with age (X-axis): Distensibility (A) and MRSD (B), for patients with bicuspid aortic valve (BAV)
(red) and controls (blue). BAV, bicuspid aortic valve; MRSD, maximal rate of systolic distension.

TABLE 3 | Flow parameters of BAV patients and controls.

BAV patients N = 92 Controls N = 48 p

Maximal WSS (Pa) 1.80 ± 0.46 1.86 ± 0.44 0.497

Time average WSS (Pa) 0.95 ± 0.23 0.95 ± 0.20 0.870

PSV (cm.s−1) 116 ± 36 124 ± 39 0.266

Results are mean± standard deviation. BAV, bicuspid aortic valve; WSS, wall shear
stress; PSV, peak systolic velocity. P-values are from Student t-test.

embryological lineage could explain the results obtained on all
the vascular walls studied: on the one hand, a more important
stiffness of the sinus of Valsalva appearing at a younger age,

with a stiffness acquired later, dependent on dilatation of
the tubular aorta, and, on the other hand, no damage to the
common carotid arteries nor to the abdominal aorta (Goudot
et al., 2019b). New technical settings are mandatory to be
able to assess the ascending aorta by transthoracic ultrafast
ultrasound imaging. The evaluation of similar morphological
biomarkers with ultrasound would provide a simple and
easily accessible tool, which could be rapidly integrated
into the follow-up of patients with BAV, usually performed
only by echocardiography. The aortic stiffness could thus be
an additional measure to the usual measures of the aortic
diameters at the different segments of the ascending aorta
(Erbel et al., 2014).
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Lastly, we provide a technological innovation regarding the
combined evaluation of WSS and carotid stiffness. Hemodynamic
assessment of blood flow is an important factor in the arterial wall
remodeling (Yassine et al., 2017). The lack of WSS change in case
of BAV could thus explain the absence of stiffness modification
of the carotid wall. WSS modifications in the ascending aorta
related to the specific morphology of the BAV appear to be indeed
responsible for a significant proportion of degenerative lesions
observed in the aortic wall (Guzzardi et al., 2015). Developing
ultrasound imaging combining stiffness and WSS measurements
would therefore be particularly relevant to assess aortopathy
associated with BAV.

Limitations
All the stiffness data were only processed after examining the
patient. The distensibility is indeed not currently available on
the commercialized UF ultrasound scanner. The automated
method for collecting stiffness parameters in real time could be
however, quickly implemented. The study of first-degree relatives
as control patients is also a limitation. BAV first-degree relatives
cannot indeed be considered completely free from minor aortic
involvement. In our series, even though we have shown no
difference in carotid stiffness, there were, however, significant
differences in diameter and aortic distensibility between BAV
patients and controls.

CONCLUSION

Ultrafast ultrasound imaging allows an automated simultaneous
evaluation of carotid stiffness and flow parameters over the
cardiac cycle. No difference was found for stiffness and
stiffening parameters between BAV patients and controls at the
common carotid level. An aortic evaluation, using a dedicated
phased array probe, would provide the parameters of aortic
distensibility, MRSD, and PWV. This study is progressing,
with a specific sequence for a phased array probe currently
being developed.
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FIGURE S1 | Longitudinal section of a common carotid artery with ultrafast
ultrasound B-mode imaging. The segmentations of the anterior (blue line) and
posterior (red line) walls are indicated in the picture.

FIGURE S2 | Correlations of the wall shear stress (WSS) parameters (Y-axis) with
age (X-axis): Maximal WSS (A) and time-average WSS (B), for BAV patients (red)
and controls (blue). BAV: bicuspid aortic valve. Pearson’s coefficients square (R2)
and P-values for each correlation line are presented.

TABLE S1 | Linear correlations of maximal wall shear stress (WSS) and time
average WSS, with age.

VIDEO S1 | Ultrafast ultrasound imaging of a common carotid artery.
Representation of the tissue Doppler data (color scale). The propagation of the
pulse wave components (PWV1 and PWV2) is notified on the ECG recording.
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The accurate measurement of the arterial pulse wave is beneficial to clinical health
assessment and is important for the effective diagnosis of many types of cardiovascular
disease. A variety of sensors have been developed for the non-invasive detection
of these waves, but the type of sensor has an impact on the measurement results.
Therefore, it is necessary to compare and analyze the signals obtained under a range
of conditions using various pulse sensors to aid in making an informed choice of the
appropriate type. From the available types we have selected four: a piezoresistive
strain gauge sensor (PESG) and a piezoelectric Millar tonometer (the former with the
ability to measure contact force), a circular film acceleration sensor, and an optical
reflection sensor. Pulse wave signals were recorded from the left radial, carotid, femoral,
and digital arteries of 60 subjects using these four sensors. Their performance was
evaluated by analyzing their susceptibilities to external factors (contact force, measuring
site, and ambient light intensity) and by comparing their stability and reproducibility.
Under medium contact force, the peak-to-peak amplitude of the signals was higher
than that at high and low force levels and the variability of signal waveform was
small. The optical sensor was susceptible to ambient light. Analysis of the intra-class
correlation coefficients (ICCs) of the pulse wave parameters showed that the tonometer
and accelerometer had good stability (ICC > 0.80), and the PESG and optical sensor
had moderate stability (0.46 < ICC < 0.86). Intra-observer analysis showed that the
tonometer and accelerometer had good reproducibility (ICC > 0.75) and the PESG and
optical sensor had moderate reproducibility (0.42 < ICC < 0.91). Inter-observer analysis
demonstrated that the accelerometer had good reproducibility (ICC > 0.85) and the
three other sensors had moderate reproducibility (0.52 < ICC < 0.96). We conclude
that the type of sensor and measurement site affect pulse wave characteristics and the
careful selection of appropriate sensor and measurement site are required according
to the research and clinical need. Moreover, the influence of external factors such as
contact pressure and ambient light should be fully taken into account.
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INTRODUCTION

The arterial pulse wave contains much physiological and
pathological information and its accurate measurement can
improve the diagnosis of cardiovascular disease (Ma et al.,
2013; Papaioannou et al., 2016), now a major public health
problem worldwide (Yang et al., 2016). Many types of sensors
have been developed for the non-invasive detection of pulse
waves (Schafer and Vagedes, 2013; Meidert et al., 2014; Stea
et al., 2014; Boutry et al., 2015; Kamshilin et al., 2016).
One of the earliest devices used for this purpose was the
applanation tonometer, first used clinically in 1902 (Mackenzie,
1902; O’Rourke, 2016). Commercial products appeared in 1970,
of which the CBM series produced by the Colin Company
in Japan were among the most widely used (Kemmotsu
et al., 1994). Subsequently, many other types of sensors have
been developed and used in a clinical setting. These include
piezoresistive and piezoelectric devices as well as photoelectric
sensors. Chen et al. (2016) presented an ultra-flexible strain
sensor for the long-term measurement of pulse waves. Murphy
et al. (2011) proposed a piezoelectric sensor based on polyvinyl
difluoride (PVDF) for the measurement of pulse wave velocity
(PWV) in hypertensive patients. Clemente et al. (2010) designed
a piezo-film-based measurement method to reconstruct the
blood pressure waveform. Lovinsky (2006) presented an optical
pulse sensor system to monitor arterial oxygen saturation and
Loukogeorgakis et al. (2002) proposed a new method for
measuring PWV using reflectance photoplethysmography. Li
et al. (2018) used photoplethysmography to investigate the
changes of arterial waveform characteristics in pregnant women.

In the last few years, some studies have combined different
sensor types for pulse acquisition. For example, Huotaril
et al. (2013) used electro-mechanical film (EMFi) and
photoplethysmographic (PPG) sensors to measure pulse
waves from the left forefinger, wrist, and second toe arteries,
and compared the pulse wave decomposition parameters
between EMFi and PPG to obtain information about arterial
elasticity. Wang et al. (2015) combined a pressure sensor
with a photoelectric sensor array to make a multichannel
device and demonstrated that this device was more effective
than previous pulse acquisition platforms. These and other
studies demonstrate the increasing use of pulse wave analysis
derived from different types of sensors to obtain prognostic and
diagnostic information from patients with cardiovascular disease,
especially hypertension (Townsend et al., 2015) and are a sign of
the increasing need to provide screening of at-risk patients in a
primary care setting, thus relieving pressure on specialist centers.
By analyzing pulse wave characteristics, these devices can be used
to obtain useful diagnostic information such as PWV, peripheral
resistance, vascular compliance, and blood flow changes. The
above parameters can be used to determine the degree of vascular
stiffness, reflect cardiovascular status, and predict the onset or
track the progression of cardiovascular disease.

Although all these devices can detect and record the arterial
pulse wave, their mode of operation and sensitivity differ, leading
to differences in the shape and timing of the pulse wave and thus
to variations in their diagnostic effectiveness (Zuo et al., 2016).

Therefore, to exploit the advantages of each type of sensor and
to optimize their effectiveness, it is necessary to analyze their
stability and repeatability, the influence of external factors on
their performance as well as their overall design. At present,
there is a lack of literature directly comparing the performance
of different sensor types.

In this study, we chose the three kinds of sensors that are
most widely used in clinical practice, pressure sensor, PPG
sensor, and acceleration sensor. In order to verify the influence
of contact force the acquired signal, we also added a sensor
developed by our laboratory that can measure contact pressure.
Firstly, a circular film acceleration sensor which measures the
acceleration perpendicular to the skin by detecting the dilation
of underlying arteries to record the pulse wave (Elgendi, 2014;
Muehlsteff et al., 2015); secondly, a PPG sensor in which a
photodiode produces light, some of which is absorbed by blood
in superficial vessels below the skin. By detecting the time varying
reflection due to blood volume changes during the cardiac cycle,
a representation of the pulse wave is obtained (Hertzman, 1937);
thirdly, a piezoresistive strain gauge sensor (PESG) designed in
our laboratory, which converts pressure signals from the arteries
into a change in the strain-dependent resistance, in a bridge
circuit to produce a varying voltage which corresponds to the
pulse wave signal (Wang et al., 2013; Xu et al., 2014; He et al.,
2017); finally, a piezoelectric Millar tonometer which operates
in a similar manner. An effective sensor must be robust, stable,
and give reproducible signals. Many factors can affect their
performance, including the way in which they are applied to the
skin, the contact force between the sensor and the skin (Teng
and Zhang, 2006), and the measuring site (Lukas et al., 2014;
Hartmann et al., 2019). Therefore, we have analyzed the four
sensors’ susceptibilities to these external factors and compared
their stability and reproducibility.

MATERIALS AND METHODS

Subjects
The study included 60 healthy college students (30 females and 30
males) with mean age 24 ± 2 years, mean height 167.5 ± 5.7 cm,
mean weight 59.3 ± 9.2 kg, mean heart rate 69 ± 8 bmp, mean
systolic blood pressure 119± 9 mmHg, and mean diastolic blood
pressure 78 ± 8 mmHg. All participants were fully informed
about the study and gave their informed consent. The study
was designed in accordance with the Helsinki Declaration and
was approved by the local ethics committee. All measurements
were taken after 24 h without alcohol or caffeine with an
otherwise normal diet. Smokers, and those on any medication
were excluded from the study and none of the subjects had
exercised vigorously within 1 h before the measurement.

Protocol
All measurements were performed in a quiet environment after
a rest period of 15 min, during which personal information
(age, height, weight) was obtained and the study protocol was
explained. For the radial artery measurements, subjects were
seated with the left arm bent at the elbow to an angle of 90 ± 5◦
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and the forearm resting on a table. Subjects were asked to keep
their palms relaxed. Signals were recorded for 30 s from a point
above the radial artery near the wrist where the strongest pulse
was found (in the order: PESG, tonometer, accelerometer, and
optical probe, explained in more detail below), and the study
protocol was repeated for each subject three times.

The accelerometer is an inertial device, which records
the pulse wave by detecting displacement of the skin over
the artery under investigation (Elgendi, 2014). In this study,
the accelerometer sensor was interfaced to a multichannel
physiological recorder BL-420S (Taimeng Software, Chengdu,
China), sampling at a frequency of 1 kHz. The tonometer is a
pressure sensor using the principle of applanation tonometry
(SphygmoCor, AtCor Medical, Sydney, NSW, Australia) (Crilly
et al., 2007a), sampling frequency 128 Hz. The PESG, sampling
at 1 kHz was designed and constructed in our laboratory, and
held against the skin by a strap. The contact pressure is measured
by a resistive element and can be adjusted by tightening or
loosening the strap by means of a screw. The optical sensor
contains an infrared-emitting diode and a phototransistor to
detect the light and acts as a photoplethysmograph (Jingfan
Technology, Tianjin, China) (von Wowern et al., 2015). The
sampling frequency was 70 Hz.

The tonometer was used as a hand-held device whereas the
other sensors were held in contact with the skin by means
of a strap. Due to the limitations of the sensor measurement
principles, not all sites could be measured by all sensors. For
example, the PESG can only measure the pulse wave of the carotid
and the radial arteries owing to the length of the strap and sensor
size limitations, the finger area was too small for the sensor, and
the femoral artery, even when traversing the inguinal ligament,
was too deep to give good quality signals. The sites measured by
each sensor are listed in Table 1.

The experimental design was as follows. First, as shown in
Table 2, at the wrist, three levels of contact force (light, medium,
and heavy) were applied during acquisition of the subject’s pulse
wave from the left radial artery. The contact force was measured

TABLE 1 | Measurement sites and the corresponding pulse sensors.

Site

Sensor Radial Carotid Femoral Digital

PESG
√ √

— —

Tonometer
√ √ √

—

Optical probe
√ √

—
√

Accelerometer
√ √ √ √

TABLE 2 | The sequence of pulse wave acquisition at the three levels of contact
force (where, L, M, and H represent light, medium, and heavy force, respectively).

Sensor PESG Tonometer Optical probe Accelerometer

Site Radial Radial Radial Radial

Force L M H L M H L M H L M H

Number of 1 1 1 1

measurements

TABLE 3 | The sequence of pulse wave acquisitions (∗ marks the measurement
position for the reproducibility and stability analysis).

Sensor PESG Tonometer Optical
probe

Accelerometer

Site Radial∗,
carotid

Radial∗,
carotid,
femoral

Radial∗,
carotid,
digital

Radial∗, carotid,
digital, femoral

Force Medium Medium Medium Medium

Number of 3 3 3 3

measurements

by the PESG, optical probe, and accelerometer. In this study, light
contact was defined as a force between 0.6 and 1 N, medium in
the range (1.6–2 N), and heavy, in the range (2.8–3.2 N). Due
to the shape of the tonometer it was not feasible to measure
contact force. Therefore, when using the tonometer, we were
only able to subjectively judge the contact force. Then, to allow
comparison of the four sensors, each was used in turn to obtain
pulse waves (the type of sensor, acquisition position, pressure size,
and measurement times are shown in Table 3). Finally, the pulse
wave was acquired from the left radial artery by the optical sensor
at two different ambient light levels, i.e., full room lighting (LED
lighting), external daylight only.

Reproducibility refers to the variability between results
measured under the same conditions from a given subject
during repeated measurements. Two observers measured pulse
waves sequentially using the same probe types for the analysis
of inter-observer reproducibility. To assess intra-observer
reproducibility, the pulse wave was measured three times, in the
radial artery only, by the same observer, with no interval between
the measurements (Chen et al., 1997; Crilly et al., 2007b). Stability
is the ability of a sensor to maintain its performance parameters
for a period of time. For the stability assessment, the pulse wave
was measured three times, again only in the radial artery, by the
same observer in 1 h. For each subject the pulse wave for each
sensor on the radial artery was measured by the same observer for
30 s, and the sequences of pulse waves were ensemble averaged
to one cycle. Then, the time and amplitude of the pulse wave
were normalized to the range 0–1. The dynamic time warping
(DTW) algorithm, which is sensitive to the amplitude of the pulse
signal, was used to analyze the similarity of the two normalized
waveforms (Jeong and Jayaraman, 2015).

Figure 1 shows the pulse wave parameters included in this
study. They are defined as follows: (h1-normalized amplitude
of the systolic maximum, h2-normalized incisura minimum);
(h3-maximum following the dicrotic notch); tup-time interval
from foot to systolic maximum; ti-time interval from foot to
incisura; and T-cardiac cycle. Five additional parameters were
derived from the measurements: h2/h1, h3/h1, tup/T; K-value;
SER-spectral energy ratio.

The K-value is a characteristic quantity based on the
amplitude of the pulse wave, and is defined as (Luo et al., 2006):

K =
Pm − Pd

Ps − Pd
(1)
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FIGURE 1 | Parameters directly determined from the measured pulse wave.

where Pm is mean arterial pressure of P(t), defined over a cardiac
cycle (T) as:

Pm =
1
T

∑
P(t)1(t) (2)

and P(t) is the arterial pressure at point t in the cardiac cycle; Pd
is diastolic blood pressure; and Ps is the systolic blood pressure.

Spectral energy ratio has been used to describe differences
between pulse wave shapes (Thakker and Vyas, 2010). The
instantaneous frequency spectrum is defined as:

Sk(k) = F[W(n) · x(n)] (3)

W(n) =
1
2
· {1− cos[2πn/(N − 1)]} (4)

where F[] represents the Discrete Fourier transform, W(n) is a
Hanning window function, and x(n) is the pulse wave signal.

The power spectrum is defined as:

Sxx(k) = S′x(k) · Sx(k) = |Sx|2 (5)

where S
′

x(k) is the complex conjugate of Sk (k).
The spectral energy within the range of 0 to i Hz is defined as:

E(i) =
∫ i

0
Sxx(f )df . (6)

In this analysis, we introduce the SER:

SER =
E1

E2
=

∫ 5
0 Sxx(f )df∫ 20

0 Sxx(f )df
(7)

where E1 is the energy within the frequency range 0 and 5 Hz; E2
is the total energy between 0 and 20 Hz.

Statistical Analysis
Data analysis was performed in MATLAB (MathWorks, Natick,
MA, United States), first, the pulse wave signals measured by
the four sensors were pre-processed to remove baseline drift
and reduce noise. The baseline drift was removed by applying

“db7” wavelet decomposition (Xu et al., 2005), and de-noised by
decomposing the pulse signal at level 4 and eliminating all the
details (Mallat, 1989). Then, feature points (onsets, peak points,
and dicrotic notch points of the pulse wave) were extracted by
windowing methods to further analyze the pulse wave parameters
(Yao et al., 2017).

All statistical analysis was performed using SPSS (version
19.0). All subsequently tested variables were assessed for the
normality of their distribution using the Shapiro–Wilkes test.
Values were expressed as mean ± standard deviation. Pearson’s
correlation analysis and determination of coefficient of variation
were performed to assess the effect of external factors on the pulse
wave. Analysis of variance (ANOVA) was performed to examine
whether different sensors would affect the calculation of dynamic
time warp distance. The intra-class correlation coefficient (ICC)
has been used as a standard for measuring the reproducibility of
continuous data in several clinical studies (Papaioannou et al.,
2007). ICC was calculated for the assessment of intra-observer
reproducibility and stability (Bland and Altman, 1986). Values
of p < 0.05 were considered to indicate statistical significance.
It is generally considered that an ICC value > 0.75 implies good
reproducibility; 0.4 < ICC ≤ 0.75, medium reproducibility; and
ICC ≤ 0.4, poor reproducibility (Perloff et al., 1993).

RESULTS

Factors Influencing Sensor Performance
The Effect of Contact Force on the Pulse Wave
As shown in Figure 2, for each sensor type, when the contact
force was increased from light to medium, the peak-to-peak
amplitude of the signal increased. However, a further increase
in the application pressure reduced the amplitude. In general,
medium contact force was found to produce the highest signal
amplitude and, compared with those obtained under lighter
and heavier contact forces, the waveform difference of the four
sensors under medium pressure is small. Given the dependence
of signal amplitude on contact force, it is important to carefully
control this to optimize the signal to noise ratio. Figure 3
shows the effect of changing the probe contact pressure on
the normalized waveforms from each sensor type. As shown in
Figure 3, the optical probe signals are the most strongly affected
by probe contact pressure.

The Effect of Measurement Site on the Pulse Wave
As shown in Table 4, the coefficients of variation of the
parameters (tup/T, h2/h1, and K-values) for the radial pulse wave
were less than those of the carotid pulse wave, which revealed
that the quality of the measurements from the radial artery
was better, at least in terms of more consistent beat-to-beat
stability. In general, the coefficients of variation for carotid artery
measurements with all probes were higher than those of the radial
artery. With the probes from which measurements were obtained,
the coefficients of variation for the digital and femoral arteries
were less than the corresponding carotid and radial values. The
accelerometer was able to obtain pulse wave signals from all four
measurement sites, and the tonometer worked satisfactorily at the
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FIGURE 2 | Pulse waves acquired with light, medium, and heavy contact forces. (A) PESG. (B) tonometer, (C) optical sensor, and (D) accelerometer.

FIGURE 3 | Normalized one-period pulse waves acquired at three magnitudes of contact force. (A) PESG. (B) tonometer, (C) optical sensor, and (D) accelerometer.
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TABLE 4 | Coefficients of variation for the derived pulse wave parameters,
acquired by the four kinds of pulse sensors from the four measuring sites (missing
values relate to probe/site combinations for which measurements were
impracticable).

Sensor

Optical

Site Parameter PESG Tonometer probe Accelerometer

Radial tup/T 0.039 0.014 0.028 0.016

h2/h1 0.048 0.044 0.047 0.059

K 0.044 0.027 0.055 0.039

Carotid tup/T 0.058 0.019 0.036 0.022

h2/h1 0.067 0.045 0.078 0.105

K 0.101 0.031 0.057 0.041

Digital tup/T – – 0.019 0.013

h2/h1 – – 0.034 0.066

K – – 0.025 0.032

Femoral tup/T – 0.008 – 0.017

h2/h1 – 0.074 – 0.065

K – 0.038 – 0.033

TABLE 5 | ICC of the derived parameters.

Parameter

Sensor type tup ti tup/T h2/h1 h3/h1 SER

PESG 0.86 0.79 0.72 0.68 0.65 0.64

Tonometer 0.88 0.91 0.91 0.92 0.88 0.98

Optical probe 0.80 0.72 0.70 0.64 0.46 0.51

Accelerometer 0.88 0.82 0.87 0.89 0.91 0.84

Bold text indicates the items with better results and performance.

radial and femoral sites. The analysis below was confined to data
from the radial artery because this location is more convenient
for measurements of contact force.

The Effect of Ambient Light Intensity on the Pulse
Wave
For the optical sensor, it was found that the amplitude of the main
peak was significantly correlated with the intensity of the ambient
light (r = 0.26, P < 0.05). Since the other sensors detected either
pressure or acceleration, the ambient light intensity had no effect.

Stability Analysis
As shown in Table 5, the ICC results obtained by the
tonometer were in the range 0.88–0.98. For the accelerometer the
corresponding figures were 0.82–0.91, so the stability of these two
sensors was good. The ICC results obtained for the PESG were
between 0.64 and 0.86, suggesting a moderate level of stability
and the results obtained for the optical sensor ranged between
0.46 and 0.80, implying only poor stability.

Reproducibility Analysis
Intra-Observer Reproducibility
Table 6 shows that the ICC of the frequency and time domain
parameters obtained from the tonometer and accelerometer was

TABLE 6 | ICC of the parameters in the time and frequency domains for
intra-observer reproducibility.

Parameter

Sensor type tup ti tup/T h2/h1 h3/h1 SER

PESG 0.82 0.88 0.91 0.62 0.64 0.71

Tonometer 0.80 0.93 0.89 0.92 0.89 0.78

Optical probe 0.80 0.82 0.80 0.42 0.50 0.61

Accelerometer 0.85 0.88 0.92 0.95 0.96 0.84

Bold text indicates the items with better results and performance, having good
reproducibility.

TABLE 7 | ICC of the parameters in the time and frequency domains for
inter-observer reproducibility.

Parameter

Sensor type tup ti tup/T h2/h1 h3/h1 SER

PESG 0.9 0.87 0.43 0.61 0.47 0.55

Tonometer 0.96 0.83 0.80 0.52 0.65 0.86

Optical probe 0.92 0.89 0.92 0.81 0.66 0.96

Accelerometer 0.92 0.90 0.80 0.80 0.82 0.97

Bold text indicates the items with better results and performance, having good
reproducibility.

>0.75, implying good reproducibility. The ICC results obtained
from the optical probe and PESG were as follows: ICC (SER) was
<0.75, ICC (tup, ti, and tup/T) was >0.75, and ICC (h2/h1, h3/h1)
was between 0.40 and 0.75, indicating poor reproducibility. The
shapes of the acquired waves were assessed by measuring the
magnitude and timing of several fiducial points and further
compared by a DTW approach (von Wowern et al., 2015). The
intra-observer reproducibility was assessed by the DTW method
as described in below.

Inter-Observer Reproducibility
Table 7 shows that the ICC of the frequency and time
domain parameters obtained from the accelerometer was >0.80,
implying good reproducibility. The ICC results obtained from the
tonometer sensor, optical probe, and PESG were as follows: ICC
(tup/T, h2/h1, h3/h1, and SER) of PESG was <0.75, indicating
moderate reproducibility. ICC (tup, ti, tup/T, and SER) of
tonometer was >0.80, ICC (tup, ti, tup/T, h2/h1, and SER)
of optical probe and tonometer was >0.80, indicating good
reproducibility.

Morphological Analysis of the Entire Waveform
In this study the DTW method was used to compare two pulse
trains captured successively by a single observer, from which
intra-observer reproducibility was quantified.

The DTW distance is defined as (Izakian et al., 2015):

DTW(Xn,Ym) = d(xn, ym)+min{DTW(Xn−1,Ym),

DTW(Xn−1,Ym−1), DTW(Xn,Ym−1)} (8)
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FIGURE 4 | Mean of DTW distance measured with the four sensors [∗ marks
significant differences in comparison with PESG (p < 0.05)].

where d is a distance matrix in which each element d(xi, yj)
represents the distance between two sample points (xi, yj) from
the signal Xn = [x1, x2, . . . , xn] and Ym = [y1, y2, . . . , ym].

To test if there were significant differences in the calculated
mean and standard deviation of the DTW distance using
ANOVA, 20 groups of left radial artery data from the same
subject were collected by the same observer using the four
sensors, as shown in Figure 4. The mean value of the DTW
distance of the PESG was the largest, at 0.026± 0.007; the optical
sensor ranked second, at 0.018± 0.007; the accelerometer ranked
third, at 0.017 ± 0.005; and the tonometer was the smallest,
at 0.014 ± 0.006. The ANOVA results showed that the optical
sensor was not significantly different when compared to the PESG
on DTW distance (p = 0.08), and that the DTW values for the
tonometer and accelerometer were significantly lower than that
of the PESG (p < 0.05). This suggests that the intra-observer
reproducibility of the overall waveform shape acquired by the
tonometer was the highest, the accelerometer ranked second, the
optical sensor ranked third, and the PESG device had the lowest
reproducibility.

Analysis of the Timing and Amplitude Parameters
Figure 5 shows the waveforms from the four sensors recorded
from one beat of the same subject (the sensors were used in the
sequence: PESG, tonometer, optical sensor, and accelerometer)
and normalized in amplitude and time. It can be seen that the
dicrotic notch in the waves acquired by the PESG, tonometer,
and accelerometer was more prominent than that acquired by
the optical sensor. The post-systolic pressure wave acquired by
the optical probe was much less prominent that that generated by
the other probes. The detailed differences between the waveforms
acquired by the four sensors are discussed below.

As shown in Table 8, the mean and low SD values of the
parameters obtained from the radial artery by four sensors for
60 subjects, and by the relatively small error bars (Figure 6), the
beat-to-beat variability of tup, tup/T was small, the coefficients of
variation being <3%, and the reproducibility of these parameters
was good. A slightly larger variability was shown by ti, SER,
and k-values. The coefficients of variation were 6–8%, and the

reproducibility was medium. A larger variability was observed
for h2/h1. The coefficients of variation were 10–15%, and the
reproducibility was poor. The similarity of the feature parameters
acquired by the four sensors was poor, and the measurement
difference of h2/h1, h3/h1, SER, and k-values was obvious.

DISCUSSION

We analyzed signals recorded over the radial, carotid, digital, and
femoral arteries of 60 subjects with four sensors, and extracted
seven pulse wave parameters: tup, ti, tup/T, h2/h1, h3/h1, K-values,
and SER. The reason for selecting these parameters is that tup,
ti, and tup/T can reflect the degree of atherosclerosis (Weber
et al., 2010); h2/h1 and h3/h1 can reflect the level of peripheral
resistance (Korpas et al., 2009); the K-value can reflect changes in
blood flow variables, such as peripheral resistance, vascular wall
elasticity, and blood viscosity, and thus can independently detect
the presence of cardiovascular disease. Finally, SER has been
used to discriminate between healthy subjects and those with
gastrointestinal disorders, which are characterized by significant
differences in the SER power spectra (Thakker and Vyas, 2010).

External Factors Influencing Sensor
Performance
We also analyzed the effect of some external factors (i.e., contact
force, measuring site, and ambient light intensity) that affect
signal shape and quality. The PESG can measure the contact
force quantitatively, while the contact force exerted by the other
sensors can only be assessed subjectively by the operator, unless
mounted above a pressure sensor, as described in this study.
We observed significant differences in pulse wave morphology
among the three levels of applied force (light, medium, and
heavy). As the force increases from light to medium, peak to peak
amplitude of the signal increases. However, a further increase of
contact force reduces the peak to peak amplitude. These findings
are consistent with those of Thakker et al. (2010) and Teng and

FIGURE 5 | Comparison of the normalized waveforms from each sensor.
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TABLE 8 | Comparison of the mean ± SD of the parameters obtained by all four sensors for all subjects.

Parameter

Sensor type tup ti tup/T (%) h2/h1 (%) h3/h1 (%) SER (%) k

PESG 0.12 ± 0.01 0.35 ± 0.01 13.21 ± 0.1 47.14 ± 4.02 57.58 ± 2.3 69.26 ± 5.26 0.42 ± 0.03

Tonometer 0.12 ± 0.01 0.32 ± 0.01 16.68 ± 0.3 43.30 ± 4.1 47.33 ± 3.2 93.93 ± 1.87 0.37 ± 0.03

Optical probe 0.13 ± 0.02 0.30 ± 0.01 19.63 ± 0.34 56.98 ± 5.97 56.98 ± 5.97 79.28 ± 7.9 0.40 ± 0.06

Accelerometer 0.12 ± 0.01 0.32 ± 0.01 16.69 ± 0.49 51.76 ± 4.64 57.79 ± 3.28 66.51 ± 5.23 0.47 ± 0.03

FIGURE 6 | Comparison of the mean ± SD of the parameters obtained by all four sensors for all subjects.

Zhang (2004). Further theoretical work by Teng and colleagues
has shown that not only is the amplitude of the PPG signal
dependent on probe pressure but also is its timing with respect to
the arterial pulse. They found that pulse transit times increased
with increasing pressure, until the transmural pressure was zero
and that there was little further change as the probe pressure
exceeded the arterial pressure and the transmural pressure thus
became negative (Teng and Zhang, 2006, 2007). Given the strong
effect of probe contact pressure on the shape and timing of the
arterial pulse wave it is clearly important to establish an optimal
and widely accepted standard for measurements of this type. This
has been suggested by others for PPG measurements (Grabovskis
et al., 2013), but there have been few reports describing the effect
of contact pressure on tonometric recordings. Indeed, signal
optimization in commercial tonometry systems is left in the
hands of the experienced operator.

Not surprisingly, we observed that the quality of pulse wave
measurement is affected by the measuring site. The finding is
consistent with those of Hartmann et al. (2019). The stability of
the pulse wave obtained from the carotid artery is worse than
that of the radial artery (Adji et al., 2006). The accelerometer
can obtain pulse wave signals at multiple measurement sites,
and the tonometer is able to obtain pulse waves from the
radial and femoral arteries. However, for PWV dual-channel
acquisition devices the usefulness of radial artery measurements
is limited, because carotid–radial PWV is not a good marker
of large artery stiffness or, therefore, of general vascular health.
Furthermore, because of the limitations of the experimental
equipment in this study, the analysis approach adopted here,

while of value to those concerned with analyzing the shape of
the pulse wave, is of limited utility for PWV measurements.
Nevertheless, there is value in using the radial pulse in PWV
measurements because it has been shown that when combined
with signals from the ankle, this ankle brachial “PWV” (abPWV)
is significantly correlated with more direct measurement of large
artery elasticity, such as carotid femoral PWV (Sugawara et al.,
2005), and may even be more strongly correlated with overall
cardiovascular health than carotid–femoral PWV. Therefore,
because abPWV is easier to measure with simple and inexpensive
equipment, it could be more suitable than carotid–femoral
PWV for large-scale screening of at-risk populations in spite
of the obvious theoretical drawback that abPWV is not a true
velocity: in the sense that the distance used to calculate the
velocity from the pulse transit time is not the actual distance
traveled by the pulse.

Another important use of the radial artery pulse, especially
when measured by tonometry, is as an adjunct to peripherally
obtained blood pressure in monitoring hypertensive patients.
Using the so-called generalized inverse transfer function, this
approach can compensate for the amplification of the peripheral
pressure pulse and not only obtain aortic pressure but also
visualize the central pulse waveform (O’Rourke et al., 2001). It
is also used in the measurement of PWV clinically (Yoon et al.,
2000; O’Rourke and Seward, 2006; Salvi et al., 2008).

It was found that the optical sensor is affected by ambient
light intensity, but available PPG systems commonly compensate
electronically for changes in ambient light by alternately sampling
the ambient light and the biological signal and subtracting the
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former from the latter (Rajaguru and Prabhakar, 2015) so this
problem is minimized, although not entirely absent. Therefore,
in practice it is prudent, when using optical probes, to minimize
the problem by carrying out measurements under constant
artificial light.

Most of the energy in cardiovascular signals (excluding ECG)
is found at frequencies below 20 Hz (Wang and Xiang, 2002; Wei
and Chow, 2007). Therefore, a sampling frequency of no <40 Hz
should be adequate to faithfully reproduce all information of
pathophysiological interest. Thus, for the optical sensor, the
manufacturer’s choice of 70 Hz, although unusual, is more than
adequate to reproduce the signal faithfully enough for analyzing
its shape. Of course, this sampling rate is not adequate when
measuring pulse transit times in the order of a few tens of
milliseconds. In this study we have not measured pulse transit
times although in future work concerning PWV the sample rate
would have to be increased or another device used.

Stability and Reproducibility
In terms of stability and reproducibility, the tonometer is superior
to the other sensors, but it still has some shortcomings. For
instance, unlike wristband or finger sensors, it normally functions
as a hand-held device, thus requiring the operator to keep the
probe static during the measurement period. As mentioned
above, the effect of pressure to the skin and underlying artery
has a strong effect on the signal characteristics. The acceleration
sensor is integrated with a multi-channel data acquisition system
(Nelson et al., 2010) and can simultaneously obtain pulse wave
signals from multiple measurement sites, while the hardware
supplied with the other sensors used in this study allows single
channel use only.

Morphological analysis shows that there is a significant
difference between the waveforms acquired by the four sensors.
This is not unexpected as they are measuring different physical
properties. The optical sensor, for instance, is detecting blood
volume changes in micro-vessels (Challoner, 1979; Wang et al.,
2014), although PPG pulse sensors produce their strongest signals
when positioned over large superficial arteries, which suggests
that under these conditions their movement greatly augments the
micro-vessel signals (Loukogeorgakis et al., 2002).

Photoplethysmographic technology has widespread clinical
application and has been used in commercially available medical
devices for measuring oxygen saturation, vascular assessment,
assessing autonomic function, and also detecting peripheral
vascular disease (Allen, 2007; Gil et al., 2010). The accelerometer
detects skin movement where the skin is minimally loaded,
and the two pressure sensors derive their signals directly from
the blood pressure in the large arteries on which they are
pressing. Piezoresistive and piezoelectric sensors can be easily
implemented in various wearable devices, which can detect
subtle physiological signal changes before and after exercise
(Luo et al., 2016).

The PESG is used in the quantitative analysis of pulse
characteristics and can investigate changes in the shape of the
pulse waves under varying contact pressure (Luo et al., 2012; Bae
et al., 2013; Chu et al., 2014), while the contact force exerted by the
other sensors can only be assessed subjectively by the operator.

The acceleration sensor has been applied to simultaneously
obtain pulse wave signals at multiple measurement sites (Gardosi
et al., 1991), and wearable optical pulse sensors have been
commercially developed (Tamura et al., 2014). To fully exploit
the advantages of each type of measurement system it would be
useful to develop a versatile data acquisition unit compatible with
a variety of sensor types including but possibly not limited to
those described here.

CONCLUSION

The above results show that firstly, the effect of contact pressure,
measuring site, and ambient light on the pulse wave should
be considered when carrying out measurements on patients.
Secondly, comparison of the four kinds of pulse wave sensors
shows that, overall, the performance of the tonometer is the best,
the accelerometer ranks second, the PESG, third, and the optical
sensor is the poorest. Finally, there is significant difference among
the four sensors in their waveform shapes and the timing and
amplitude parameters.

In terms of stability and reproducibility, the tonometer
is superior to the others although it normally functions as
a hand-held device. Unlike wristband or digital sensors for
instance, it requires the operator to keep the probe static during
the measurement period. Furthermore, the tonometer is not
equipped to measure the contact pressure so this can only
be assessed subjectively by the operator. However, in practice,
different sensor types could be used, perhaps in combination
according to the measurement site and the nature of the required
signal analysis and in this way, the advantages of each can be more
easily exploited.

Recommendation
Researchers can reasonably select sensor types according to
their own experimental requirements. Obviously, the main
factor determining choice of sensor type and measurement
position is what type of cardiovascular pathology is being
investigated: central or peripheral disease, response to treatment
acute measurements, or longer-term monitoring. In addition,
when the data are being recorded, external factors that affect
the experimental results, such as contact pressure, measurement
position, ambient light, etc., need to be considered to rationally
design the experimental environment. For the assessment of
arterial stiffness, by measuring PWV, consensus documents have
been published which specify the optimal measuring sites, how
to measure path length, and acceptable levels of repeatability
(Laurent et al., 2006; Wilkinson, 2010; Van Bortel et al., 2012).
However, in other areas, such as the general field of analyzing the
shape of the pulse wave or the assessment of peripheral arterial
disease there remains a lack of authoritative guidelines.
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Early Adverse Events in Patients With
Acute Type A Aortic Dissection
Undergoing Arch Replacement and
the Frozen Elephant Trunk
Implantation: A Retrospective Cohort
Study
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Xiu-Feng Jin2 and Shang-Dong Xu2*
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Objective: In the present study, we investigated the associations between D-dimer
levels at admission and early adverse events in patients with acute type A aortic
dissection undergoing arch replacement and the frozen elephant trunk (FET).

Methods: We retrospectively analyzed data of patients with acute type A aortic
dissection undergoing aortic arch surgery and FET from July 2017 to December 2018
at Beijing Anzhen Hospital. D-dimer levels were evaluated within 24 h of admission.
Multivariate Cox regression analysis was used to determine independent predictors of
early postoperative adverse events.

Results: A total of 347 patients were included in the study. The average age of the
patients was 48.07 ± 10.56 years, with male predominance (79.25%). The incidence
of 90-day postoperative adverse events was 18.7%, consisting of 14.7% mortality
and 4.0% permanent neurological dysfunction (PND). The median D-dimer level was
1.95 ug/ml (interquartile range, 0.77–3.16 ug/ml). Multivariable Cox regression analysis
revealed that D-dimer level was independently associated with 90-day postoperative
adverse events after adjustment for confounding factors (hazard ratio = 1.19 per
10 ug/ml increase in D-dimer, 95% confidence interval: 1.01–1.41; P = 0.039).
Kaplan–Meier analysis revealed that the highest tertile (median 6.27 ug/ml) had more
90-day postoperative adverse events compared with the median and lowest tertiles
(P = 0.0014). Sub-analysis found that the association remained unchanged.
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Conclusion: Increased D-dimer levels at admission were associated with 90-day
postoperative adverse events in patients with acute type A aortic dissection undergoing
arch replacement and FET. These results may help clinicians optimize the risk evaluation
and perioperative clinical management to reduce early adverse events.

Key Question: Explore the relationship between D-dimer and early outcomes in
patients with aortic dissection with arch replacement.

Key Findings: Increased D-dimer at admission was associated with adverse events in
patients with aortic dissection with arch surgery.

Take-Home Message: The high-risk patients deserve close medical monitoring.

Keywords: D-dimer, predictor, 90-day postoperative adverse events, aortic arch replacement, frozen elephant
trunk

INTRODUCTION

The incidence of aortic dissection markedly increases with
atherosclerosis and hypertension. Although surgical treatment
significantly reduces the mortality of patients with aortic
dissection compared with medical management, short-term
mortality (30-day or in-hospital mortality) remains high
(13–17%) (Mussa et al., 2016).

D-dimer, a specific degradation product of cross-linked fibrin,
represents the coagulation and fibrinolytic system activation
(Suzuki et al., 2009). It is now commonly used in the diagnosis
of pulmonary embolism (van der Hulle et al., 2013), deep vein
thrombosis (Faller et al., 2017), acute coronary syndrome (Bayes-
Genis et al., 2000), and acute aortic dissection (Akutsu et al.,
2005; Suzuki et al., 2009; Shao et al., 2014). For acute aortic
dissection, the mechanisms of coagulation and fibrinolytic system
activation might be (1) coagulant material from the aortic wall
released into the circulation and (2) an accumulation of clotting
factors at the site of the lesion, secondary to the local exposition
of tissue factors from the torn arterial wall (Ten Cate et al.,
1975). Thus, the D-dimer level is elevated in patients with acute
aortic dissection. Weber et al. (2003) first observed that D-dimer
levels tended to be higher in patients with acute aortic dissection,
but no relation was observed between D-dimer levels and in-
hospital outcome. On the other hand, Wen et al. (2013) and
Huang et al. (2015) found that an elevated D-dimer level was
associated with increased in-hospital mortality (Wen et al., 2013;
Huang et al., 2015). Nevertheless, the sample size in these two
previous studies was relatively small, and the largest sample
size was 212 patients. Further, these study populations with
aortic dissection not only underwent surgical treatment, but also
medical treatment. In addition, few studies have evaluated the
association between D-dimer levels and 90-day postoperative
adverse events in patients with acute type A aortic dissection
undergoing arch replacement and FET.

For these reasons, we conducted a retrospective cohort study
to investigate the association between D-dimer levels and 90-
day postoperative adverse events in patients undergoing arch
replacement and FET using a multivariate Cox regression model
containing all known associated major perioperative predictors.

Our hypothesis was that the risk of 90-day postoperative adverse
events would increase as D-dimer levels increased.

MATERIALS AND METHODS

Study Design and Study Population
From July 1, 2017, to December 31, 2018, consecutive patients
with aortic disease undergoing aortic arch surgery were
retrospectively identified at the aortic center in the Beijing
Anzhen Hospital (Capital Medical University of Beijing, China).
Patients with acute type A aortic dissection who underwent total
arch replacement and the frozen elephant trunk (FET) technique
were recruited into this observational retrospective cohort study.
Patients who (1) underwent hemi-arch replacement (n = 31),
(2) suffered from chronic aortic disease (n = 69), (3) had redo
sternotomy (n = 19), (4) did not undergo the FET technique
(n= 40), or (5) did not have D-dimer values (n= 4) were excluded.

Study Endpoint
The endpoint of this observational retrospective study was
defined as early all-cause mortality or permanent neurological
dysfunction (PND) during the hospital stay or within 90 days
after surgery. PND was defined as the presence of permanent
neurologic deficits, including abnormal movement of limbs,
coma, and sensory loss affecting one side of the body, within
postoperative 90-day. Confirmation of the diagnosis was made
by a neurologist or by means of computed tomographic scanning
or magnetic resonance imaging of the brain.

Definition and Procedure
The type of aortic dissection was classified according to Stanford
classification (Daily et al., 1970). Acute dissection was defined
as clinical symptoms lasting less than 14 days (Hagan et al.,
2000). Hypertension was defined by a clinical record of systolic
or diastolic blood pressure greater than 140 or 90 mmHg
on admission, or the use of anti-hypertension drugs. Diabetes
mellitus was defined as treatment with oral hypoglycemic agents
or insulin, or as having a fasting blood glucose level ≥7.0 mmol/L
(126 mg/dl). Smoking status was defined as smoking within
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the preceding 1 year based on information in medical records.
Renal insufficiency was defined as estimated glomerular filtration
rate (eGFR) <60 mL/min per 1.73 m2, calculated using the
Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
equation (Levey et al., 2009). A diagnosis of cardiac artery
disease was considered if patients had a history of myocardial
infarction or previous PCI or coronary artery bypass grafting
(CABG) before admission. Cerebrovascular disease was defined
based on relevant neurologic dysfunction before admission
or previous stroke. Pericardial tamponade was diagnosed by
echocardiography. The details of total arch replacement and FET
implantation have been described elsewhere by our team (Sun
et al., 2011; Ma et al., 2013). In brief, the arch was opened under
moderate hypothermia arrest (21∼28◦C). An open stent-graft
was deployed into the descending aorta. The arch was replaced
with a four-branched vascular graft.

D-dimer Measurement
Within 24 h after admission, whole-blood samples were
drawn into blood collection tubes containing sodium
citrate (3.2%, 109 mmol/L) as the anticoagulant (9:1 ratio
of blood:anticoagulant) to measure prothrombin time (PT),
activated partial thromboplastin time (APTT), fibrin degradation
products (FDP), and D-dimer. Venous blood was immediately
sent to the clinical laboratory center of the Anzhen hospital.
Plasma PT, APTT, FDP, and D-dimer were measured using the
commercially available automated latex immunoturbidimetric
assay (Werfen ACL TOP 700, United States) (Di Nisio et al., 2007;
Wang et al., 2018). Routine blood tests and some biochemical
indicators were determined by standard quantitative assay
techniques, according to the manufacturers’ instructions. All
assays were run in duplicate.

Data Collected for Analysis
Clinical, operative, perfusion, and postoperative data have been
retrospectively collected in a department database, and further
data were extracted from operation reports, perfusion reports,
intraoperative computerized records, and review of medical
records. Data were compiled via the Empower Dataweb data
collection management system (X&Y Solutions, Inc., Boston,
MA, United States). The current study was approved by
the Human Subjects Review Committee at Anzhen Hospital
(Approval No. 2017058X). Follow-up data were obtained from
medical records and telephone calls.

Statistical Analysis
Categorical variables were presented as frequencies or
percentages, whereas continuous variables were expressed
as means ± standard deviations (normal distribution) or
medians and interquartile ranges (skewed distribution). First,
we grouped D-dimer levels in tertiles. The significant differences
between the means and proportions of the tertiles in baseline
characteristics were analyzed using a Student’s t-test or Mann–
Whitney U test for continuous variables, as appropriate, and
a chi-square test for categorical variables (Table 1). Second,
univariate Cox regression analyses were used to evaluate
the association between each significant variable and 90-day

postoperative adverse events (Supplementary Table). Third,
multivariate Cox regression models (Table 2) were used to
examine whether D-dimer levels had an independent effect on
90-day postoperative adverse events. We simultaneously showed
the results from unadjusted, minorly adjusted, and fully adjusted
analyses. The covariates, when added to this model, changed
the matched odds ratio by at least 10% (Kernan et al., 2000)
and covariates of known clinical importance were adjusted.
We expanded D-dimer levels 10 times and labeled them per
10 ug/mL change. Trend tests were based on D-dimer level
tertiles as continuous variables. Fourth, survival estimates and
cumulative event rates were compared using the Kaplan–Meier
method by using the time-to-first event for each endpoint
among D-dimer level tertiles. The log-rank test was used to
compare the Kaplan–Meier hazard ratios (HR) for 90-day
postoperative adverse events, and their corresponding 95%
confidence intervals (CIs). Finally, subgroup analysis was
done to find whether potential risk factors were influencing
the results. The interactions of subgroups were inspected by
multivariate adjusted Cox regression models (Table 3). All
analyses were performed using Empower (R) (1X&Y Solutions,
Inc.) and R2.

RESULTS

From July 1, 2017, to December 31, 2018, 510 consecutive
patients received aortic arch surgery at the cardiac surgery center
in the Beijing Anzhen Hospital. We excluded patients who
underwent hemi-arch replacement (n = 31), had chronic aortic
disease (n = 69), underwent redo-sternotomy (n = 19), or did not
have FET implantation (n = 40) (Figure 1).

Demographic Characteristics
The final analysis included 347 patients with acute type A
aortic dissection who underwent total arch replacement and
FET implantation (Figure 1). The median D-dimer value was
1.95 ug/mL, with an interquartile range of 0.77–3.16 ug/mL.
The baseline demographic, clinical, operative, and perfusion
characteristics are presented in Table 1. At admission, the mean
age of the 347 patients was 48 years (48.07 ± 10.56), 275
(79.25%) were men. On echocardiography, the mean LVEF was
62.49 ± 5.43 and severe aortic regurgitation was identified in
51 (15.32%) patients at presentation. Moreover, 280 (80.69%)
patients had previous hypertension, 13 (3.75%) had previous
diabetes mellitus, 58 (16.71%) had chronic kidney dysfunction
(CKD), 23 (6.63%) had coronary artery disease, and 20 (5.76%)
had cerebrovascular disease. At admission, 26 (7.49%) patients
presented with lower-extremity ischemia, 14 (4.03%) with acute
cardiac tamponade, 8 (2.31%) with acute visceral ischemia, and 1
(0.32%) with spinal cord injury.

At the time of presentation, no difference was found in the
patients’ sex, BMI, LVEF, and clinical status regarding diabetes
mellitus, hypertension, coronary artery disease, cerebrovascular

1http://www.empowerstats.com
2http://www.R-project.org
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TABLE 1 | Baseline characteristics of patients according to D-dimer tertiles.

Characteristics Total n = 347 Lowest tertile
(T1) n = 116

Median tertile
(T2) n = 115

Highest tertile
(T3) n = 116

P-value

D-Dimer (ug/ml) 1.95 (0.77–3.16) 0.51 (0.33–0.77) 1.95 (1.26–2.28) 6.27 (3.16–13.27) <0.001

Age, y 48.07 ± 10.56 46.43 ± 10.69 47.43 ± 11.39 50.34 ± 9.17 0.013

Sex (men),% 275 (79.25%) 90 (77.59%) 94 (81.74%) 91 (78.45%) 0.714

BMI (kg/m2) 26.75 ± 4.35 27.00 ± 5.04 26.85 ± 4.22 26.39 ± 3.69 0.552

Smoking history 175 (51.47%) 54 (47.79%) 66 (57.39%) 55 (49.11%) 0.290

Comorbidities

Diabetes mellitus 13 (3.75%) 3 (2.59%) 5 (4.35%) 5 (4.31%) 0.722

Hypertension 280 (80.69%) 89 (76.72%) 94 (81.74%) 97 (83.62%) 0.388

Coronary artery disease 23 (6.63%) 6 (5.17%) 8 (6.96%) 9 (7.76%) 0.720

Acute cardiac tamponade 14 (4.03%) 3 (2.59%) 2 (1.74%) 9 (7.76%) 0.073

Cerebrovascular disease 20 (5.76%) 7 (6.03%) 7 (6.09%) 6 (5.17%) 0.959

Acute visceral ischemia 8 (2.31%) 0 (0.00%) 3 (2.61%) 5 (4.31%) 0.088

Lower-extremity ischemia 26 (7.49%) 2 (1.72%) 9 (7.83%) 15 (12.93%) 0.003

Spinal cord injury 1 (0.32%) 0 (0.00%) 1 (0.94%) 0 (0.00%) 1.000

Marfan syndrome 3 (0.86%) 2 (1.72%) 1 (0.87%) 0 (0.00%) 0.552

Chronic kidney disease 58 (16.71%) 10 (8.62%) 22 (19.13%) 26 (22.41%) 0.013

LVEF% 62.49 ± 5.43 62.06 ± 6.27 62.47 ± 5.01 62.93 ± 4.91 0.492

Severe aortic regurgitation 51 (15.32%) 22 (19.82%) 14 (12.96%) 15 (13.16%) 0.502

WBC (g/L) 11.60 ± 4.06 9.53 ± 3.63 12.07 ± 4.09 13.21 ± 3.56 <0.001

NE(∗10−9/L) 9.61 ± 4.04 7.33 ± 3.68 10.10 ± 3.97 11.39 ± 3.37 <0.001

Creatinine (µmol/L) 91.79 ± 50.96 83.02 ± 45.94 96.93 ± 64.17 95.45 ± 38.75 0.074

APTT (sec) 29.68 ± 4.15 29.67 ± 4.72 29.03 ± 3.70 30.32 ± 3.90 0.064

PT (sec) 12.76 ± 2.52 12.73 ± 3.01 12.47 ± 1.33 13.08 ± 2.83 0.183

Aortic root procedure 0.200

Ascending aorta replacement 183 (52.89%) 60 (51.72%) 71 (61.74%) 52 (45.22%)

Bentall’s procedure 138 (39.88%) 47 (40.52%) 40 (34.78%) 51 (44.35%)

Aortic root repair 23 (6.65%) 8 (6.90%) 4 (3.48%) 11 (9.57%)

Other 2 (0.58%) 1 (0.86%) 0 (0.00%) 1 (0.87%)

Concomitant procedures (CABG and valve surgery) 32 (9.22%) 14 (12.07%) 9 (7.83%) 9 (7.76%) 0.430

Lowest nasopharygeal temperature (.C) 24.31 ± 1.54 24.34 ± 1.38 24.40 ± 1.70 24.19 ± 1.53 0.578

Lowest bladder temperature (.C) 25.68 ± 1.67 25.59 ± 1.38 25.93 ± 1.85 25.52 ± 1.72 0.137

Times

Cross-clamp time (min) 115.45 ± 28.84 113.55 ± 28.95 111.22 ± 25.23 121.54 ± 31.21 0.017

CPB time (min) 207.63 ± 50.61 201.17 ± 44.88 206.20 ± 45.47 215.52 ± 59.47 0.091

MHCAT (min) 27.18 ± 9.81 28.28 ± 9.61 27.12 ± 9.62 26.16 ± 10.16 0.258

The data are shown as mean ± standard deviation, median (Q1, Q3), or n (%). BMI, body mass index; LVEF, left ventricular ejection fraction; WBC, white blood cell; NE,
neutrophils; APTT, activated partial thromboplastin time; PT, prothrombin time; CABG, coronary artery bypass grafting; CPB, cardiopulmonary bypass; MHCAT, Moderate
hypothermia circulatory arrest time; CI, confidence interval, HR, hazard ratio.

disease, the type of aortic root procedure, and concomitant
procedures. However, lower-extremity ischemia and CKD were
more common among those with higher D-dimer. Further,
higher white blood cell counts and longer cross-clamp times were
also associated with higher D-dimer.

D-dimer Levels and 90-day
Postoperative Adverse Events in Patients
With Acute Type A Aortic Dissection
Undergoing Arch Replacement and FET
Sixty-five (18.7%) patients developed 90-day postoperative
mortality and PND, consisting of 51 (14.7%) patient deaths and
14 (4.0%) patients with PND.

The results of univariate analyses of 90-day postoperative
adverse events are summarized in the Supplementary Table.
Univariate analyses showed that age, history of coronary artery
disease, history of cerebrovascular disease, cardiopulmonary
bypass time, cross-clamp time, and D-dimer values were
associated with a significant increase in the incidence of 90-day
postoperative adverse events. We performed a multivariate Cox
regression analysis to further explore D-dimer as a prognostic
marker. In the multivariable analysis shown in Table 2, D-dimer
level was the independent risk factor for 90-day postoperative
adverse events in Model I (HRadj 1.26 per 10 ug/ml increase,
95% CI: 1.09–1.45; P = 0.002), after adjusting for age, sex,
and BMI. This was also true in Model II (HRadj 1.19 per
10 ug/ml increase, 95% CI: 1.01–1.41; P = 0.039) after adjusting
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TABLE 2 | Multivariable cox regression analyses of 90-day postoperative adverse events in patients with acute type A aortic dissection undergoing arch
replacement and FET.

Non-adjusted Adjust I Adjust II

HR 95% CI P-value HR 95% CI P-value HR 95% CI P-value

D-dimer ug/ml per 10 ug/ml 1.28 (1.11, 1.48) 0.001 1.26 (1.09, 1.45) 0.002 1.19 (1.01, 1.41) 0.039

D-dimer tertile

Lowest tertile (T1) Reference Reference Reference

Median tertile (T2) 2.13 (1.03, 4.38) 0.041 2.01 (0.97, 4.17) 0.058 1.58 (0.73, 3.39) 0.242

Highest tertile (T3) 3.30 (1.66, 6.55) 0.001 3.16 (1.59, 6.29) 0.001 2.41 (1.15, 5.06) 0.019

P for trend 0.0004 0.001 0.015

CI, confidence interval, HR, hazard ratio. The median (range) D-dimer was 0.51 ug/ml (0.33–0.77 ug/m) in the lowest tertile, 1.95 ug/m (1.26–2.28 ug/m) in the median
tertile, and 6.27 ug/m (3.16–13.27 ug/m) in the highest tertile. Non-adjusted model adjust for: None. Adjust I model adjust for: age, sex, and BMI. Adjust II model adjust
for: age, sex, and BMI; the history of coronary artery disease and cerebrovascular disease, lower-extremity ischemia, acute visceral ischemia, chronic kidney disease;
WBC; cross-clamp time, cardiopulmonary bypass time.

TABLE 3 | Effects of D-dimer on 90-day postoperative adverse events in each subgroup by multivariable Cox model.

CPB per 10 min No. of participants HR (95% CI) P-value P for interaction

Age tertiles (year) 0.814

≤43 106 1.14 (0.84, 2.38) 0.197

44–52 128 1.19 (0.90, 1.58) 0.231

≥53 113 1.25 (1.04, 1.50) 0.015

Sex 0.831

Male 275 1.25 (1.05, 1.49) 0.011

Female 72 1.38 (1.07, 1.79) 0.014

BMI tertiles 0.534

≤24 104 1.76 (1.36, 2.27) <0.0001

24–27 117 1.12 (0.89, 1.42) 0.332

≥27 124 1.30 (0.89, 1.88) 0.170

Cerebrovascular disease 0.105

No 327 1.19 (0.99, 1.43) 0.064

Yes 20 7.03 (1.10, 44.98) 0.039

Coronary artery disease 0.885

No 324 1.26 (1.08, 1.48) 0.004

Yes 23 1.24 (0.87, 1.76) 0.236

Acute visceral ischemia 0.072

No 339 1.33 (1.15, 1.54) 0.0001

Yes 8 –& –&

Lower-extremity ischemia 0.655

No 321 1.31 (1.12, 1.54) 0.001

Yes 26 1.06 (0.73, 1.56) 0.750

eGFR 0.558

<60 58 1.33 (1.08, 1.65) 0.008

≥60 289 1.18 (0.95, 1.46) 0.139

∗Adjusted for age, sex, BMI, the history of coronary artery disease and cerebrovascular disease, lower-extremity ischemia, acute visceral ischemia, chronic kidney disease
except the subgroup variable. BMI, body mass index; CABG, coronary artery bypass grafting; CI, confidence interval; HR, hazard ratio. &The model failed because of the
small sample size.

for age, sex, BMI, history of coronary artery disease, history of
cerebrovascular disease, lower-extremity ischemia, acute visceral
ischemia, chronic kidney disease, WBC, cross-clamp time, and
cardiopulmonary bypass time. Kaplan–Meier survival analysis
(Figure 2) showed a significant difference among patients
stratified by D-dimer level tertiles; specifically, D-dimer values in
the highest tertile had more 90-day postoperative adverse events
compared with the median and lowest tertiles (P = 0.0014).

Subgroup Analysis Between D-Dimer
Level and 90-day Postoperative Adverse
Events in Patients With Acute Type A
Aortic Dissection Undergoing Arch
Replacement and FET
To evaluate the potential influence of other factors, a
sub-analysis was conducted stratifying patients by age
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FIGURE 1 | Flow chart.

tertiles, sex, BMI tertiles, history of cerebrovascular
disease, history of coronary artery disease, acute visceral
ischemia, lower-extremity ischemia, and chronic kidney
disease, as presented in Table 3. Notably, all subgroups
demonstrated a similar overall relationship between D-dimer
level and 90-day postoperative adverse events in patients
with acute type A aortic dissection undergoing arch
replacement and FET.

DISCUSSION

The results of this study show that serum D-dimer level
upon admission is independently associated with 90-day
postoperative adverse events in patients with acute type A
aortic dissection undergoing arch surgery with FET. For
every 10 ug/mL increase in plasma D-dimer concentration,
the risk of 90-day postoperative adverse events increased by
19%, after adjusting for multiple factors. To the best of our
knowledge, this is the first study to show an association between
D-dimer level and 90-day postoperative adverse events in

patients with acute type A aortic dissection undergoing arch
surgery with FET.

D-dimer is a degradation product of cross-linked fibrin.
Elevated D-dimer levels are generally thought to be the
result of intravascular activation of the coagulation system
and secondary fibrinolysis. Several studies have shown that
D-dimer is a good diagnostic test for diverse thrombotic
conditions, such as ischemic stroke (Nezu et al., 2018),
venous thromboembolism (Faller et al., 2017), pulmonary
embolism (van der Hulle et al., 2013), and aortic dissection
(Mussa et al., 2016). In addition to its high diagnostic value
for thrombotic disease, recent studies have also reported
its relationship with short-term and long-term prognosis of
these diseases (Kim et al., 2015; Vele et al., 2016; Faller et al.,
2017). Additionally, several studies have shown an association
in the general population (Di Castelnuovo et al., 2013). For
type A aortic dissection, high levels of tissue factors are
released from the aortic wall injury, after which marked
coagulation activation and subsequent marked enhancement of
fibrinolysis occur (Weber et al., 2003). This pathophysiological
process elevates serum D-dimer levels in patients with
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FIGURE 2 | Kaplan–Meier analysis of freedom from 90-day postoperative adverse events based on D-dimer tertile (Log-rank, P = 0.0014).

type A aortic dissection. The role of D-dimer in predicting
short-term and long-term outcomes in patients with type
A aortic dissection has been reported in previous cohort
studies (Weber, 2005; Ohlmann et al., 2006; Wen et al.,
2013; Huang et al., 2015). Nevertheless, these studies were
made in only a limited number of patients. Further, there
was significant heterogeneity in the study population,
including dissection of different pathological types, as
well as dissection patients treated with drugs and surgery.
Additionally, for dissection patients undergoing surgery
treatment, no surgical-related variables were collected. Thus,
there are very few studies that focus on the relationship
between D-dimer and 90-day postoperative adverse events in
patients with acute type A aortic dissection undergoing arch
replacement and FET.

The present study confirmed that D-dimer remains an
independent predictor of 90-day postoperative adverse events
in patients with type A aortic dissection despite surgical
treatment. Although the mechanism of this relationship is
not yet clear, some possible explanations may clarify its
existence. Firstly, D-dimer concentrations may reflect the
anatomical extent of the dissection, which represents the extent

of the aortic injury (Weber et al., 2003; Ohlmann et al.,
2006). Secondly, plasma D-dimer concentration reflects the
volume of intraluminal thrombus, which is the biologically
active material that takes part in the evolution of the
dissection. It contains neutrophils, released pro-inflammatory
cytokines, and proteolytic enzymes, which are associated with
the destruction of the aortic wall and the progression of
the dissection (Vele et al., 2016). Another study indicated
that D-dimer values in mild to moderate traumatic brain
injury predict hematoma expansion (Sugimoto et al., 2017).
Finally, D-dimer also activates inflammatory cytokines and
causes advanced blood coagulation or progression of dissection
status. These factors might contribute to the association of
high D-dimer concentrations with 90-day postoperative adverse
events in patients with type A aortic disease undergoing arch
replacement and FET.

In our center, over the past 10 years, although arch
replacement with FET under moderate hypothermic circulatory
arrest (MHAC) plus ante-grade cerebral perfusion has already
become a standard procedure for aortic dissection (Sun et al.,
2011; Ma et al., 2013), arch replacement is still a challenging
procedure (Leontyev et al., 2016; Mussa et al., 2016). Some
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previous studies analyzed pre- and intraoperative predictors of
early death and PND after arch replacement (Khaladj et al.,
2008; Martens et al., 2016; Liu et al., 2017). Liu et al. (2017)
found that the history of cerebrovascular diseases was a strong
predictor of adverse outcome following arch replacement in 626
consecutive patients in China. Khaladj et al. (2008) found that
advanced age and multiple comorbidities (renal insufficiency,
coronary heart disease, and reoperation) were risk factors
for adverse outcomes in 501 patients undergoing aortic arch
surgery. However, these studies did not collect variables of
preoperative coagulation status and there was high heterogeneity
of selected patients. Considering that preoperative clinical status
is a strong risk factor for surgical prognosis in previous
studies (Khaladj et al., 2008; Liu et al., 2017), we not only
adjusted based on these potential confounding factors in multiple
regression models, but we also performed subgroup analysis
according to the preoperative clinical status in the current
study. Our results also indicate that the relationship between
D-dimer and 90-day postoperative adverse events remained
unchanged (Table 3).

Limitations
There are several limitations in this study. First, this study is a
retrospective design from a single center, and our results may not
be extendable to patients in other centers. Second, we measured
D-dimer only on admission, and a series of measurements after
arch replacement might be more valuable for evaluation of the
association between D-dimer level and 90-day postoperative
adverse events. Third, for the treatment of acute type A aortic
dissection, aortic arch replacement combined with FET is a
preferred choice at our center, while other centers may select
more conventional procedures. This might lead to differences in
study results. Fourth, this study lacks data on aortic computed
tomography angiography (CTA). Because our center is the largest
referral center for aortic disease in China, we only referred to the
images from the local hospitals, as we can’t repeat the imaging
examination for patients with type A aortic dissection given a
limited time. Post-operative CTA was also not collected in every
patient. The relationship between the level of D-dimer and CTA
was not analyzed. Finally, other coagulation factors and tissue
factors, such as factor II, V, VII, VIII, IX et al., were not collected
because it was not the routine items of the clinical practice
in the Beijing Anzhen Hospital (Capital Medical University of
Beijing, China).

CONCLUSION

D-dimer is easily available in routine medical practice. Our
results show that increased D-dimer levels at admission were
associated with 90-day postoperative adverse events in patients
with type A aortic dissection undergoing arch surgery with
FET. This indicates that such high-risk patients deserve close
medical monitoring.
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Background: Many processes contributing to the functional and structural regulation
of the coronary circulation have been identified. A proper understanding of the complex
interplay of these processes requires a quantitative systems approach that includes the
complexity of the coronary network. The purpose of this study was to provide a detailed
quantification of the branching characteristics and local hemodynamics of the human
coronary circulation.

Methods: The coronary arteries of a human heart were filled post-mortem with
fluorescent replica material. The frozen heart was alternately cut and block-face imaged
using a high-resolution imaging cryomicrotome. From the resulting 3D reconstruction
of the left coronary circulation, topological (node and loop characteristics), topographic
(diameters and length of segments), and geometric (position) properties were analyzed,
along with predictions of local hemodynamics (pressure and flow).

Results: The reconstructed left coronary tree consisted of 202,184 segments with
diameters ranging from 30 µm to 4 mm. Most segments were between 100 µm and
1 mm long. The median segment length was similar for diameters ranging between
75 and 200 µm. 91% of the nodes were bifurcations. These bifurcations were more
symmetric and less variable in smaller vessels. Most of the pressure drop occurred in
vessels between 200 µm and 1 mm in diameter. Downstream conductance variability
affected neither local pressure nor median local flow and added limited extra variation
of local flow. The left coronary circulation perfused 358 cm3 of myocardium. Median
perfused volume at a truncation level of 100 to 200 µm was 20 mm3 with a median
perfusion of 5.6 ml/min/g and a high local heterogeneity.

Conclusion: This study provides the branching characteristics and hemodynamic
analysis of the left coronary arterial circulation of a human heart. The resulting model
can be deployed for further hemodynamic studies at the whole organ and local level.

Keywords: human, coronary circulation, hemodynamics, myocardial perfusion, modeling, branching patterns,
scaling laws
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INTRODUCTION

The coronary arterial circulation consists of a myriad of vessel
segments, starting at the main stem and right coronary artery
and repeatedly branching toward the smallest arterioles that
connect to the capillary bed. This system, covering around
a 500-fold range in diameters in humans, normally allows
for adequate matching of local perfusion to the oxygen
needs. Thus, coronary autoregulation ensures by adjusting
vasomotor tone that local perfusion at rest increases with,
among others, oxygen demand, and is relatively insensitive
to changes in systemic pressure (Mosher et al., 1964;
Goodwill et al., 2017). It is generally believed that also
the coronary artery structure adapts to allow for optimal
perfusion capacity, although the concepts and mechanisms
here are far less clear (Seiler et al., 1992; Kassab, 2005).
This system is challenged in coronary artery disease (CAD),
where proximal stenoses cause flow impairment. In addition,
downstream coronary arteries and arterioles may also be
affected by CAD, resulting in endothelial dysfunction and,
consequently, impaired regulatory capacity and reduced ability
for structural adaptation.

Many processes have been identified that contribute to
functional and structural regulation in the coronary circulation.
For acute autoregulation, these include effects of local metabolites
released from the cardiomyocytes, the myogenic response
to changes in local pressure, and flow-dependent dilation
(Dole, 1987). In addition, conducted vasomotor responses
may further integrate the local responses (Palao et al., 2018).
Structural adaption may include hypoxia-driven angiogenesis,
flow-dependent remodeling, and pressure-induced changes in
wall-to-lumen ratio (Hoefer et al., 2013; Silvestre et al., 2013;
Zimarino et al., 2014). We also demonstrated in a range of
in vitro and in vivo settings that vasomotor tone itself is a drive
for structural changes in arterial caliber (Bakker et al., 2002;
VanBavel et al., 2006).

It has long been realized that proper understanding of
the interplay of all of these processes requires a quantitative
systems approach that includes the complexity of the coronary
network. Accordingly, several previous studies provided detailed
descriptions of such networks, based mostly on porcine coronary
arterial casts (VanBavel and Spaan, 1992; Kassab et al., 1993;
Kassab and Fung, 1994; Kaimovitz et al., 2010). Yet, data on
human coronary branching patterns are extremely scarce (Zamir
and Chee, 1986; Zamir, 1999; van Lier et al., 2016).

The purpose of the current study therefore was to provide
a detailed quantification of the branching characteristics of the
human coronary circulation. These data were obtained from a
human heart in which coronary arteries were filled with casting
material, followed by sectioning in a 3D imaging cryomicrotome,
3D reconstruction, and post hoc image processing (Spaan et al.,
2005). Our analysis included topological (e.g., node and loop
characteristics), topographic (diameters and length of segments)
and geometric (position) data along with predictions of local
hemodynamics (pressure and flow). These data allow evaluation
of the relevance of previous animal studies and provide a base for
a systems analysis of human coronary flow regulation.

MATERIALS AND METHODS

Human Heart
The data in this study were derived from a post-mortem
human heart obtained at the Department of Pathology of
the Academic Medical Center, University of Amsterdam,
Netherlands. Heart weight was 330 gram. The patient was an
84-year-old female suffering from amyotrophic lateral sclerosis
(ALS). Cause of death was listed as euthanasia. The patient
history included atrial tachycardia, mitral stenosis, abdominal
aortic aneurysm, atherosclerosis, and hypertension. However,
the patient had never suffered any major cardiovascular events,
and the heart had a normal appearance, without evidence of
contracture. The patient’s relatives gave written consent to use
this heart for research.

Vascular Cast and Imaging
A 3D-representation of the coronary vasculature was obtained
utilizing the cryomicrotome imaging procedure described
previously (Spaan et al., 2005; van Horssen et al., 2014).
In brief, after removing the heart, the left circumflex, left
anterior descending artery, and right coronary artery were
cannulated, flushed with calcium-free buffer and thereafter
filled with fluorescent vascular cast material (UV-Blue, VasQtec,
Switzerland, suspended in Batson’s no. 17, Polysciences,
United States; infusion pressure 90 mmHg). The vascular filling
protocol was optimized to fill down to arterioles of around
15 µm in diameter to avoid background fluorescence via
capillary filling. After the cast material had hardened, the heart
was suspended in a carboxymethylcellulose sodium solvent
(Brunschwig Chemie, Netherlands) blackened with 5% Indian
ink (Royal Talens, Netherlands) and frozen at−20◦C. To acquire
a 3D digital reproduction, the frozen sample was sectioned
with a slice thickness of 30 µm, matching the in-plane image
resolution. After every slice, the remaining block surface, rather
than the slice itself, was imaged twice for two optical settings.
This automated procedure thereby yielded two co-registered
image stacks, each containing 4200 4096 × 4096 16-bit images:
a stack with reflection images and a stack of fluorescent images
optimized for the vascular cast (excitation, 365 nm and emission,
505 nm) (Figure 1A).

Vessel Segmentation and Quantification
As a next step, the topological tree was extracted from the
digital reproduction of the fluorescent vascular cast. For this,
dark current artifacts were eliminated and optical blurring was
corrected by deconvolving the images with a system-specific
point-spread function (Matlab; The MathWorks Inc., Natick,
MA, United States) (Schwarz et al., 2017). Subsequently, the
vessels were segmented (Figure 1B) in three steps. First, the
major coronary arteries were manually segmented in Amira
(FEI Visualization Sciences Group, France) using a fourfold
down-sampled image stack. Secondly, arterioles and arteries were
enhanced by multi-scale vesselness filtering. For vessels smaller
than 300 µm the original resolution was used; larger vessels were
enhanced at half the original resolution. Thirdly, the centerline
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FIGURE 1 | Reconstruction of the coronary vasculature. (A) Raw data. Dashed lines indicate the 1 cm slab (transversal, parallel to the cutting plane) used for the
MIP. (B) Segmented vasculature. (C) Reconstructed tree with color coded diameter (yellow = 4 mm, blue = 50 µm). (D) 1 cm MIP of raw data. (E) 1 cm MIP of
segmented data (red, left; blue, right circulation). (F) 3D visualization of a 1 cm slab parallel to the cutting plane. (G) Magnification of the reconstructed vasculature
(area indicated in F).

representation of the entire arterial vasculature was obtained
by thresholding the result of the second step and subsequent
merging with the skeleton of the manually segmented large

vessels from step 1. The resulting image stack was up-sampled
to full resolution, after which the centerlines were obtained
by 3D-skeletonization (Lee et al., 1994). We visually inspected
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the results and compared these with the original image data.
Obvious artifacts resulting from cast interruption or cutting
debris were corrected.

Every point on a centerline was classified according to the
number of neighboring points. Points with a single neighbor
were classified as terminal node. Points with two neighbors were
considered to be mid-segmental points. Points with three or more
neighbors in the skeleton reflected internal nodes connecting
multiple segments.

The diameter at each point was estimated using a full width
at half maximum algorithm on the normal plane. Segments
were defined as the centerline path between two nodes. Internal
segments connect two internal nodes, while terminal segments
connect an internal and terminal node. Segment diameters were
determined as the mean of the diameters of the segment’s mid-
segment points. Spurious terminal segments and triangular loops
were eliminated based on quality measures for the diameter,
including the condition that the segment length should be larger
than the segment diameter. Diameters of internal segments that
were underestimated, e.g., due to cast artifacts, were corrected
by interpolation from diameters of neighboring segments. The
results were stored in graph notation, a means to study relations
and processes in networks, representing the vasculature as a set of
nodes and cylindrical segments with associated information on its
characteristics and its neighboring nodes and segments. For every
node, the proximity to its coronary root was calculated. Segment
description included their path length, mean diameter, as well as
myocardial region (Figure 1C).

In order to study vessel branching, bifurcations were
identified. For every bifurcation, the three connected segments
were classified into mother and daughter segments based
on flow direction.

The symmetry (S) of the daughters was defined as the ratio of
the smaller (dS) to the larger (dL) diameter.

S = dS/dL (1)

As a second parameter, the relation between mother (M) and
her daughters was represented by the increase in total cross-
sectional area:

A =
d2
L + d2

S
d2
M

(2)

For analysis, segments, and bifurcations were grouped into ten
classes based on (mother) diameter (dM).

Extension of the Measured Tree Toward
the Terminal Microcirculation
The extracted coronary vascular network terminates at 30 µm
segments, since this was the resolution of the imaging technique,
or at larger diameters where cast material had insufficiently
filled the arterial bed. In order to estimate hemodynamic
properties of the human coronary circulation, extrapolation
toward the terminal arterioles is required. Notably, distributions
of downstream conductances distal to the extracted end segments
are needed. These were obtained by simulating segments
smaller than 30 µm based on interpolation and extrapolation

of the extracted vascular network. These in silico trees were
generated as follows. Starting with an initial segment with a
diameter between 300 and 400 µm, two daughter segments were
created with symmetry stochastically drawn from the symmetry
distribution observed in this human heart coronary network
for segments of the same diameter class. Their diameters were
set to match the area growth for their symmetry and mother
diameter as expected from the data. Segment lengths were
randomly assigned based on the segment-length-to-diameter
distribution of their diameter class. For diameters below 30 µm,
extrapolated branching characteristics were used. This procedure
was iterated until the capillary domain (5.0–7.5 µm) was
reached. For every segment, the total conductance of its distal
network was calculated. Fifty trees in total were generated
for this purpose, resulting in a distribution of downstream
conductances for segments in the range between 30 µm
and 400 µm. These predictions were then imputed to the
recorded tree. Finally, hemodynamics in the extracted coronary
tree was determined for 1000 simulations of the stochastic
terminal conductances.

Computational Hemodynamic Modeling
Blood was modeled as an incompressible, isotropic homogeneous
fluid. To account for the Fåhraeus-Lindqvist effect, an empirical
diameter-dependent relationship derived by Pries et al. was used
to model blood viscosity (µ), assuming a constant hematocrit
Hd = 0.4 (Pries et al., 1994; Secomb and Pries, 2013):

µ =

[
1+

(
µ
∗

0.45 − 1
) (1−Hd)

C
− 1

(1− 0.45)C − 1

(
d

d − 1.1

)2
]

×

(
d

d − 1.1

)2
(3)

with

µ
∗

0.45 = 6e−0.085d
+ 3.2− 2.44e−0.06d0.645

C =
(

0.8+ e−0.075d
)(
−1+

1
1+ 10−11d12

)
+

1
1+ 10−11d12

The fully developed, laminar axisymmetric steady-state flow
through a segment was modeled based on Poiseuille’s law
including the above Fåhraeus-Lindqvist effect. For a segment
with nodes i and j, the flow (Qi→j) through and the conductance
(Gij) of the segment are:

Qi→j = Gij(Pi − Pj) (4)

Gij =
πd4

ij

128µijlij
(5)

where Pi is the pressure at node i, µij is the blood viscosity,
dij is the diameter and lij the length of the segment between
nodes i and j. Applying Kirchhoff’s current law, i.e., conservation
of mass at every junction,

∑
i∈Nj

Qi→j = 0, where Nj is the
set of neighbor nodes, yields a system of linear equations that
can be solved via matrix inversion for a given set of flow or
pressure boundary conditions. We used a coronary inlet pressure
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of 90 mmHg and capillary pressure of 20 mmHg. Wall shear stress
was estimated under the premise of non-accelerating flow such
that the frictional forces with the wall balance the force from the
pressure gradient in every segment (Munson et al., 2013).

τij =

(
Pi − Pj

)
dij

4lij
(6)

Perfusion was derived by relating the flow through 100–200 µm
segments to the weight of their perfusion territory. The perfusion
territories were determined in 3D by Voronoi tessellation. Voxels
within the heart belong to the Voronoi cell of the closest terminal
node. The union of all Voronoi cells perfused by a single 100–
200 µm segment was taken as its perfusion territory.

Statistical Analysis
The difference between two daughter symmetry classes was tested
using a Mann Whitney U-test. Differences between multiple
diameter classes and myocardial regions were tested using a
one-way Kruskal-Wallis analysis followed by a Dunn’s multiple
comparison test. A two-way ANOVA followed by Bonferroni’s
correction for multiple comparisons was employed to assess
differences in area growth. Statistical analyses were performed
using GraphPad Prism (GraphPad Software, Inc., La Jolla, CA,
United States). Least-squares regression in Matlab was used
for testing the agreement between hemodynamic results, for
analyzing the relation between diameter, symmetry, and area
growth (linear fit) and for determining the power laws (non-
linear fit). A p < 0.05 was considered statistically significant.

RESULTS

Coronary Arterial Topology
Figure 1A provides a 3D visualization of the coronary arterial cast
(raw data), as acquired with the imaging cryomicrotome, while
Figures 1B,C show the results of the segmentation in single color
and diameter-encoded color, respectively. Figures 1D–G provide
maximum intensity projections of a transversal section and a
magnification. Visual inspection of the raw data revealed nearly
complete filling of the arterial tree down to 30 µm, covering the
expected perfusion territory. Vascular density appeared highest
in the subendocardium and lowest in the subepicardium. While
Figure 1 depicts both the left and right coronary circulation, the
remainder of the study focused on the left coronary circulation.

The reconstructed left coronary tree consisted of 202,184
segments with diameters ranging from 30 µm in small arterioles
to 4 mm for the epicardial arteries. Table 1 gives an overview
of distribution of these segments over diameter classes and
myocardial regions. Taking the class sizes into account, the data
show increased density of smaller segments, as expected, which
levels off below 60 µm diameter. We attribute this to incomplete
filling of vessels smaller than 60 µm. Terminal segment density
increased strongly from subepicardium to subendocardium, in
accordance with visual inspection of the transversal sections of
Figure 1. The distributions of terminal segment diameters in
the three myocardial regions were very comparable, indicating

that the increased subendocardial density is not a result of better
filling of the distal vessels in this region.

The reconstructed coronary network was not a simple
tree with only bifurcations. Rather, 91% of the nodes were
bifurcations, 8% were trifurcations (connecting four segments)
and less than 1% connected more than four segments. The
network also contained arcades or loops: an analysis based on
graph theory revealed 3,202 such loops.

As shown in Figure 2A, segment length exhibited a large
range, from 60 µm for distal vessels to around 2 mm for
the main coronaries, with a strongly skewed distribution. Most
segments were between 100 µm and 1 mm long. While the
segments with smallest diameter were also the shortest, median
segment length was remarkably similar in the diameter range
between 75 and 200 µm (Figure 2B). Subepicardial terminal
segments were longer than midmyocardial and subendocardial
ones (Table 1, p < 0.001).

Figure 3A depicts the symmetry of the bifurcations, reflected
by the ratio of daughter segment diameters, in the various mother
diameter classes. Very asymmetric branches generally reflected
consecutive segments of large vessels having small side branches.
Here, dL is expected to be close to dM and indeed, the dL/dM-ratio
was significantly larger for such asymmetric nodes (p < 0.001).
For all diameter classes, in particular for segments larger than
150 µm, node symmetry was highly variable. With decreasing
diameter, the nodes became more symmetric, and the dispersion
in symmetry decreased slightly, as illustrated by the histograms
in Figures 3B,C.

The area growth at bifurcations was also highly variable.
For segments larger than 400 µm, on average the cross-
sectional area remained stable (median area growth: 1.02). For
most other bifurcations, the total cross-sectional area of the
daughters was larger than the cross-sectional area of their
mother segment. Linear regression showed that area growth
(A) increased with decreasing mother diameter (dM) and
increasing symmetry (S): (A = −0.66 dM + 0.34 S+ 1.13, dM ∈
[75, 600] 10−6m). Even though all coefficients in the fit were
highly significant (p < 0.001), the low r2 = 0.047 indicates
that mother diameter and daughter asymmetry account only
little (4.7%) for the encountered variability. Figure 4 shows
this relationship, where the data are grouped in order to
comprehensively visualize the effect of both mother diameter as
well as symmetry.

Prediction of Distal Arterial Conductance
The fifty in silico trees, generated from the above described
relationships for segment length, daughter symmetry and
area growth, on average consisted of 1.22 ± 0.05 million
segments. For all trees, there was a linear relation between
the log-transformed segment diameter and distal arterial
conductance. As the linear regressions were very similar for
all trees (coefficient of variation for both coefficients below
0.5%), all in silico data were pooled (Figure 5A, turquoise
area). For the smallest segments with diameter less than
12 µm, the distal arterial conductance was more variable
than for larger segments. Moreover, distal conductance became
less dependent on diameter. The increase in distal arterial
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TABLE 1 | Segment distribution.

Number of segments (n, %) LV density of terminal segments (n/cm3, %)

Diameter class All Terminal Subepicardium Midmyocardium Subendocardium

30–45 µm 8,047 (4.0) 6,695 (6.6) 12.2 (7.2) 20.9 (5.8) 34.9 (7.3)

45–60 µm 22,204 (11.0) 20,760 (20.6) 37.4 (22.2) 65.5 (18.3) 104.2 (21.9)

60–75 µm 32,500 (16.1) 27,545 (27.3) 46.2 (27.4) 90.3 (25.2) 136.3 (28.6)

75–90 µm 33,605 (16.6) 22,872 (22.7) 38.0 (22.6) 83.0 (23.2) 106.8 (22.4)

90–105 µm 27,816 (13.8) 12,860 (12.7) 21.9 (13.0) 52.0 (14.5) 50.2 (10.5)

105–120 µm 19,444 (9.6) 5,428 (5.4) 7.9 (4.7) 23.9 (6.7) 21.6 (4.5)

120–150 µm 24,598 (12.2) 3,274 (3.2) 3.4 (2.0) 15.3 (4.3) 14.8 (3.1)

150–200 µm 19,718 (9.8) 1,204 (1.2) 1.1 (0.7) 5.5 (1.5) 6.2 (1.3)

200–400 µm 12,665 (6.3) 321 (0.3) 0.3 (0.2) 1.5 (0.4) 1.6 (0.3)

≥400 µm 1,587 (0.8) 2 (0.0) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0)

Total 202,184 (100.0) 100,961 (100.0) 168.4 (100.0) 357.8 (100.0) 476.6 (100.0)

Diameter. median (µm) 92.3 72.4 71.2 75.4 70.6

Diameter. interdecile range (µm) 54.3–179 47.8–105 47.4–101 48.9–110 46.7–103

Length. median (µm) 441 443 473 453 391

FIGURE 2 | (A) Segment length distribution. (B) Segment length-diameter relation for ten diameter classes. Boxplot indicates median (black line); the bottom and
top edges of the box indicate the 25th and 75th percentiles. Whiskers indicate 1.5 IQR. Outliers are not shown. *Significant different from all (P < 0.001). #Significant
different from 30 to 45, 45 to 60, 60 to 75, 90 to 105, 200 to 400, ≥400 (P < 0.001). †Significant different from 30 to 45, 45 to 60, 60 to 75, 90 to 105, 120 to 150,
200 to 400, ≥400 (P < 0.001). ‡Significant different from 30 to 45, 45 to 60, 60 to 75, 90 to 105, 105 to 120, 200 to 400, ≥400 (P < 0.001).

conductance (in m3/(Pa · s)) for larger vessels was well predicted
by the allometric relation Gis = 1.64 · 10−3 d2.49 (d in m;
r2 = 0.98, p < 0.001).

Pressure and Flow Distributions
Hemodynamics in the reconstructed arterial network with
stochastically extended downstream conductances were
determined in 1,000 simulations of this whole network.
Supplementary Figure 1 provides a 3D rendering of the median
parameter values derived from the hemodynamic simulations
across the segmented vascular segments.

The coefficient of variation of the conductance downstream
of a specific end segment over these simulations was 0.11
(median over all end segments). We questioned to what extent
this variation in chosen downstream conductances affects the

calculated pressure and flow in the complete left coronary
network. Table 2 summarizes this analysis. In the stochastic
model, pressure in individual segments varied marginally
between the simulations, whereas the median coefficient of
variation for flow was 7.4%. Hemodynamic simulations with
deterministically assigned distal arterial conductances yielded
flow and pressure values that fully agreed with the median values
of all stochastic simulations. This was the case for two choices
for downstream conductance in each measured end segment:
based on the power fit above or based on the median value of
downstream conductance for similar-sized segments (diameter
within 2.5%) in the in silico data. This analysis thus reveals that
downstream conductance variability affects neither local pressure
or its variability, nor median local flow, and adds limited extra
variation of local flow in the various diameter classes. For these
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FIGURE 3 | Daughter symmetry for (A) ten mother diameter classes. (B) Distributions for mother diameter 75–90 µm (blue) and (C) ≥400 µm (yellow). *Significant
different from all (P < 0.05). #Significant different from 30 to 45, 75 to 90, 90 to 105, 105 to 120, 120 to 150, 150 to 200, 200 to 400, ≥400 (P < 0.05).

reasons, further analysis was based on the deterministic model
for distal conductance, using the median values in the 2.5%
diameter intervals.

The brown line in Figure 5A represents the median distal
arterial conductance for the reconstructed human left coronary
tree with extrapolated microcirculation. This line closely matches
the in silico results by design for small diameters, mostly reflecting
terminal segments, yet also agrees well for larger segments [G =
1.58 · 10−4 d−2.22, d in m, G in m3/(Pa · s)], r2 = 0.81; for internal
segments the exponent was: 2.18).

Figure 5B shows the pressure as a function of segment
diameter. Most of the pressure drop occurred in vessels between
200 µm and 1 mm in diameter whereas only little pressure
drop was seen in larger arteries. Despite this trend, the
pressure differed greatly between segments of similar diameter.
The pressure-diameter relation was P = 5.40 · 103 d0.60 (d ∈
[250, 800] 10−6 m, P in mmHg, r2 = 0.14).

Blood flow varied with diameter by about a fivefold
interquartile range as indicated by the brown area in Figure 5C.
Arteries larger than 1 mm carried a median of 36.6 ml/min, about

3,000-times as much blood per vessel as 100 µm segments. An
allometric fit of flow (Q = a dγ) over the whole diameter range
predicts an exponent γ of 2.53 (Q = 5.07 · 108 d2.53, d in m, Q in
ml/min, r2 = 0.83).

As shown in Figure 5D, centerline velocity followed the same
trend as blood flow and increased with increasing diameter. The
diameter velocity relation was; v = 3.00 · 104 d0.89 (d in m, v in
cm/s, r2 = 0.21). Centerline velocity along the epicardial arteries
decreased with branching.

The brown area in Figure 5E visualizes the high variability
of wall shear stress, particularly for segments between 100 µm
and 1 mm. For larger segments, the variation decreased. For
segments smaller than 300 µm, median wall shear stress leveled
off around 5 Pa.

Local Myocardial Perfusion
The left coronary circulation perfused in total 358 cm3 of
myocardium. Truncating the measured tree in the range of 100–
200 µm resulted in 4,954 segments perfusing as many territories.
The median perfused volume of these truncated segments was
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FIGURE 4 | Area growth and mother diameter relation. Per mother diameter class, data are grouped in two daughter symmetry classes. Numbers above the bars
indicate group size. Significant difference: ∗∗P < 0.001, ∗P < 0.01.

20.2 mm3 (interquartile range: 7.2–56.5 mm3) with a median
perfusion of 5.6 ml/min/g (flow per weight of the perfusion
territory), yet with high local heterogeneity (interquartile range:
2.6–10.8 ml/min/g, Figure 6). Despite the higher vascular density,
subendocardial perfusion in the left ventricle free wall was
lower than midmyocardial and subepicardial perfusion. Septal
perfusion from the left coronaries tended to drop from the left
toward the right ventricular layer.

DISCUSSION

In this study, we extensively quantified the branching
characteristics of the human coronary circulation, and used
these data to predict local hemodynamics, including pressure,
flow and wall shear stress, and their variation along the vascular
network. These data add to previous work on various animal
species and provide a base for a systems analysis of human
coronary flow distribution and regulation.

Previous Data
To the best of our knowledge, no extensive studies have been
made on branching patterns and related hemodynamics in
the human coronary circulation. Available anatomical studies
address specific research questions and provide only limited
data that do not allow a translation toward global coronary
hemodynamics. This includes the vascularization of the anterior
papillary muscle, perfused by the LCA versus RCA (Zajaczkowski
et al., 2018), the impact of branching on wave propagation
(Rivolo et al., 2016), the effect of side branches on coronary
flow (Wiwatanapataphee et al., 2012), and branching patterns

of only the large coronary arteries (Hutchins et al., 1976;
Seiler et al., 1992; van der Waal et al., 2009; Schoenenberger
et al., 2012; Cardenes et al., 2013; Gupta et al., 2013; Medrano-
Gracia et al., 2017; Ormiston et al., 2018). In an initial study,
we analyzed the presence of collateral connections within
and between the perfusion territories in the human heart
(van Lier et al., 2016).

While human data are rare, several animal studies do
provide quantitative data on coronary artery and microvascular
branching patterns. Thus, VanBavel and Spaan analyzed the
branching patterns in corrosion casts of porcine hearts, covering
the major arteries down to precapillary arterioles (VanBavel
and Spaan, 1992). In that work, “branching rules” were derived
that relate diameter and length of individual segments, as well
as the diameters of mother and daughter segments in nodes.
A combination of actual data for the larger vessels and computer-
generated distal branches was then used for the assessment
of local pressures, flows and their dispersion. A shortcoming
in that work was the limitation to topology, ignoring the
3D distribution over the myocardium. More extensive work
came from the group of Kassab, who in a series of studies
described these characteristics in the arterial, capillary, and
venous coronary bed of pigs, also based on corrosion casts,
followed by extensive modeling and hemodynamic analyses
(Kassab et al., 1993, 1999; Kassab and Fung, 1994; Kalsho and
Kassab, 2004; Kassab, 2005; Mittal et al., 2005a,b; Kaimovitz
et al., 2008; Namani et al., 2018). Following initial work on
manual segmentation of the coronary vasculature based on
corrosion casts, our lab has developed an imaging cryomicrotome
that allows for extensive 3D recording of branching structures
(Spaan et al., 2005) and applied this technique for the
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FIGURE 5 | Dependency of hemodynamic parameters on segment diameter for the trees stochastically generated based on the branching characteristics of the
human vasculature (in silico) and the reconstructed human coronary circulation with extrapolated microcirculation (heart). (A) Arterial distal conductance-diameter
relation, (B) pressure-diameter relation, (C) flow-diameter relation, and (D) centerline velocity-diameter relation. (E) Wall shear stress-diameter relation. Lines indicate
the median; areas indicate the interquartile range.

study of network characteristics in several species and organs
(van Horssen et al., 2010, 2014, 2016; van den Wijngaard
et al., 2011; Hakimzadeh et al., 2014; Bedussi et al., 2015;
Schwarz et al., 2017), culminating in the current work on
the human heart.

Topology
The branching characteristics were described in terms of
segmental diameter-length relations in addition to symmetry
and area growth at branch points, as was previously done in
porcine hearts (VanBavel and Spaan, 1992). Segmental length
was intrinsically variable, reflecting the stochastic nature of the
network. There was no clear correlation between segment length
and diameter as already has been previously noted for the human
right coronary artery (Zamir, 1999). Our previous porcine data
predict a mean length of 275 and 619 µm in, respectively, the
90–105 and 200–400 µm diameter class, as compared to the
currently observed mean values of 675 and 908 µm. However, in
the same animal model Kassab et al. (1993) observed values that
are closer to our findings in the current study. The differences
between the porcine data may be explained by differences in
filling by the casting material. Since very asymmetric nodes occur

regularly, the exclusion of very small unfilled side branches would
affect a substantial part of the diameter-length relation. Also
symmetry was intrinsically variable. Yet, branching was more
symmetric and very asymmetric nodes occurred far less in the
current human heart as compared to porcine hearts. For example,
for large mother diameters (>500 µm) the median observed
symmetry ratio was 0.59, in contrast to values below 0.40 for
porcine data (VanBavel and Spaan, 1992; Kalsho and Kassab,
2004; Rivolo et al., 2016). Despite the same trend of increasing
symmetry with decreasing diameter, this difference was found
for all diameter classes, and at least for the larger diameter
classes this cannot be attributed to the 30 µm resolution in
the current study.

The absence of growth of cross-sectional area in the largest
diameter class (mother diameter≥400 µm) is in accordance with
previous observations on human (Zamir, 1999) and porcine data
(VanBavel and Spaan, 1992; Kaimovitz et al., 2008), as well as
observations from angiographic imaging of the epicardial arteries
(Hutchins et al., 1976; Seiler et al., 1992; Schoenenberger et al.,
2012; Ormiston et al., 2018). Nodes originating from smaller
vessels did show growth of cross-sectional area, implying a
decreasing flow velocity toward the microcirculation, as was to
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TABLE 2 | Stochastic variation.

Variability Agreement with median

CV MAD Power fit Median G

Median P95 Median P95 PCC β PCC β

Pressure 0.004 0.011 0.10 mmHg 0.36 mmHg 1.000 0.997 1.000 1.000

Flow 0.074 0.104 <0.001 ml/min <0.01 ml/min 1.000 1.008 1.000 0.999

Wall shear stress 0.074 0.104 0.21 Pa 1.13 Pa 0.999 0.994 1.000 1.000

Variability of outcome over the 1000 simulations (Variability) and agreement with deterministic models (Agreement with median). CV, coefficient of variation over the 1000
simulations; MAD, mean absolute deviation over the 1000 simulations; P95, 95-percentile; power fit: comparison to a deterministic model based on a power fit of distal
conductance on end segment diameter. Median G, comparison to a deterministic model taking the median distal conductances in 2.5% diameter classes; PCC, Pearson’s
correlation coefficient; β, unstandardized coefficient.

FIGURE 6 | Perfusion distribution per myocardial region. LV, left ventricular
free wall; RV, right ventricular free wall; Sept, septum; epi, subepicardium;
mid, midmyocardium; endo, subendocardium. Outliers are not shown.
Numbers above the bars indicate group size. *Sept RV, significant different
from all (P < 0.001); #LV epi, significant different from LV mid; LV endo, Sept
RV (P < 0.001). †LV mid, significant different from LV epi; LV endo, Sept mid;
Sept RV (P < 0.001). ‡LV endo, significant different from LV epi, LV mid, Sept
RV (P < 0.001), and Sept LV (P < 0.01); $Sept LV, significant different from
Sept RV (P < 0.001) and LV endo (P < 0.01). USept mid, significant different
from LV mid, Sept RV (P < 0.001).

be expected. If the diameters of a node would adhere to a scaling
law (Eq. 6), area growth (A) at that node would be directly related
to the daughter symmetry S by:

dγ
M = dγ

L + dγ
S (7)

A =
1+ S2

(1+ Sγ)2/γ
(8)

Implying that growth in cross-sectional area increases
with increasing daughter symmetry for γ > 2 ( ∂A

∂S =

f (S, γ)
(
S2
− Sγ

)
, f (S, γ) > 0, S ≤ 1). In our study, symmetric

bifurcations indeed tended to show a larger area growth than
asymmetric nodes, agreeing with previous observations in the
human (Zamir and Chee, 1986) and in the porcine heart (Rivolo
et al., 2016). A comparison with prior findings reveals that
area growth tends to be higher in the present human heart
as compared with similar sized arteries in the porcine hearts
(VanBavel and Spaan, 1992), rat and human hearts (Zamir and
Chee, 1986), while the variability in area growth was less in the
human hearts. Area growth, however, tended to be smaller in the
human heart in comparison to values observed in the human
cerebral vasculature (Cassot et al., 2010) and in mice hearts (Feng
et al., 2018) while following the same general trend of increasing
area growth for smaller segments. Estimates of area growth are
intrinsically sensitive to precision of diameter measurements,
with random errors causing a strong upward bias in the estimate.
This holds even more strongly for misclassification of mother
versus daughter segments in nodes, and such bias may underlie
the high growth in the smallest diameter classes.

Hemodynamic Predictions
We initially aimed to derive hemodynamic parameters
throughout the network by solving the Poiseuille and Kirchhoff
equations with assumptions on distal boundary conditions,
such as diameter-defined flow or back pressure. Such attempts
resulted in highly variable estimates for local pressure and flow
that were at variance with the assumed boundary conditions.
A better strategy therefore was to assume a diameter-dependent
downstream conductance for each outflow segment in the casted
vasculature. The generation of this relation by constructing
and imputing simulated networks, based on observed and
extrapolated branching characteristics and taking variability
into account, allowed the hemodynamic analysis of the
full, hybrid network.

A comparison of the recorded and imputed part of these
networks (brown and blue lines and areas in Figure 5) reveals
that the imputed data demonstrated less variability. We conclude
from this that we did not fully cover the properties of the recorded
data. Aspects that were not included in the simulated parts of the
network include arcading segments, trifurcations, and possible
deeper correlations in the data, such as correlations between
area growth in successive nodes. Such deeper correlations are
difficult to discern and quantitate, and we do not expect that
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including them would strongly affect the predictions of the
hemodynamic profiles.

It is now commonly accepted that the major part of the
pressure drop occurs over the arterial system, with substantial
contribution of arterioles and small arteries. Direct recordings
of this pressure distribution are very limited and do not include
human hearts. In a classical study in the porcine heart at
diastolic arrest and vasodilation, Chilian et al. demonstrated
that pressure in 80–120 µm vessels has dropped to 60% and
80% of the perfusion pressure in the subendocardium and
subepicardium, respectively (Chilian, 1991). VanBavel and Spaan
indeed predicted this range of pressures in their network analysis
(VanBavel and Spaan, 1992). However, the current human study
predicts a median pressure in 100 µm vessels around 32%
of systemic pressure, suggesting that far more of the pressure
dissipation occurs in vessels much larger than 100 µm (mainly
between 200 µm and 1 mm). This could have been caused
by arcades and trifurcations in the data. Also, the presence of
daughter segments with a larger diameter compared to their
mother could have contributed to this finding. The in silico
data, with a more standardized vascular pattern, suggest that
most of the pressure drop occurs in the range of 30 µm
to 300 µm.

The hemodynamic parameters reported in this study
for a vasodilated arterial network were slightly higher
than measurements in human subjects during hyperemia.
Flow velocities in the range of 10–30 cm/s are reported
in angiographically normal epicardial coronary arteries at
rest and 60–100 cm/s at hyperemia and are highly variable
between individuals (Kern et al., 1990; Ofili et al., 1995). Flow
velocities tend to be lower in the left anterior descending
and left circumflex coronary artery compared with the left
main coronary artery (Kern et al., 1990). The high flow
velocities found in our study were associated with high
levels of perfusion (median: 5.6 ml/min/g). Perfusion as
measured with positron emission tomography typically increases
from 0.6–1.2 ml/min/g at rest to values between 1.9 and
5.0 ml/min/g during hyperemia, with higher values found in
females (Sdringola et al., 2011; Murthy et al., 2018). In animal
models, regional differences in perfusion were reported with
generally equal or higher perfusion at the subendocardium
compared to the subepicardium (Feigl, 1983). For the human
heart in the present study we found the opposite. Since the
simulations were based on data obtained in a diastolic heart,
the results resemble hemodynamics in a diastolically arrested
heart. Furthermore, the influence of cardiac contraction
and myocardial tone were not taken into account in our
hemodynamic model. In the beating heart, systolic flow in
notably the subendocardium is impaired by the contracting
surrounding myocardium (Hoffman and Spaan, 1990). In
a model study, Namani et al. showed that not only is flow
higher under passive conditions than under autoregulation,
but that ignoring the interaction between vessels and the
surrounding myocardium indeed results in increased flow and
thus perfusion estimates (Namani et al., 2018). Bache et al.
found an increase in the subendocardium/subepicardium
perfusion ratio with decreasing heart rate at maximal

vasodilation (Bache and Cobb, 1977). This together with
topology artifacts, ignoring extra resistance in bifurcations or
possibly a comparatively low prescribed capillary pressure could
have influenced our hemodynamic calculations.

Allometric Description of Topology and
Hemodynamics
Allometric (power law) relations have regularly been used
to describe relations between physiological and anatomical
parameters (Thompson, 1942), including the coronary
circulation (Kassab, 2005; Molloi and Wong, 2007; Le et al.,
2008; Huo and Kassab, 2009b,a, 2016). The arguably best known
relation is “Murray’s law” (Murray, 1926) that, based on cost
minimization principles, relates flow in a blood vessel to the
cube of its diameter. In Poiseuille flow, this relates to wall
shear stress being constant along the vasculature. Murray’s law
certainly is not universally valid, and alternative allometric
relations have been derived from various optimality principles,
including space-filling requirements (Cohn, 1954; West et al.,
1997), relating properties of stems to corresponding crowns
(Huo and Kassab, 2009a), optimization of total conductance
(Razavi et al., 2014), and application of constructional laws
(Miguel, 2016). The postulated scaling exponent typically ranges
between 2 and 3.

Our observation of constant cross-sectional area in the
larger coronaries is in accordance with several other studies
(VanBavel and Spaan, 1992; Mittal et al., 2005b), suggesting
an exponent close to 2 rather than 3 for large coronaries.
The scaling exponent γ can be derived from area growth by
fitting Equation 7 or alternatively by fitting any reformulation of
Equation 6. There are various possible optimization strategies,
resulting in different estimates for γ, which are furthermore
strongly influenced by extreme values. It was therefore difficult
to thoroughly quantitate γ based on branching. In general, the
scaling exponent increased with decreasing diameters, typically
from a value close to 2 for the large segments toward values
larger than 3 for small segments. Rivolo et al. also observed
the same trend in the porcine heart, with a γ increasing from
approximately 2.25 for large vessels to values around 4 for
vessels smaller than 100 µm (Rivolo et al., 2016). For the
human heart in the present study, the scaling exponent in
the diameter-flow relation decreased from 3.21 in the smallest
vessels to 2.55 in the major vessels, and shear stress depended
biphasically on diameter, having its peak at 630 µm. Van der
Giessen et al. found an exponent of 2.55 based on biplanar
angiography of human epicardial arteries for the flow-diameter
relation (van der Giessen et al., 2011), which matches our
results. The exponents in the human heart appear to be higher
than the ones observed in porcine hearts. VanBavel and Spaan
also described non-constant exponents, increasing from 2.35
for segments larger than 200 µm to 2.82 for diameters smaller
than 40 µm (VanBavel and Spaan, 1992). Mittal et al. used
morphometric data of the entire porcine coronary arterial tree
down to the first capillary branch to conduct hemodynamic
analysis and determined a flow–diameter power law relation
with exponent 2.2 (Mittal et al., 2005a). Despite these deviations
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from Murray’s and other invariant scaling laws, downstream
conductance scaled with diameter to the power 2.22 over a
large range. Common to all invariant allometric relations is
that they postulate a general optimality principle. However, as
derived by Uylings, different exponents are ideal for different
flow types (ranging between 2.33 for turbulent to 3.0 for
laminar flow) (Uylings, 1977). Similar effects have been shown
for rheological variation (Miguel, 2016) and flow pulsatility
(Rivolo et al., 2016). Flow in the coronaries is pulsatile and
near-Newtonian whereas laminar, non-pulsatile flow subject to
shear-rate dependent viscosity is characteristic for the small
vasculature. These differences together with other influences
mainly affecting the larger vessels such as areas of low or
oscillating wall shear stress (Schoenenberger et al., 2012) and
wave reflections (Reneman et al., 2006; Rivolo et al., 2016) may
lead to shifting optimal branch relations as we have observed.
Altogether, while it is tempting to use allometric descriptors,
reality seems a bit more complex and the deviations may lead to
substantial differences in physiological parameters such as shear
stress and local pressure.

Limitations
A series of image processing steps was required to translate
the image stack to a network representation. These included
segmentation of the arterial bed, 3D skeletonization, and
diameter estimation. This was a major challenge, due to
the large difference in vascular diameter between the major
branches and the 30 µm smallest vessels that were included.
Manual and automated correction was needed. The choices
here were based on comparison of the original images to
the vascular network representations as well as on common
sense. Thus, a few interruptions in cast filling of the major
vessels needed to be corrected manually. Very short triangular
loops were clearly the result of errors in skeletonization
and were pruned to simple paths. Likewise, spurious side
branches were removed and some regularization of diameter
along vascular paths was included. Since as many as 202,184
segments were included in the final representation, some level
of error in the topology and diameters remains unavoidable.
However, while it remains necessary to further test and
improve the procedures, we do believe that the current work
provides an adequate translation from the image stack to the
graph representation.

The heart was imaged at 30 µm resolution. Moreover, care
was taken not to fill the vessels toward the capillary bed, as
this would have resulted in strong background fluorescence.
Meanwhile, data on the more distal arterioles were needed for
the hemodynamics analysis. We therefore extrapolated branching
characteristics when simulating the network toward 5.0–7.5 µm
segments. Future work should provide branching characteristics
of also the smallest arterioles. While it will not be feasible to fully
cover such branching in the whole heart, microscopic data from
much smaller tissue samples could be imputed into the simulated
networks, improving reliability of the hemodynamic analysis.

The current study is based on a single heart from an elderly
patient having atherosclerosis and may not be representative
for a normal heart from a person in the same age category

or for a healthy young heart. Even though Chen et al. showed
in a mice model that the scaling exponent is not affected by
aging (Chen et al., 2015), we acknowledge that this may limit
the current work. Yet, human hearts rarely become available
for this purpose and the whole procedure from filling to graph
representation is extremely labor- and computer-intensive. While
it will not be feasible to perform studies such as the present one
on large numbers of human hearts, inclusion of more hearts is
needed to draw conclusions on reproducibility and dependence
on age, sex and morbidities. The current study provides a
pipeline for doing this work, and with further optimization,
automation of the procedures, and improved computer power
the inclusion of more samples should become feasible in
the near future.

Further limitations of the work include the assumption of
Poiseuille flow, the exclusion of the capillary and venous bed
in the hemodynamics calculations, and the exclusion of the
wave transformation effect. We presume that these assumptions
have not substantially altered our main findings. We also
were not able to analyze the right coronary artery perfusion
territory due to insufficient quality of the vascular filling and
subsequent segmentation.

Future Work and Application of the
Current Data
An important next step will be the direct quantification of also
the most distal vessels, as well as improved routines for image
processing and imputation strategies based on a deeper analysis
of the data, in addition to extension of the data set.

It has become clear over the years that CAD is not limited
to the epicardial vessels. Rather, intra-myocardial arteries and
arterioles are also affected, as evidenced by impaired endothelial
responsiveness and alterations in vascular structure, caliber and
resistance (Crea et al., 2014). Moreover, the vasculature adapts,
for better or worse, to the presence of a proximal stenosis and the
associated reduced pressure, vascular tone, and hyperemic flow
(Siebes et al., 2004; Verhoeff et al., 2005; Sorop et al., 2008). Local
perfusion and perfusion reserve are known to be heterogeneous
in animal models and healthy humans (Bassingthwaighte et al.,
1989; Austin et al., 1990; Chareonthaitawee et al., 2001), with
heterogeneity increasing at smaller length scales. Depending
on the adaptation of the coronary bed, developing CAD
and its effects on the microcirculation may well affect such
dispersion of local perfusion and reserve, leading to local
ischemic zones. A framework such as presented here could help
understanding the relation between microvascular structure and
function and the local perfusion and perfusion reserve. We
therefore foresee application of the current data and analyses
in systems approaches of the coronary circulation, leading
to new experimentally testable hypotheses on microvascular
adaptation in CAD. In addition, the current study may add
to the modeling required in silico clinical trials on new
drugs and devices, in extension to the current in silico
work on drug-eluting stents (Karanasiou et al., 2018) and
in analogy to work currently done in acute ischemic stroke
(Konduri et al., 2018).
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Conclusion
We have presented a processing pipeline and extensive data
on branching characteristics and predicted hemodynamics of
the human coronary circulation. Our findings provide a base
for further modeling, including incorporation of vasomotor
responsiveness, structural adaptation and their effects on the
balance between oxygen demand and supply in health and CAD.
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