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The provision of complex medical care in the intensive care
unit (ICU) environment is challenging as the established
goals of intensive care are to reduce the morbidity and
mortality related to critical illness, maintain organ function,
and restore health.Despite technological advances, the preva-
lence of death in the ICU remains a serious problem. Even
if it is unlikely that intensive care medicine is recognized as
an evidence-based process, the present reality reveals that
scientific proof regarding patient management is very rare
[1]. However, this medicine is pathophysiology based, and
it necessitates the monitoring of physiological abnormalities
to treat the patient. Indeed, outcome prediction models
measuring the severity of illness of patients admitted to the
ICU use physiological variables to predict hospital mortality.
For instance, from the clinical and medical management
perspective, the state-of-the-art Simplified Acute Physiology
Score (SAPS) model is frequently used.

In the present state of medical knowledge, it is important
to account for human physiology when treating critically
ill patients, as these patients often present with circulatory
failure. Understanding the properties of cardiovascular phys-
iology is an excellent example of how general principles
are useful in comprehending hemodynamic instability and
shock states [2].Therefore, from a physiological point of view,
mastering the cardiovascular physiology and identifying the
pathophysiological mechanisms and archetype involved in
shock allow the physician tomanage each situation according
to the specific characteristics of the state of the patient.

In the first half of the 20th century, there was consider-
able confusion among physiologists regarding the combined

role of the heart and vasculature in determining flow and
pressure in the cardiovascular system [3]. Currently, our
understanding of these subjects is constantly evolving. As
part of the present special issue, respected researchers and
physiologists provide an outline of the important advances
in cardiovascular physiology and the great progress made
in recent years within this discipline. The present papers
take a deeper look at selected physiological principles and
main beliefs that are the basis of intensive care medicine. In
fact, the present papers investigate physiological principles
using various techniques described in humans and animal
experimentation. In addition, in the present issue, the use of
mathematical and simulated models as alternative methods
is highlighted as a potential way to study specific cases
in diverse vessels. These papers, which describe numerical
simulations of flow, ranging from the geometry of steady
flow in rigid vessels to unsteady flow with elastic vessel walls,
deserve further attention as several flow and wall models are
compared. Finally, all of theseworks reinforce our use of these
principles in clinical decision-making.

Thus, it must be established and accepted that specific
cardiovascular physiology concepts are essential if and only
if an appropriate form of intervention or treatment could be
administered based on this knowledge. Indeed, it is impor-
tant to note that our way of thinking about cardiovascular
physiology in the ICU may sometimes be imperfect as views
and understanding need to evolve [4]. Certainly, in the
present state of knowledge, the most significant advantage of
mastering cardiovascular physiology in critically ill patients
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is the capability to recommend newmethods of treatment for
shock.
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Pressuremeasurements using finite element computations without the need of a wire could be valuable in clinical practice. Our aim
was to compare the computed distal coronary pressure values with themeasured values using a pressure wire, while testing the effect
of different boundary conditions for the simulation. Eight coronary arteries (lumen and outer vessel wall) from six patients were
reconstructed in three-dimensional (3D) space using intravascular ultrasound and biplane angiographic images. Pressure values at
the distal and proximal end of the vessel and flow velocity values at the distal end were acquired with the use of a combo pressure-
flow wire. The 3D lumen and wall models were discretized into finite elements; fluid structure interaction (FSI) and rigid wall
simulations were performed for one cardiac cycle both with pulsatile and steady flow in separate simulations. The results showed
a high correlation between the measured and the computed coronary pressure values (coefficient of determination [r2] ranging
between 0.8902 and 0.9961), while the less demanding simulations using steady flow and rigid walls resulted in very small relative
error. Our study demonstrates that computational assessment of coronary pressure is feasible and seems to be accurate compared
to the wire-based measurements.

1. Introduction

Cardiovascular disease is the leading cause of mortality in
developed countries. Atherosclerosis develops due to the
accumulation of lipids in the arterial wall and themigration of
smooth muscle cells to the intima and leukocyte infiltration,
thereby forming plaques in the arterial wall. When the pro-
gression of atherosclerotic lesions exceeds the compensatory
wall response, plaque protrudes into the lumen causing

stenosis and obstructs blood flow to the distal myocardial
bed.

Lumen obstruction may be hemodynamically significant
causing stable angina in patients. One of the most common
and efficient ways to assess the hemodynamic significance of
coronary lesions is the measurement of the fractional flow
reserve (FFR) [1]. FFR is defined as the maximal coronary
flow in an arterial segment with a stenosis, divided by the
maximal coronary flow in the same arterial segment if no
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stenosis was present and is measured as the ratio of distal
to proximal (i.e., aortic) coronary pressure under maximal
vasodilation. Therefore, assessment of coronary pressure is
critical for estimating FFR. The measurement of coronary
pressure is currently performed invasively with the use of a
dedicated pressure wire. However, the advent of technology
has now enabled blood flow simulations in three-dimensional
(3D) coronary artery reconstructions. Accurate calculation of
coronary pressure using finite element simulations without
using a pressure wire could be a valuable tool in the catheter-
ization laboratory.

Blood flow simulations are demanding and depend on the
applied boundary conditions. A critical boundary condition
imposed during the simulation is the behavior of the arterial
wall. There are two main approaches for simulating the
behavior of the wall. One assumes that the arterial wall is
rigid, not taking into consideration the interaction between
the blood and the arterial wall [2–6], while the second
assumes that arteries are elastic incorporating the interaction
between the blood and the arterial walls into the simulation.

The first attempts of blood flow simulations in human
arteriesweremade on 3D simplified tube-like geometries rep-
resenting arterial segments. Following the advances in image
processing, accurate 3D reconstructed arterial models were
used for computational blood flow simulations, resulting in
more precise results. The rigid wall assumption led to quick
blood flow simulations since only the lumen needed to be
discretized. However, in an effort to realistically simulate the
complexity of the human vasculature, the interaction between
the blood and the arterial wall was introduced by applying
fluid structure interaction (FSI) models [2, 7–18]. According
to these models, blood flow creates loads on the surface
of the arterial wall forcing it to deform. The elastic nature
of the arterial wall tends to restore the wall to its original
state, thereby causing the deformation of the blood domain.
Both the blood and the arterial wall domains are discretized
and the equations of each domain are solved and used as
initial conditions to the other domain. Due to the large
number of equations that need to be solved, FSI simulations
are very demanding in computational resources and very
time-consuming compared to the rigid wall approach but
are considered to provide more accurate results for the flow
field. However, the differences in computed pressure values
between the rigid wall and FSI approaches have not been
previously studied.

Currently, we present a validation study for coronary
artery pressuremeasurements using patient-specific 3D coro-
nary artery reconstructions and investigate (a) the accuracy
of the computed pressure results using the invasive pressure
measurements as the gold standard and (b) the differences in
computed pressure measurements between different critical
boundary conditions (steady versus pulsatile flow and rigid
wall versus FSI).

2. Methods

2.1. Patient Data. Six subjects underwent intravascular ultra-
sound (IVUS) and angiography examinations for angina

symptoms at CNR (Institute of Clinical Physiology, Milan,
Italy). The clinical and demographic patient characteristics
are presented in Table 1. A coronary guide wire (0.014 inch
diameter) with miniaturized tip transducers for pressure and
flow measurements (Combo wire, Volcano Corp.) was used.
The pressure-flow wire was inserted in the coronary artery
until a stable recording of the flow velocity was obtained
at a distal coronary location. The aforementioned param-
eters were measured at the baseline and during maximal
coronary vasodilation (hyperemic conditions) which was
achieved with the intravenous administration of adenosine
(140mcg/kg/min). The parameters measured under hyper-
emic conditions were used as boundary conditions for the
simulations and are described in detail in Section 2.3.4.
The final measurements included pressure values throughout
three cardiac cycles at the proximal (guiding catheter at the
ostium of the artery) and distal locations of each arterial
segment, combined with flow velocity values at the distal
location both at baseline andduringmaximal hyperemia.A 3-
French catheter with a 64-crystal electronic ultrasound probe
was used for IVUS examination (Eagle-Eye, Volcano Corp.).
The catheter was placed in the distal part of the examined
vessel and then a motorized pullback (speed 1mm/sec)
was performed. Following contrast injection two isocentric
angiographic views were obtained to depict the position of
the catheter inside the vessel before the start of the pullback.
The IVUS probe was positioned distally at the same location
where the distal coronary pressure-flow measurements were
performed so that these measurements could be applied as
boundary conditions for the blood flow simulations in 3D
reconstructed arterialmodels as it is described below. Figure 1
shows the angiographic images with the exact locations of the
acquired measurements for the right coronary artery (RCA)
of patient 4.

2.2. Three-Dimensional Reconstruction. The 3D reconstruc-
tion of the 8 arterial segments was performed using a
methodology which is based on the fusion of IVUS and
biplane angiographic data [19].The end-diastolic frames were
selected for segmenting the lumen and the external elastic
media (i.e., vessel wall) borders. Then, the corresponding
angiographic end-diastolic images were used to reconstruct
the 3D IVUS catheter path. The segmented frames were
then placed onto the generated 3D catheter path and were
appropriately oriented. Finally, two point clouds representing
the lumen and vessel wall were derived for each artery and
were processed to nonuniform rational B-spline (NURBS) 3D
surfaces. Figure 2 depicts two 3D reconstructed models of
two RCA segments. Our dataset includes 4 RCA and 4 LAD
segments with mild or moderate lumen stenosis.

2.3. Blood Flow Simulation. Transient as well as steady flow
simulations were carried out on all 8 arterial segments with
either rigid or deformable wall assumptions. In total, four
different approaches were used: FSI-transient, FSI-steady
flow, rigid walls-transient and rigid walls-steady flow. The
most demanding in terms of computational resources is
the one using FSI models with transient flow as it is time
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Table 1: Patient demographic and clinical characteristics.

Patient Age Sex Familiarity Hypertension Hypercholesterolemia Diabetes Angina
01 73 M N Y Y Y N
02 55 M N Y Y N Y
03 56 M Y Y Y Y N
04 56 M N Y Y Y N
05 70 M Y Y Y N N
06 75 M N Y Y N N

Position of the start of the pullback and
distal coronary flow-pressure measurements

(a)

Position of the end of the pullback and proximal
(i.e. aortic) coronary pressure measurement

(b)

Figure 1: The two views depict the exact locations of the start (a) and end (b) of the pullback procedure as well as the exact positions of the
pressure and flow measurements acquisition.

dependent, whereas the lowest computational requirements
are for the one with the rigid walls assumption and the
steady flow. The computational approach and the boundary
conditions for each type of simulation are presented in detail
below.

2.3.1. Rigid Wall Assumption. Blood flow is modeled using
the Navier-Stokes and the continuity equations:

𝜌
𝜕k
𝜕𝑡

+ 𝜌 (k ⋅ ∇) k−∇ ⋅ 𝜏 = 0,

∇ ⋅ (𝜌k) = 0,
(1)

where k is the blood velocity vector, 𝜌 the blood density, and
𝜏 is the stress tensor, defined as

𝜏 = −𝑝𝛿
𝑖𝑗
+ 2𝜇𝜀
𝑖𝑗
, (2)

where 𝛿
𝑖𝑗
is the Kronecker delta, 𝜇 is the blood dynamic

viscosity, 𝑝 is the blood pressure, and 𝜀
𝑖𝑗
is the strain tensor

calculated as

𝜀
𝑖𝑗
=
1

2
(∇k+∇k𝑇) . (3)

Blood was treated as a Newtonian fluid having a density of
1060 kg/m3 and a dynamic viscosity 0.0035 Pa⋅s. The blood
flow was considered laminar with the Reynolds number
ranging between 126 and 883.

2.3.2. Fluid Structure Interaction-Blood Domain. In FSI sim-
ulations, the interface between the lumen and the wall (i.e.,
the wall boundary of the fluid domain) deforms, and thus
the equations governing fluid flow are expressed in terms of
the fluid variables relative to the mesh movement. For the
moving reference frame in FSI simulations, the momentum
conservation equation for fluid flow is

𝜌
𝜕k
𝜕𝑡

+ 𝜌 ((k−w) ⋅ ∇) k−∇ ⋅ 𝜏 = 0, (4)

where 𝜌 is the density of the blood, k is the blood velocity
vector, w is the vector of the moving mesh velocity (i.e., the
velocity of the deformable wall boundary), and 𝜏 is the stress
tensor.

(a) Fluid Structure Interaction-Arterial Wall Domain. The
followingmomentumconservation equation is used tomodel
the arterial wall domain:

∇𝜏
𝑠
+fB
𝑠
= 𝜌
𝑠
̈d
𝑠
, (5)

where 𝜏
𝑠
is the arterial wall stress tensor, fB

𝑠
are the body

forces per unit volume, 𝜌
𝑠
is the density of the arterial wall,

and ̈d
𝑠
is the solid’s local acceleration.

Due to lack of universal values for the parameters of the
material properties of the arterial wall, we have used a nine-
parameter Mooney-Rivlin model to describe the material
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(a) (b)

Figure 2: Three-dimensional reconstruction of the lumen of a right coronary artery for patient #2 (a) and patient #1 (b).

properties of the wall. Despite the fact that the coronary
arterial wall is considered to have an anisotropic and het-
erogeneous structure due to the complex composition (e.g.,
collagen fibers), we applied an isotropic and homogenous
material model because of the absence of in vivo data regard-
ing the fiber direction and the heterogeneity that describes
the anisotropic behavior of the arterial tissue.The parameters
of the Mooney-Rivlin model were set as previously described
in FSI analyses in the human right coronary artery [18, 20].
The following equation is used to calculate the strain energy
function:

𝑊 = 𝑐
10
(𝐼
1
− 3) + 𝑐

01
(𝐼
2
− 3) + 𝑐

20
(𝐼
1
− 3)
2

+ 𝑐
11
(𝐼
1
− 3) (𝐼

2
− 3) + 𝑐

02
(𝐼
2
− 3)
2

+ 𝑐
30
(𝐼
1
− 3)
3

+ 𝑐
21
(𝐼
1
− 3)
2

(𝐼
2
− 3)

+ 𝑐
12
(𝐼
1
− 3) (𝐼

2
− 3)
2
+ 𝑐
03
(𝐼
2
− 3)
3

+
1

𝑑
(𝐽 − 1)

2
.

(6)

𝐼
1
, 𝐼
2
are the first and second deviatoric strain invariants,

respectively, and 𝐽 is the determinant of the elastic deforma-
tion gradient tensor. The rest of the parameters are set as in
[18]: 𝑐

10
= 0.07MPa, 𝑐

20
= 3.2MPa, and 𝑐

21
= 0.0716MPa

and the others are equal to zero. The compressibility param-
eter 𝑑 is defined as

𝑑 =
2

𝐾
, (7)

where𝐾 is the bulk modulus (1 × 10−5).

2.3.3. Fluid Structure Interaction-Coupling Equations. In
order for the two domains to be solved together, the following
displacement compatibility and traction equilibrium equa-
tions must be satisfied:

𝜏
𝑠
⋅ n̂
𝑠
= 𝜏
𝑓
⋅ n̂
𝑓

(𝑥, 𝑦, 𝑧) ∈ Γ
𝑆

FSI ∩ Γ
𝐹

FSI, (8)

d
𝑠
= d
𝑓

(𝑥, 𝑦, 𝑧) ∈ Γ
𝑆

FSI ∩ Γ
𝐹

FSI, (9)
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Figure 3: Measured pressure profile for patient #6 for a full cardiac
cycle.

where Γ𝑆FSI is a set of points on the arterial wall and Γ𝐹FSI a set
of points on the lumen.

The generated stresses from the fluid and the solid on
the interface of the two domains must be in equilibrium (8)
and the displacements of the two domains on their common
surface must be equal (9).

2.3.4. Boundary Conditions

(i) Inlet. Regarding the inlet, a measured pressure profile
in the catheterization laboratory was applied as a boundary
condition. In particular, for the transient simulations, a full
cardiac cycle (either the second or the third measured in
order for the measurements to be stable and accurate) was
divided into time steps of 0.05 seconds (Figure 3 exhibits
the applied inlet pressure profile for patient 6), while for the
steady flow simulations, the mean pressure value of the same
cardiac cycle that was used in the transient ones was applied
as the inlet boundary condition.

(ii) Outlet. Velocity profiles were available at the distal end
of the reconstructed artery (measured invasively using the
combo pressure-flow wire) and were prescribed as outlet
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Figure 4: Mean velocity values calculated for patient #1 in order to
determine the optimal velocity profile for validation.

boundary conditions. To capture the true nature of the
velocity profile of the outlet, we used the developed flow (this
has a paraboloid profile) derived from the 3D geometry and
we defined the “magnitude” of the developed flow according
to the flow measurements. To achieve that, we applied the
mass flow rate profile for each case which was calculated as

𝑚 = 𝜌k𝐴, (10)

where 𝜌 is the blood’s density, k is the velocity of blood, and
𝐴 is the cross-sectional area of the outlet. However, due to
the nature of the Doppler wire measurements, we executed
a parametric study regarding the accuracy of the measured
velocity values. The measured velocity values from the wire
cannot be considered to be the highest of the cross section
due to the fact that either the wire is not aligned in the center
of the vessel or due to the fact that the wire itself interrupts
the flow. The velocity value that is inserted in the mass flow
rate equation is the mean velocity value of the profile. We
tried three different velocity profiles to examine which fits
our problem best. In the first case scenario, the measured
values from the Doppler wire as the mean profile value were
used; in the second scenario a ratio of 0.76 (kmean = 0.76 ∗

kmeasured) as it was previously suggested [21]; and in the third
scenario a ratio of 0.5 which is common in the generalized
Poiseuille flow. Figure 4 depicts the velocity profiles of the
three cases for anRCA segment of patient 1.The closest results
to the measured values were achieved by using the measured
velocity values as the mean value of the profile. The results of
the parametric study are presented in detail in Section 3.

(iii) Lumen Wall Interface. At the lumen wall, a no-slip
boundary condition was applied, meaning that the blood had
zero velocity relative to the solid-fluid interface.

(iv) Arterial Wall. The distal ends of the arterial wall (inlet
and outlet) were assumed to be fixed on all directions so that
motion was restricted at these sites.
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Figure 5: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and calculated results) and (b) exhibits the
linear regression analysis for patient #1.

2.3.5. Mesh. The lumen was discretized into hexahedral ele-
ments, with an element face size ranging from 0.09 to
0.12mm, with an increased mesh density throughout the
boundary layer of the flow close to the arterial wall. The
arterial wall was discretized into tetrahedral elements with an
element face size 0.09mmand 15 layers of brick elementswith
a thickness of 0.03mm at the interface with the lumen. The
brick element layers were first generated from the interface
of the wall and the lumen towards the outer perimeter of
the wall and then the remaining volume was discretized into
tetrahedral elements.

The mesh size both for the lumen and the wall was
selected after performing a mesh (face size) sensitivity analy-
sis. The sensitivity analysis was performed in a representative
case both for the rigid (Table 4) and deformable (Table 5)
wall assumption using steady-state flow.Themesh sensitivity
analysis for the deformable wall simulation (Table 5) was
performed using a face size of 0.09–0.12mm for the lumen
(as derived from the initial sensitivity analysis for the rigid
wall assumption in Table 4). The analysis was based on the
correlation between the mesh size and the produced results
regarding the average wall shear stress of the same cross-
section on 4 different mesh sizes. The mesh size with <5%
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Figure 6: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits the
linear regression analysis for patient #2.

difference in wall shear stress values was used in the final
simulations; of note, computed pressure values at the outlet,
on which we focus in the current study, were also minimally
influenced by the mesh size (<0.05% difference, Tables 4 and
5).

3. Results

A series of blood flow simulations using different assump-
tions and approaches was carried out, a linear regression
analysis on all 8 vessels was performed, and the respective
aggregate Bland-Altman plot was obtained in order to exam-
ine the correlation of the computed results to the measured
ones.

3.1. Validation Results. We performed transient FSI simula-
tions for one cardiac cycle. The produced results show excel-
lent correlation between the measured and the calculated
values with the worst case scenario having a coefficient of
determination 𝑟2 = 0.8902 and the best case scenario having
an 𝑟2 = 0.9961. The Bland-Altman plots also depict a high
similarity between the measured and the computed values
with almost all values being within the 1.96∗SD cut-offs.
Figures 5, 6, 7, 8, 9, 10, 11, and 12 depict the pressurewaveforms
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Figure 7: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits the
linear regression analysis for patient #3.

of themeasured and the rigidwall computed as well as the FSI
computed values and the linear regression analysis plots for
all cases. Moreover, Figure 13 represents an aggregate Bland-
Altman plot for all 8 cases with a mean difference close to
zero.

3.2. Rigid Wall versus FSI Simulations. The calculated mean
difference between the rigid wall and the FSI simulations
for all cases reached the statistically negligible value of
0.26%. The rigid wall simulations produced slightly higher
pressure values than the FSI simulations on most of the
examined cases. Moreover, compared to the values measured
in the catheterization laboratory, and the FSI simulations
produced slightly more accurate results than the rigid wall
ones. In Table 2, a comparison between the measured and
the computed mean outlet pressure values for all cases is
presented.

3.3. Transient versus Steady Flow Simulations. The computed
pressure of the steady flow simulation was compared to the
average pressure of the same cardiac cycle as it was computed
from the transient simulation. Our results demonstrated a
very close match between the steady flow and the transient
results for both rigid and FSI simulations. In detail, the
two simulation types exhibited a mean difference of 0.44%
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Table 2: Comparison between the wire-based measured pressure values (𝑃out) and the computed values from the four types of simulations
(𝑃out(comp)).

Patient # 𝑃out
(mmHg)

FSI-transient
𝑃out(comp)
(mmHg)

Rigid-transient
𝑃out(comp)
(mmHg)

FSI-steady state
𝑃out(comp)
(mmHg)

Rigid-steady
state

𝑃out(comp)
(mmHg)

1-RCA 103.04 105.93 106.06 105.46 105.48
2-RCA 104.73 103.52 103.38 103.82 103.71
3-LAD 89.32 89.03 89 89.17 89.15
4-RCA 61.95 63.68 63.83 64.01 64.22
4-LAD 67.47 70.72 71.45 70.94 71.59
5-RCA 105.2 102.42 102.68 102.51 102.58
5-LAD 85.95 83.64 83.85 83.59 83.72
6-LAD 83.52 82.8 82.77 82.98 83.03

Table 3: Results of the parametric study concerning the velocity profiles (steady-state simulations).

Patient # 𝑃out(comp)
(mmHg)

𝑃out(Vmax)
(mmHg)

𝑃out(0.76 ∗ Vmax)
(mmHg)

𝑃out(0.5 ∗ Vmax)
(mmHg)

1-RCA 103.04 105.48 106.16 106.75
2-RCA 104.73 103.71 106.56 107.6
3-LAD 89.32 89.15 90.48 91.19
4-RCA 61.95 64.22 65.02 65.66
4-LAD 67.47 71.59 73.21 74.68
5-RCA 105.2 102.58 103.18 103.53
5-LAD 85.95 83.72 84.07 84.55
6-LAD 83.52 83.03 85.23 86.96

(Table 2). The results that were closest to the measured wire-
based values were the ones obtained using the transient
simulations as expected. Table 3 demonstrates the results of
the parametric study related to the flowvelocity values used in
themass flow rate equation for the outlet boundary condition.
It seems that the optimal results were obtained when the
measured flow velocity values from the combowirewere used
as the maximum and not the mean values of the velocity
profile.

4. Discussion

We presented a study on coronary artery pressure measure-
ments using blood flow simulation in realistic 3D recon-
structed coronary arteries. Our primary findings are the fol-
lowing: (I) computed distal coronary pressure values correlate
very well with the measured ones using the pressure wire and
(II) the assumption of rigid walls and steady flow results in
negligible differences compared to the more demanding FSI
and pulsatile simulations, respectively.

Several validation studies have been previously carried
out to test the accuracy and validity of numerical methods.
Phantom, simplified 3D models, or patient-specific arterial
models have been previously employed in order to perform
blood flow simulations. Left coronary artery bifurcations and
carotid bifurcations, as well as mesenteric arterial segments
were included. The computed velocity profiles were then

compared to the measured ones resulting in a fairly good
agreement between the measured and the computed values
[22–27]. A recent study examined the correlation of flow and
pressure patterns between the computed and the measured
values for two deformable flow phantoms mimicking a
normal and an obstructed aorta, respectively [28]. Good
qualitative agreement was found between the measured and
the computed values for flow, exhibiting a better correlation
for the pressure results. The majority of those studies focus
on the carotid vasculature due to the technical difficulty that
arises when dealing with the coronary vasculature. Coronary
arteries require invasive imagingmethods in order to acquire
information related to the size and complex anatomy of the
obstruction.Therefore, there is a lack of data on the accuracy
of the results regarding numerical simulations in human
coronary arteries.

In our study, we focus on coronary arteries and use real-
istic patient-specific reconstructed coronary arteries derived
from angiographic and IVUS data. Furthermore, we use in
vivo data from invasive flow/pressure measurements in the
catheterization laboratory for our validation purposes. The
results exhibited a very high correlation of the computed
pressure values compared to themeasured ones.The pressure
waveforms between the measured and the computed values
distally in coronary arteries were very close to each other,
and themean computed pressure values for each case showed
very small relative error values. Moreover, there was a very
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Table 4: Results of the mesh sensitivity analysis in the lumen (rigid wall assumption).

Face size Lumen mesh
size (elements)

Outlet pressure
(mmHg)

Difference in
pressure (%)

Cross-sectional
WSS (Pa)

Difference in
WSS (%)

0.13–0.15mm 87K 105.516 0.053 6.31 21.22
0.12–0.15mm 176K 105.512 0.049 7.14 10.86
0.09–0.12mm 400K 105.483 0.022 7.78 2.87
0.07–0.09mm 657K 105.460 — 8.01 —
WSS: wall shear stress.
The selected mesh size for the final simulations is indicated in bold font (<5% difference in WSS).

Table 5: Results of the sensitivity analysis in the deformable wall assumption (lumen face size was 0.09–0.12mm).

Element size Wall mesh size
(elements)

Outlet pressure
(mmHg)

Difference in
pressure (%)

Cross-sectional
WSS (Pa)

Difference in
WSS (%)

0.13mm 292K 105.494 0.048 6.38 21.62
0.10mm 540K 105.487 0.042 7.19 11.67
0.09mm 582K 105.458 0.014 7.85 3.56
0.07mm 1.232M 105.443 — 8.14 —
WSS: wall shear stress.
The selected mesh size for the final simulations is indicated in bold font (<5% difference in WSS).
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Figure 8: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits the
linear regression analysis for patient #4, right coronary artery.
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Figure 9: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits
the linear regression analysis for patient #4, left anterior descending
coronary artery.
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Figure 10: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits the
linear regression analysis for patient #5, right coronary artery.

good agreement between the measured and the computed
values. In addition, our findings demonstrate that the less
demanding simulations using steady flow and rigid walls
instead of pulsatile flow and FSI result in very small relative
error.Therefore, our results support the use of the simpler and
less time-consuming simulations for coronary artery pressure
computation.

Clinical Implications and Challenges. Hemodynamic factors
such as arterial pressure both proximal and distal to coronary
stenoses are of great clinical importance. FFR, calculated
as the ratio of distal to proximal coronary pressure under
maximal vasodilation, has been shown to discriminate func-
tionally significant stenoses and help in patient management
leading to favorable clinical outcomes [29]. Our results
support the use of numerical simulations for assessing distal
coronary pressure in humans.This approach implemented in
3D realistic human coronary arteries could open the pathway
to FFR assessment based on imaging data only without the
need of a pressure wire. However, several challenges lie in
the pathway of virtual FFR assessment including the “a
priori” selection of the appropriate boundary condition for
hyperemic flow, the incorporation of the resistance of the
distal myocardial bed into the simulation, and the effect

0
20
40
60
80

100
120
140
160

0
0.

05 0.
1

0.
15 0.

2
0.

25 0.
3

0.
35 0.

4
0.

45 0.
5

0.
55 0.

6
0.

65 0.
7

Time (s)

Pr
es

su
re

 (m
m

H
g)

Measured
Computed-FSI
Computed-rigid

(a)

60
70
80
90

100
110
120
130
140
150

60 80 100 120 140 160

C
om

pu
te

d 
pr

es
su

re
 (m

m
H

g)

Measured pressure (mm Hg)

y = 0.9233x + 5.2812

R2 = 0.9904

(b)

Figure 11: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits
the linear regression analysis for patient #5, left anterior descending
coronary artery.

of flow division in the branched coronary tree. Although
our results demonstrated that finite element simulation
in realistic 3D coronary models may yield accurate distal
pressure measurements if aortic pressure and coronary flow
are known, further clinical studies are needed to test the
accuracy of virtual pressure measurements when patient-
specific hemodynamic conditions at the inlet are not known.

Limitations.The reconstructed segments in the current study
neglect the presence of bifurcations which influence flow
distribution. Moreover, the hemodynamic significance (i.e.,
pressure drop) of the coronary stenoses in the arteries studied
was not large, and thuswe did not have the opportunity to test
the accuracy of the computed pressure values in cases with
large pressure gradients.

5. Conclusions

Our study highlights the value of numerical simulations
applied in 3Dmodels for assessing hemodynamic factors such
as coronary artery pressure. The accuracy of the computed
results supports the use of this approach for virtual pressure
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Figure 12: (a) depicts the pressure waveforms for the examined
cardiac cycles (measured and computed results) and (b) exhibits the
linear regression analysis for patient #6.
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Figure 13: Bland-Altman plot for all 8 cases.

calculation which may have major clinical implications for
assessing the hemodynamic significance of coronary stenoses
without using a pressure wire in the catheterization labora-
tory.
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We investigated effect of microgravity environment during spaceflight on postnatal development of the rheological properties of
the aorta in rats. The neonate rats were randomly divided at 7 days of age into the spaceflight, asynchronous ground control, and
vivarium control groups (8 pups for one dam).The spaceflight group rats at 9 days of age were exposed tomicrogravity environment
for 16 days. A longitudinal wall strip of the proximal descending thoracic aorta was subjected to stress-strain and stress-relaxation
tests. Wall tensile force was significantly smaller in the spaceflight group than in the two control groups, whereas there were no
significant differences in wall stress or incremental elastic modulus at each strain among the three groups. Wall thickness and
number of smooth muscle fibers were significantly smaller in the spaceflight group than in the two control groups, but there were
no significant differences in amounts of either the elastin or collagen fibers among the three groups. The decreased thickness was
mainly caused by the decreased number of smooth muscle cells. Plastic deformation was observed only in the spaceflight group in
the stress-strain test. A microgravity environment during spaceflight could affect postnatal development of the morphological and
rheological properties of the aorta.

1. Introduction

It is well known that blood shifts headward immediately after
exposure to a microgravity (𝜇G) environment and thereafter
decreases in volume to adapt to the environment, which
could affect cardiovascular hemodynamics and associated
regulatorymechanisms [1, 2]. Central venous pressure (CVP)
[3, 4], cardiac output (CO) [5, 6], and arterial pressure (AP)
[7, 8] have been reported to instantaneously increase after

exposure to 𝜇G and then decrease in the process of adapting
to 𝜇G environment during spaceflight in humans.

On the other hand, cardiovascular function changes
concomitant with growth after the birth [9]. Blood pressure
has been shown to gradually elevate to almost themature level
by the age of 8 weeks [10] or 45 days [11] in Sprague-Dawley
(SD) rats and at 4 weeks of age in Wistar Kyoto rats [12].
Baroreceptor sensitivity has also been reported to develop
with growth [10, 11]. AP is determined by the rheological
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properties of the aortic wall as well as by cardiovascular
hemodynamics. Baroreflex function is susceptible to the
rheological properties of the aortic wall in which they lie [13,
14].The rheological properties are closely related to alteration
in the fine structure of thewall [15–20]. Baroreceptor function
and rheological properties of the aortic wall are considered to
develop with morphological growth of the heart, blood ves-
sels, and other cardiovascular components. In our research
group, postnatal development of the baroreflex system has
been studied under ordinary gravitational conditions [9]
and simulated microgravity conditions such as head-down
tilt (HDT) [21, 22] and parabolic flight [22, 23]. Yamasaki
and Shimizu [24] showed previously in 3-4-week-old rabbits
raised in HDT posture in a simulated 𝜇G environment for
34–36 days that the number of unmyelinated fibers of the
left aortic nerve was significantly reduced compared to the
control rabbits, which suggested that development of the
aortic baroreflex sensitivity was depressed by exposure to
HDT posture. It is thus possible that a similar phenomenon
is observed during spaceflight in neonate animals. Therefore,
we suspected that the rheological and histological properties
of the aortic wall as well as cardiovascular hemodynamics
could bemodulated by exposure to a 𝜇G environment during
growth and investigated to verify the hypothesis in the NASA
Neurolab Programs (STS-90) [25] where we joined with the
theme “development of the aortic baroreflex in microgravity.”

2. Materials and Methods

2.1. Animals and Animal Care. Figure 1 shows a flowchart
of the period from the birth to tensile test of the rats after
the spaceflight. Eight neonate Sprague-Dawley rats in a good
state of health and development, selected from a large colony
5 days after birth, were randomly assigned to one mother
rat as one litter. A total of 18 litters were randomly and
equally divided into three groups at 7 days after the birth:
the spaceflight (FLT), asynchronous ground control (AGC),
and vivarium control (VIV) groups. One litter out of the 6
litters in each group was assigned for the present study. The
FLT group rats were bred in the specially designed Research
Animal Holding Facility (RAHF) [26] loaded on board of the
Space Shuttle. The RAHF cage is 4.00 × 4.25 × 10.00 inches
and can accommodate one dam and eight pups.TheAGC and
VIVgroup ratswere housed in simulatedRAHF and standard
commercial (18.50 × 10.25 × 8.50 inches) cages, respectively,
under one-G conditions and the same temperature (23±1∘C)
and light and dark cycle as the FLT group rats. All rats were
given SLO Foodbars and were cared for by a veterinarian
crewmember during spaceflight and specialized personnel
before and after the flight. The FLT group rats were exposed
to a 𝜇G environment in the Space Shuttle “Columbia” for 16
days from 9 to 25 days after the birth. The FLT group rats
were examined for basic health conditions immediately after
landing and then dissected within 10 hrs after sampling blood
under pentobarbital anesthesia (50mg/kg body weight, i.p.).
The tissues and organs were shared among some research
teams joined to theNeurolab Programs (STS-90). In the AGC
and VIV group rats, the same experimental procedures were

Tensile test

Aorta

Shuffling of the rats
1 dam for 8 pups

Launch
(9 days old)
Spaceflight

(for 16 days)

Landing
(25 days old)

Tissue
sharing

Grouping

Animal selection

Dissection

Transportation
to Japan by air

Birth observation

FLT AGC VIV

Thawing at 37∘C

Freezing at −70∘C

Figure 1: Flowchart of the experiment from the birth of rats to the
tensile test. FLT: spaceflight, AGC: asynchronous ground control,
and VIV: vivarium control.

employed, except for breeding under 𝜇G conditions. The
aorta was excised from the origin of the ascending aorta to
the thoracic aorta, gradually frozen to −70∘C, transported
to Japan by air, and stored at −85∘C to minimize damage
due to freezing. All experimental procedures were performed
according to the guidelines forAnimal Care andUse inNASA
and NIH.

2.2. Tensile Test. Prior to the tensile test, we investigated the
differences in the tensile characteristics between the fresh
and thawed proximal descending thoracic aorta in premature
rats aged 3 weeks. There were no observable differences in
the tension-strain or stress-strain relations between the fresh
and thawed rat aorta (Katsuda and Hasegawa unpublished
observations). The experimental procedure was similar to
that described previously [19, 20, 27]. The proximal descend-
ing thoracic aorta was cut from the bifurcation of the left
subclavian artery to the third intercostal arteries and cut
longitudinally into 3mm wide strips after rapid thawing to
37∘C. The rheological properties of the strips were measured
by a tensile testing instrument (TOM-30J, Minebea, Inc.,
Japan) which mainly consists of a load cell, a movable
crosshead, a driving unit, and a chamber [19]. One end of the
strip was mounted between the jaws of a chuck and it was
suspended on a load cell with a flexible wire. Another end
was held by another chuck attached to the organ bath of the
tensile testing instrument.The samplewas immersed in saline
solution consisting of NaCl (147.2), KCl (2.7), MgCl

2
(0.5),

CaCl
2
(1.8), NaH

2
PO
4
(1.0), Na

2
HPO
4
(3.0), and glucose (5.6)
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(mM) at 37∘C. Initially, the strip was held at the maximum
length where the tension just exceeded 0N. After holding at
the initial length, the strip was subjected to force-strain test.
The tensile force in the sample was generated by mechanical
stretching to about 1N at a speed of 4.2mm/min, relaxed to
the initial length immediately after the stretching, and kept
relaxed for 5min. After plastic deformation was measured at
5min after the relaxation of the strip, the strip was subjected
to a stress-relaxation test. The strip was stretched by 50% of
the initial length at a speed of 83.3mm/min and sustained for
5min. Immediately after the test, the strip was cut off at the
margin of each chuck and weighed on a precision balance.
Strain of the wall strip (𝜀) was defined as 𝜀 = (Δ + 𝐿

0
)/𝐿
0
,

where 𝐿
0
and Δwere initial length of the strip and increment

from the initial length, respectively. The stress value (𝜎) at
any moment during the stretching was determined using the
following formula: 𝜎 = 1.06 × 𝐿

0
(1 + 𝜀) × 𝑇/𝑊, where 𝑇 was

the tension (g) of the strip, 𝑊 the sample weight, 𝐿
0
initial

length of the strip (cm), and 𝜀 strain of the strip. Poisson’s
ratio and density of the aortic wall were assumed to be 0.50
[28] and 1.06 g/cm3 [29], respectively.The incremental elastic
moduli of the wall (𝐸) at strain levels of 0.25, 0.50, and 0.75
with respect to the unstressed length were selected as the
mean gradient of the stress-strain curve at strains between
0.20 and 0.30, between 0.45 and 0.55, and between 0.70 and
0.80, respectively. For example, the value of 𝐸 at the strain of
0.5was expressed as (𝜎

0.55
−𝜎
0.45

)/(𝜀
0.55
−𝜀
0.45

), where𝜎
0.55

and
𝜎
0.45

were stress at strains of 0.55 and 0.45 and 𝜀
0.55
− 𝜀
0.45

difference in strains (e.g., 0.1), respectively. The relaxation
strength was calculated by (𝜏

0
− 𝜏
5min)/𝜏0 × 100 (%), where

𝜏
0
was the maximal tension generated immediately after

stretching and 𝜏
5min the tension at 5min after the stretching

(Figure 4).The plastic deformation of the strip was measured
at 5min after the relaxation of the sample in the stress-strain
test. Wall thickness of the strip (ℎ) was calculated as ℎ =
𝑊/(1.06 × 𝐿

0
×𝑊𝑑), where𝑊𝑑 was the width of the sample

(cm). Internal radius of the descending proximal thoracic
aorta was estimated as 𝑙/2𝜋, where 𝑙 was the circumferential
length of the excised wall strip.

2.3. Histological Sections. The strips were fixed in 10% neu-
tral buffered formalin solution and embedded in paraffin.
Circumferential and longitudinal histological sections were
sliced at 5 𝜇m thickness and stained with Elastica-van Gieson
(EVG) and hematoxylin-eosin (HE).

2.4. Image Analysis. The images of smooth muscle cells
(SMC), elastin fiber, and collagen fiber in the longitudinal his-
tological sections stained with EVG, which were displayed at
yellow, black, and red, respectively, were sampled by an image
analysis system (LUZEX FS, Nireco Corporation, Tokyo,
Japan) through a microscope (Olympus BX-50, Olympus
Corporation, Tokyo, Japan) at a magnification of 40 times
and a CCD-video camera operated by a camera control unit.
The image within a frame of an image analysis system (2.52×
10
−4
𝜇m2 in area) was converted to the sliced video images

prior to processing by the main processor. An outline image
of each element was discriminated by the adjusting intensity,

hue, and purity of its color and was selectively extracted.
The three components and the entire sectional area were
binarized and the intensity and tint were adjusted to the
background.The SMC, elastin fiber, collagen fiber, and entire
sectional area were measured with the main processor. The
area of each component was expressed as a percentage of
the entire sectional area in each histological section. These
procedures for analyzing the three major components were
repeated in at least twomicroscopic fields of each histological
section. The image of the SMC stained with HE was taken
into an image analysis system and binarized in a similar way
to images of the longitudinal sections stained with EVG at a
magnification of 40 times.The outline image of the nucleus in
a given frame area (2.52 × 10−4 𝜇m2 in area) was emphasized
for discrimination by adjusting the intensity, hue, and purity
of its color, displayed in blue, and selectively extracted. The
number of nuclei seen within one frame for one section
stained with HE system was counted using an image analysis
system.These procedures were repeated in three microscopic
fields for each histological section. The number of nuclei in
three microscopic fields was averaged within each rat group.

2.5. Statistical Analysis. The experimental data, for example,
FLT versus ACG, FLT versus VIV, and ACG versus VIV,
were compared by Scheffe’s multiple comparison tests after
confirming significant differences by one-way analysis of
variance (ANOVA).

3. Results

Total number of pups available for all areas of research
decreased after the landing of Space Shuttle, so that we were
consequently forced to reduce the number of pups for a series
of experiments. Six pups were ultimately allotted to the FLT,
AGC, and VIV groups in the present study, respectively, after
number of pups had been readjusted to share as fairly as
possible.

Table 1 summarizes body weight and physical charac-
teristics of the proximal thoracic descending aorta. Internal
diameter was estimated from the excised strip of the proximal
thoracic aorta. Body weight in the FLT group was about half
of that in the two control groups and significantly lower than
that in the AGC (𝑃 < 0.001) and VIV (𝑃 < 0.001) groups.
Weight of the proximal descending thoracic aorta per unit
area (cm2) tended to be small in the FLT group compared
with that in the two control groups, whichwas not statistically
significant. Cross-sectional area of the aortic wall in the FLT
group was significantly small compared with that in the AGC
(𝑃 < 0.01) and VIV (𝑃 < 0.01) groups. Internal diameter
was significantly smaller in the FLT group than in the AGC
(𝑃 < 0.001) and VIV (𝑃 < 0.01) groups.

Figure 2(a) shows the force-strain curves in the longitu-
dinal strips excised from the descending proximal thoracic
aorta in the FLT, AGC, and VIV group rats. As the strain
increased, the tensile force gradually elevated in the three
groups. The difference in tensile force between the FLT and
the two control groups gradually widened as strain increased.
The tensile force in the FLT group rats was significantly
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Table 1: Body weight and estimated weight and internal diameter of the proximal descending thoracic aorta in the FLT, AGC, and VIV group
rats.

Pups number #1 #2 #3 #4 #5 #6 Mean SE

Body weight (g)
FLT 54.1 31.1 24.5 32.7 43.7 53.9 40.0

∗∗∗a,b 5.1
AGC 83.0 78.8 71.2 71.4 78.7 81.9 77.5 2.1
VIV 87.4 80.3 81.4 88.8 80.9 78.9 83.0 1.7

Weight of the aorta per cm2 (mg)
FLT 14.2 16.0 13.9 16.4 13.6 10.9 14.2 0.8
AGC 17.1 16.5 23.3 24.1 22.4 16.4 20.0 1.5
VIV 19.5 14.0 14.3 26.4 24.9 20.0 19.9 2.1

Cross-sectional area (mm2)
FLT 0.51 0.46 0.40 0.51 0.46 0.37 0.45

∗∗a,∗∗b 0.02
AGC 0.69 0.65 0.84 0.93 0.88 0.68 0.78 0.05
VIV 0.69 0.58 0.57 1.12 0.91 0.74 0.77 0.09

Internal diameter (mm)
FLT 1.20 0.97 0.97 1.05 1.13 1.17 1.08

∗∗∗a,∗∗b 0.04
AGC 1.37 1.33 1.22 1.30 1.32 1.38 1.32 0.02
VIV 1.19 1.39 1.35 1.43 1.24 1.26 1.31 0.04

∗∗
𝑃 < 0.01, ∗∗∗𝑃 < 0.001, aFLT versus AGC, and bFLT versus VIV. Body weight wasmeasured on the day of the landing. Internal diameter was estimated from

circumferential width of the wall strip excised from the proximal descending thoracic aorta. The cross-sectional area was calculated from width and thickness
of the wall strip. The diameter is expected to be stretched approximately 50% in situ.

1.00.80.60.40.20.0
0.0

0.2

0.4

0.6

0.8

1.0

FLT

VIV
AGC

Te
ns

ile
 fo

rc
e (

N
)

Force-strain curve

∗
∗

∗
∗

∗
∗∗∗∗∗

Strain (ΔL/L0)

(a)

1.00.80.60.40.20.0
0

100

200

300
St

re
ss

 (k
Pa

)
Stress-strain curve

FLT

VIV
AGC

Strain (ΔL/L0)

(b)

Figure 2: Force-strain (a) and stress-strain (b) curves of the longitudinal strips excised from the proximal thoracic aorta in the FLT, AGC, and
VIV group rats. Values are mean ± SE. ∗: 𝑃 < 0.05 (FLT versus AGC and FLT versus VIV), 𝐿

0
: initial length of the strip, and Δ𝐿: increment

by stretching.

smaller than those in the AGC and VIV group rats at a strain
range between 0.30 and 0.75 (𝑃 < 0.05). Figure 2(b) illustrates
stress-strain curves derived from the corresponding force-
strain curves in the three groups. The contour of the stress-
strain curve resembles that of the force-strain curve. There
were no significant differences in stress value between any
two groups at any strain value (𝑃 > 0.05). The values of
𝐸 at strains of 0.25, 0.50, and 0.75, which correspond to
low, medium, and high physiological strain values of the
aorta, respectively, are depicted in Figure 3. The value of
𝐸 was about 100 kPa at a strain of 0.25, nearly doubled at
a strain of 0.50, and at 0.75 drastically increased to about
three times the strain at 0.50 in the three groups. There was
no significant difference in the value of 𝐸 between any two

groups at any strain (𝑃 > 0.05). Figure 4 shows examples
of stress-relaxation curves in FLT, AGC, and VIV rats. The
pattern of the curve was almost similar among the three
groups. Relaxation strength at 5min after 50% stretching
beyond the initial length in the FLT, AGC, and VIV groups
(𝑛 = 6 in each group, mean ± SE) was 8.4 ± 1.7, 7.7 ± 0.9,
and 7.6 ± 1.0 (%), respectively, which showed almost the
same value (about 8.0%) in the three groups and was not
significantly different between any two groups (𝑃 > 0.05).
Plastic deformation of the strip measured at 5min after the
relaxation following the stress-strain test was observed in
all the strips of the FLT group (0.12 ± 0.03mm, mean ±
SE) only despite showing no significant difference in the
value of 𝐸 compared to the two control groups, whereas
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Figure 3: Incremental elastic modulus of the longitudinal strips
excised from the proximal thoracic aorta in the FLT, AGC, and VIV
group rats. Values are mean ± SE. Abbreviations are similar to those
in Figure 2. Incremental elastic modulus was determined at strains
of 0.25, 0.50, and 0.75.
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plastic deformation was not detected in the two control
groups. Figures 5(a) and 5(b) are photomicrographs of the
longitudinal and circumferential histological sections of the
proximal descending thoracic aorta stained with EVG and
HE stain in the three groups, respectively. It is interesting that
the smoothmuscle layer in the FLT group was thin compared

to that in the two control groups. The thick elastin fibers in
the FLT group were almost the same in number, thickness,
and amount as in the two control groups. The fine elastin
fibers connecting the thick elastin fibers and smooth muscle
cells to each other were circumferentially and longitudinally
fast woven in the two control groups, whereas they were
poorer in number and networking in the FLT group than in
the control groups. The collagen fibers were also similar in
amount and arrangement among the three groups, although
the wall was considerably compressed in the FLT group
rats. The number of nuclei in the smooth muscle cells was
considerably smaller in the FLT group than in the two control
groups. No histological alteration in the smooth muscle cells,
for example, change in size or shape, was clearly detected
by microscopic observation. Figures 6(a) and 6(b) illustrate
estimated wall thickness and internal radius of the proximal
descending thoracic aorta in FLT,AGC, andVIVgroups.Wall
thickness in the FLT group was 133.3 ± 17.8 𝜇m (mean ±
SE) and significantly decreased to about 70% of that in the
two control groups (193.4 ± 11.5 for AGC group, 𝑃 < 0.05,
and 188.4 ± 18.2 𝜇m for VIV group, 𝑃 < 0.05). Internal
radius was significantly smaller in the FLT group rats than
that in the AGC and VIV group rats. Figure 7(a) illustrates
the areas of elastin and collagen fibers and smooth muscle
cells as measured in the longitudinal histological sections in
the three groups using an image analysis system. The area of
smooth muscle in the longitudinal histological section was
significantly smaller in the FLT group than in the AGC (𝑃 <
0.001) and VIV (𝑃 < 0.001) groups, whereas the areas of
the elastin and collagen fibers were not significantly different
between any two groups (𝑃 > 0.05). The number of nuclei
in one microscopic field in the image analysis system was
134.3 ± 3.6, 179.3 ± 5.5, and 166.2 ± 5.2 (mean ± SE) in the
FLT, AGC, and VIV groups, respectively (Figure 7(b)). The
number of nuclei was significantly smaller in the FLT group
than in the AGC (𝑃 < 0.01) and VIV (𝑃 < 0.05) groups,
respectively.

4. Discussion

The extracellular fluid first shifts headward in exposure to
𝜇G environment and decreases in volume in the course
of acclimatizing to the environment. The decrease in fluid
volume induced a decrease in CO, which could partly involve
lowering of blood pressure [1, 2]. CO has been demonstrated
to reduce by approximately 15% from the preflight level in
astronauts during sustained spaceflight [5, 6]. Fritsch-Yelle
et al. [7] reported that diastolic pressure and heart rate
significantly decreased and that systolic pressure tended to
fall during spaceflight in humans. Gazenko et al. [8] also
observed the decrease in diastolic pressure in humans during
spaceflight.

AP could be estimated by the rheological properties of
the wall as well as by the parameters of cardiovascular hemo-
dynamics such as cardiac output and peripheral vascular
resistance. AP can theoretically be expressed by Laplace’s law,
for example, AP = 𝑇/𝑅 = 𝐸ℎ𝜀/𝑅, where 𝑇 is tension
of the wall, 𝐸 elastic modulus of the wall, ℎ thickness of
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Figure 5: Photomicrographs of the longitudinal (a) and circumferential (b) histological sections of the proximal descending thoracic aorta
stained with EVG (a) and HE (b) stains in the FLT, AGC, and VIV group rats. Perpendicular bar: 100 𝜇m.
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Figure 6: Estimated wall thickness (a) and internal radius (b) of the proximal thoracic aorta in the FLT, AGC, and VIV group rats. Values
are mean ± SE. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01.

the wall, 𝜀 strain of the wall, and 𝑅 radius of the blood
vessel. In our other analysis of cardiovascular function in
Neurolab Program (STS-90), mean arterial pressure (MAP)
measured about 12 hrs after the landing of the Space Shuttle
was significantly lower in the FLT group rats than in the

other AGC andVIV group rats, respectively [30, 31].The time
lag between the landing and arterial pressure measurement
seems insufficient to adapt completely to the one-gravity
(one-G) environment. There was no significant difference
in the values of 𝐸 among the FLT, AGC, and VIV groups,



BioMed Research International 7

FLT AGC VIV
0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

Smooth muscle
Elastin
Collagen

Areas of three major components
A

re
a (

×
1
0
6
𝜇

m
2 )

∗∗∗
∗∗∗

Group

(a)

Number of nuclei/microscopic field

FLT AGC VIV
Group

0

50

100

150

200

250

N
um

be
r o

f n
uc

le
i

∗
∗∗

(b)

Figure 7: Area of the smooth muscle, elastin, and collagen fibers (a) in the longitudinal histological sections and number of nuclei of the
smoothmuscle cells (b) in the circumferential histological sections excised from the proximal thoracic aorta in the FLT, AGC, and VIV group
rats. Values are mean ± SE. ∗𝑃 < 0.05. ∗∗𝑃 < 0.01. ∗∗∗𝑃 < 0.001. Area of each component was measured in three given microscopic fields
for one histological section stained with EVG with an image analysis system and then averaged within each group.The number of nuclei was
measured in three given microscopic fields for one section stained with HE with an image analysis system and then averaged within each rat
group.

respectively, although it tended to show a slight decrease in
the FLT group. The significantly decreased wall tension in
the FLT group mainly due to the reduction in wall thickness
could partly be responsible for the fall in MAP level in the
FLT group during the spaceflight.

The aortic wall consists in major part of the elastin and
collagen fibers and SMC, whose content and arrangement
have been morphologically demonstrated by optical and
electron microscopic studies [16, 32]. The elastin fibers form
a robust network in the proximal aortic region, while the net-
work becomes sparser with increasing longitudinal cracks in
the distal region of the aorta [19, 20]. The collagen fibers also
show strong network structure in all aortic regions, though
they were crimped or relaxed in an ordinarily stretched state
[19, 20]. SMC are arranged in a spiral or helical manner. The
number of turns of SMC spirals for a given length increases
and the angle between the spiral plane and the transactional
plane decreases with increasing distance from the heart [19,
20].The elastin fiber and SMC are considered to contribute in
major part to the elastic and viscous properties, respectively,
of the aorta within the normal range of arterial pressure. The
collagen fibers are thought to protect the aortic wall from
rupturing when exposed to abnormally high pressure [15, 33].

The static rheological properties of the aortic wall have
been shown to differ by arterial segment, direction of the
wall, age, species, and other factors [34–40]. Azuma and
Hasegawa [19, 20] previously investigated the difference in the
rheological properties of the aorta between circumferential
and longitudinal directions. The static rheological charac-
teristics of the aortic wall become gradually viscoelastic in
the circumferential direction with increasing distance from

the heart, while they were elastic in the longitudinal direction
irrespective of the portion of the aortic tree. There was no
marked difference in the viscoelastic properties between the
circumferential and longitudinal directions in the proximal
aortic region. These mean that the proximal aorta behaves as
an elastic vessel to achieve auxiliary pumping function.

In the present study, wall stress did not differ at any
strain level between any two groups, though wall tensile force
was significantly smaller in the FLT group than in the two
control groups. This was caused by the significant decrease
in wall thickness in the FLT group, which was considered
to be chiefly due to the reduction in the amount of SMC.
The number of SMC nuclei was significantly decreased in the
FLT group in comparison to the two control groups, which
contributed to the decrease in the SMC layer. Other impor-
tant factors affecting the thickness of the SMC layer were
the size of the SMC and the volume of the extracellular fluid
surrounding the SMC. It is not plausible that a large amount
of intracellular fluid was deprived to alter the contour of the
SMC in the 𝜇G environment because severe dehydration in
neonate rats over the period of lactation would not allow
maintaining their lives in space. The size of the SMC may
be well preserved; however, we did not investigate the size
with an electron microscope in the present study. A decrease
in the extracellular volume during spaceflight would partly
contribute to the decrease in the SMC layer in addition to
the reduction in the number of the SMC. The significant
decrease in the internal diameter of the aorta and bodyweight
in the FLT group rats would partly support a decrease in
the extracellular volume during spaceflight. The decreasing
trend of the weight of the aorta and the significant decrease in



8 BioMed Research International

cross-sectional area of the aorta in the FLT rats are considered
to mainly reflect the decreased SMC layer. The lower mass
of the aortic wall possibly affects the rheological properties
of the aortic wall through the decreased SMC layer in FLT
rats. It is unlikely that the lower mass of the aorta per se alters
overall rheological characteristics of the aortic wall in the FLT
group because the elastin and collagen contents were almost
the same as those in the two control groups.

The relaxation strength was about 8% in the three groups,
which suggested that the wall in the proximal thoracic aorta
was almost elastic regardless of the presence or absence of
spaceflight. The elastic properties would reflect the histolog-
ical findings that there were no significant differences in the
elastin and collagen fiber content and that the arrangement
of thick elastin fibers was not markedly altered in any of the
three groups. The plastic deformation was observed in all
strips in the FLT group, whereas it was not detected in the two
control groups. This was likely caused in part by the decrease
in the elastic recoil due to the insufficient formation of the
fine elastin fibers connecting the thick elastin fibers or SMC.

Cardiovascular function and rheological properties of the
aortic wall are known to gradually develop with growth after
birth [9–12, 24, 27]. Waki et al. [10] investigated changes
in the MAP level and baroreceptor function with postnatal
development in SD rats at 3, 8, and 20 weeks of age and
reported that MAP level reached mature level by 8 weeks,
although the sensitivity of baroreceptors was significantly
smaller at 3 and 8 weeks than at 20 weeks. Dickhout and
Lee [12] showed an increase in MAP level with postnatal
development and reaching approximately mature level at 4
weeks of age in Wistar Kyoto rats. Kasparov and Paton [11]
also reported progressive increase in MAP level with growth
from 6 to 25 days after birth. We previously observed that
the value of relaxation strength at 5min after the stretching
was 9.3%, 8.2%, and 4.6% on average in SD rats at 3, 8, and
20 weeks of age, respectively, and that wall tensile force at a
given strain and thickness gradually increased with growth
by the age of 20 weeks [27]. These support strongly that
cardiovascular function and rheological properties are still in
development at least at 3 weeks of age.

An important question arises whether breeding in 𝜇G
environment affects growth or not. Nutritional state could
have significant impact on growth. In the present study, the
body weight in the FLT rats was significantly low compared
with that in the two control groups on the day of the landing
on the ground. The most likely cause seemed to be lack
of nursing due to a reduced interaction between the dam
and pups during spaceflight. However, it was extraordinarily
difficult for the astronauts to measure daily milk intake and
body weight in a confined cabin of the Space Shuttle under
microgravity conditions. They could only check physical
conditions of rats by appearance in the 𝜇G environment.
However, some scientific bases have been shown that nutri-
tional disturbance during spaceflight was not amajor cause of
the morphological and functional alterations in the FLT rats.
Walton et al. [41] showed that the body weight in the FLT rats
reached that of the AGC rats and VIV rats by 8 and 13 days
after the landing, respectively. Adams et al. [42] demonstrated
that the myosin heavy chain (MHC) genes, very sensitive

to lack of nutrition, were not expressed in the FLT rats in
the Neurolab experiment (STS-90), whereas expression of
cardiac𝛽-MHCwas predominant inmalnourished status.We
investigated the rheological properties in the same pups as
those shared with the team examined MHC gene expression.
Oishi et al. [43] reported that the aortic ring in the FLT
rats showed smaller or no vasoconstriction response to
phenylephrine compared with that in the AGC and VIV rats.
Furthermore, the phenylephrine-induced vasoconstriction
response in the lactation-restricted rats little changed com-
pared with that in the normal rats. Stein et al. [44] compared
morphological findings of SMC of the aorta using an electron
microscope in growth-arrested rats at 18 and 33 weeks of age
by either inhibition of thyroid function or caloric restriction
at 5 weeks with those in age- and body-weight-matched
controls. They reported that the ultrastructural appearance
was similar among these groups, though aortic weight,
DNA, cholesterol, and phospholipid contents differed. We
previously investigated the effects of malnutrition on the
rheological characteristics of the proximal descending aorta
in 16-day-old neonate rats restricted from nursing for 9
days (Katsuda et al. unpublished observations). There were
no significant differences in wall tensile force, wall stress,
incremental elastic modulus, wall thickness, or number of
nuclei in the SMCbetween the nursing-restricted and control
rat groups, although body weight was significantly smaller
in the suckling-restricted groups than that in the control
groups. It cannot be denied that the 𝜇G conditions affect the
morphology and function of the vascular system, although
detailed study on nutritional matter in the 𝜇G environment
is required in the future.

Most investigators have reported the 𝜇G environment
could affect growth of the nervous and muscular system in
neonate rats in the Neurolab study (STS-90) [31, 41, 42, 45,
46]. Adams et al. [45] demonstrated that the growth of body
and limb skeletal muscles of neonate rats was impaired under
𝜇G environment and that systemic and body expression
of insulin-like growth factor-I (IGF-I) was suppressed by
spaceflight for 16 days. Yamasaki et al. [46] reported that the
number of high-threshold unmyelinated fibers of the aortic
nerve was significantly smaller in the neonate rats exposed
to 𝜇G environment for 16 days than in the control rats bred
under one-G conditions. Waki et al. [31] also demonstrated
that the baroreflex function in neonate rats was attenuated at
12 hrs after the returning from the spaceflight for 16 days. In
the present study, the diameter of the aorta, thewall thickness,
and the number of SMC in the proximal thoracic aortic wall
were significantly reduced in the FLT group compared to
those in the control groups. Morphological and rheological
properties are considered to be affected by exposure to a 𝜇G
environment in the course of development. The neonate rat
might not need to develop the aortic wall thickness, internal
diameter, and strength much to increase blood pressure and
to pump out a large amount of blood toward peripherals
under 𝜇G conditions because the rat would not fully move
muscles against gravity in the process of growth during
spaceflight.

In conclusion, the 𝜇G environment in the space could
affect the morphological and rheological properties of the
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aorta in the process of growth in neonate rats. The present
study offers fundamental data on vascular physiology and
morphology in animals and humans for long-term stay in
space station.
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Previous studies showed that chronically stressed and myocardially infarcted rats respond with exaggerated cardiovascular
responses to acute stress. The present experiments were designed to elucidate whether this effect can be abolished by treatment
with the angiotensin converting enzyme (ACE) inhibitor captopril. Sprague Dawley rats were subjected either to sham surgery
(Groups 1 and 2) or to myocardial infarction (Groups 3 and 4). The rats of Groups 2 and 4 were also exposed to mild chronic
stressing. Four weeks after the operation, mean arterial blood pressure (MABP) and heart rate (HR) were measured under resting
conditions and after application of acute stress. The cardiovascular responses to the acute stress were determined again 24 h after
administration of captopril orally. Captopril significantly reduced resting MABP in each group. Before administration of captopril,
the maximum increases in MABP evoked by the acute stressor in all (infarcted and sham-operated) chronically stressed rats and
also in the infarcted nonchronically stressed rats were significantly greater than in the sham-operated rats not exposed to chronic
stressing.These differences were abolished by captopril.The results suggest that ACEmay improve tolerance of acute stress in heart
failure and during chronic stressing.

1. Introduction

Prolonged activation of the renin-angiotensin system (RAS)
plays a pivotal role in the pathogenesis of cardiovascular dis-
eases [1, 2]. Introduction of angiotensin converting enzyme
1 inhibitors (ACEI) and angiotensin AT1 receptor block-
ers (AT1RB) into the treatment of cardiovascular diseases
markedly reduced morbidity and mortality of cardiovascular
patients [3–5]. Although large clinical trials did not indicate
significant differences between the effectiveness of ACEI and
effectiveness of AT1RB [6], there were also reports showing
that some patients manifest preference to ACEI while others
respond better to AT1RB or require supplementary treatment
[7, 8]. Thus far, the reasons of individual differences in
preference of AT1RB or ACEI are not fully recognized. One
of the causes of individual differences in effectiveness of AT1
receptors blockers and ACE inhibitors in the cardiovascular

diseases might result from different role of these compounds
in the regulation of cardiovascular reactions to stress.

In recent years, evidence has been provided that angioten-
sin II (Ang II) may be an important stress hormone. There-
fore, Yang et al. [9] reported that rats exposed to a short-
lasting compulsive water swim or to prolonged stressing (5-
day exposure to low ambient temperature) manifest signifi-
cantly higher concentration of Ang II in the brain, adrenals,
heart, vessels, and blood than the control animals. In addi-
tion, several groups of investigators provided evidence that
angiotensin II and angiotensinAT1 receptors play an essential
role in the stimulation of neuroendocrine responses to stress
[10–13].With regard to the regulation of blood pressure, Saiki
et al. [14] reported that the blockade of AT1 receptors in
the brain by intracerebroventricular (ICV) administration of
losartan or saralasin reduces the cardiovascular responses
to immobilization stress, whereas De Matteo et al. [15] and
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Mayorov and Head [16] have found that the blockade of
AT1 receptors in the rostral ventrolateral medulla (RVLM)
and dorsomedial hypothalamus with candesartan or losartan
reduces significantly the pressor response to 7-minute expo-
sure to air jet stressor in rabbits. Furthermore, the studies
of Zhang et al. [17] and Cudnoch-Jedrzejewska et al. [18, 19]
revealed that the blockade of AT1 receptors with losartan
abolishes elevation of cardiovascular responses to stress in
rats with myocardial infarction.

In the present study we tested the hypothesis that car-
diovascular responses to stress might also be significantly
influenced by orally applied ACE inhibitors. The rationale to
address this question was based on the following premises.
Firstly, the spectrum of ACE inhibitors action markedly
differs from that of AT1RB [7, 20]. Angiotensin converting
enzyme inhibitors abolish the formation ofAng II, preventing
thereby activation of both AT1 and AT2 receptors, while
AT1RB selectively interferes with the stimulation of AT1
receptors. In addition, ACE interferes with the destruction
of kinins [21]. Secondly, chronic stressing is frequently an
unavoidable attribute of everyday life and it was reported that
it might aggravate the cardiovascular pathology [22]. There-
fore, in this investigation, we aimed to elucidate whether
oral administration of ACE inhibitors may effectively reduce
cardiovascular responses to acute stress in the postinfarct
heart failure, during chronic stress and during combination
of these two challenges. In order to solve this question
we compared effects of administration of captopril, which
effectively inhibits ACE1 in rats [23, 24], on the cardiovascular
responses to acute stress in infarcted and sham-operated rats,
and in the rats exposed either to chronic stressing alone or to
chronic stressing combined with myocardial infarction.

2. Material and Methods

2.1. Animal Husbandry. Male Sprague Dawley rats (SPRD/
Möl/Lod) were used as experimental animals. They were
obtained from the Department of Animal Breeding and kept
under 12 h light/12 h dark rhythm (light on at 6:00 a.m.) and in
a roomwith regulated temperature (range 22–25∘C).The rats
were fed standard rat chow containing 0.3% sodium chloride
(NaCl) and had free access to water. All experimental and
surgical procedures described below were approved by the
Local Ethical Committee onAnimal Research and conducted
in accordance with the international/EU guidelines and
regulations on the use and care of laboratory animals.

2.2. Surgical Procedures. All surgical procedures were car-
ried out under barbiturate anesthesia (pentobarbital, Biowet,
Puławy, 5mg/100 g of body wt, i.p.). Immediately after
surgery, the rats were given an analgesic (buprenorphine
3 𝜇g/100 g of body wt, i.p.; 2 times daily for 2-3 days) and
antibiotic (penicillin, Polfa 10,000 IU/100 g of body wt, i.m.)
and were placed in their own home cages.

At an age of 8–10 weeks, the rats were subjected either to
a permanent left coronary artery ligation or to sham surgery.
The coronary ligation was performed according to our own
modification [25] of the surgical procedure described by

Selye et al. [26]. Briefly, the heart was exteriorized through
a surgical incision made between the 4th and 5th intercostal
space while ventilation of the lungs was maintained by
frequent administration of air jet puffs by means of a small
rubber balloon connected to the rat’s nose by means of a
plastic tube.The left coronary artery was permanently ligated
with a suture thread (Ethicon 6.0). The heart was placed
back into the thoracic cavity and the wound was closed with
surgical sutures (Ethicon 4.0). The rate of survival from the
surgery was 48%. In the sham-operated rats the coronary
artery was not ligated—instead the pericardium was touched
with a needle. The rate of survival of the sham-operated rats
was 95%.

Five weeks after the thoracic surgery, rats at the age of 13–
15 weeks had an arterial line implanted for the measurement
of mean arterial blood pressure (MABP) and heart rate (HR).
The line consisted of an intra-arterial portion, made from
a 3.5–4.0 cm tubing (i.d., 0.12mm; o.d., 0.25mm), and the
external portion (i.d., 0.25mm; o.d., 0.4mm), made from a
polyvinyl tubing (Scientific Commodities Inc.). The arterial
catheter was inserted into the aorta through the femoral
artery so that its end was located 2 cm below the renal
arteries. The external tubing was tunnelled under the skin
and exteriorized on the neck. The catheter was filled with
0.9% physiological NaCl, containing 500U/mL of heparin,
and closed with a stopper.

2.3. Course of Experiments and Experimental Groups

2.3.1. Course of Experiments. Five weeks after the myocardial
infarction or sham surgery and 48 h after implantation
of the arterial catheter, the rats were divided into four
experimental groups (29 rats, body weight: 327–343 g) and
four supplementary groups (19 rats, body weight: 335–345 g).
During the experiments, the rats remained in their home
cages but food and fluid were removed. For the experimental
group, each experiment consisted of two parts performed on
two consecutive days (Figure 1). During part 1, the rat was
connected to the arterial line and the resting MABP and HR
as well as MABP andHR responses to the air jet stressor were
recorded. After 30 minutes allowed for adaptation, MABP
and HR were recorded continuously for 40 minutes under
resting conditions and for 10 minutes after the application
of the alarming stressor (Figure 1). Subsequently, the rat was
disconnected from the line and offered free access to food and
water containing captopril (15mg/35mL/24 h/rat; approxi-
mately 45mg/kg/24 h; that is, 0.207mmol/kg/24 h).This dose
of captopril was previously found to normalize arterial blood
pressure in spontaneously hypertensive rats by [24, 27]. The
amount of water in the bottle corresponded to an average 24 h
water intake consumed by the rats receiving the same diet
[28]. In all experiments, the rats ingested the total amount
of captopril contained in the drinking fluid. Measurements
of the cardiovascular parameters were repeated 24 hours later
during the secondpart of the experiment as shown in Figure 1.
At the end of each experiment, the rat was anesthetized
with pentobarbital and a thin catheter (i.d., 0.5mm; o.d.,
0.8mm; Dural Plastics and Engineering, Auburn, Australia)
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Figure 1: Experimental procedures. MABP: mean arterial blood pressure; HR: heart rate.

was inserted into the left ventricle of the heart via the right
carotid artery and the aortic arch. The catheter served to
determine the left ventricle end-diastolic pressure (LVEDP).

2.3.2. Measurements and Procedures. Blood pressure, heart
rate, and end-diastolic left ventricle pressure (LVEDP) were
determined by means of the blood pressure recording system
(BIOPAC, MP 100, Santa Barbara, CA, USA). MABP was
determined as the area under the arterial pressure curve
divided by the cardiac cycle duration. Heart rate (beats/min)
was calculated from the number of the systolic pressure
peaks.

The cardiovascular response to acute stress was estimated
using our ownmodification [25] of the air jet stress procedure
described by Zhang et al. [17]. The air jet was blown on
the top of the rat’s head for 1 second via a laboratory-made
device.The device consisted of a tank containing compressed
air (10 atmospheres) and connected by a plastic tube (i.d.,
3.0mm) to a funnel (i.d., 41.5mm) held 1.5–2.0 cm above the
rat’s head. The cardiovascular measurements were collected
continuously for 10 minutes following the air jet application.
The magnitude of the cardiovascular responses to the air jet
stressor was evaluated by measuring the maximum increases
in MABP (ΔMABPmax) and heart rate (ΔHRmax) after
application of the stressor. The maximum increases in these
parameters were determined by subtracting the resting values
(found immediately before the application of the air jet) from
the maximum values of MABP and HR recorded during the
first 5 seconds after application of the air jet.The latency to the
maximum increases inMABP andHR and the duration (time
between the onset and the end) of the pressor and tachycardic
responses were also determined.

LVEDP was determined at the end of the 2nd part of the
experiment.

2.3.3. Groups of Experiments. Group 1 (control) was per-
formed on 7 sham-operated rats with the purpose of deter-
mining the effect of ACE inhibition onMABP and HR under
resting conditions and during the alarming (air jet) stress in
the rats that were neither infarcted nor chronically stressed.

Group 2 was performed on 7 sham-operated, chronically
stressed rats in order to determine the effects of captopril
on resting cardiovascular parameters and cardiovascular

responses to the alarming stressor in the sham-operated rats,
exposed to chronic mild stressing.

The program of chronic stressing was similar to that used
byGrippo et al. [29], except for somemodifications described
previously [30]. Briefly, the stressing was started one week
after the thoracic surgery and consisted of five sessions per
week (one session/day), which was followed by two days of
rest. The following procedures were applied: (1) exposure of
the rat to stroboscopic lamp flashes (300 flashes/min for
5 h); (2) placing the rat’s cage in an oblique position (angle
40∘) for 6 h; (3) visit of another rat in the home cage of the
experimental rat for 3 h (during the visit the rats were sep-
arated by a transparent barrier); (4) water deprivation for
18 h followed by access to an empty bottle for 6 h; (5) placing
the rat for 4 h in a new smaller cage (30 × 30 × 30 cm), in
which it was exposed to an alien smell (deodorant placed
in a perforated box). During each week, the sequence of the
stressing procedures was altered. After four weeks of chronic
stressing, the experiment was performed according to the
protocol described in Group 1. Each stressing procedure
started at 10:00 a.m.The samemodel ofmild chronic stressing
was found to induce anhedonia and significant changes in
blood renin and corticosterone levels ([29] and our own
unpublished data).

Group 3was performed on 8 infarcted rats andwas aimed
at determining the effect of captopril on resting MABP and
HR and on the cardiovascular responses to air jet stress in the
infarcted rats, not exposed to chronic stressing. The experi-
mental design was the same as in Group 1.

Group 4 was performed on 7 infarcted, chronically
stressed rats in order to determine the effect of captopril on
resting MABP and HR and on the cardiovascular responses
to acute stress during combined exposure to the postinfarct
heart failure and chronic stressing.The experimental protocol
and the program of stressing were the same as in Group 2.

2.3.4. Supplementary Experiments. Supplementary experi-
ments were performed to find out whether the rats could
adapt to the air jet stressor when it was applied with 24 h
intervals. Eight 10-week-old rats were subjected to the sham
surgery (Group 5; 𝑛 = 4 and Group 6; 𝑛 = 4) or to a perma-
nent coronary ligation (Group 7; 𝑛 = 5 and Group 8; 𝑛 =
4). Subsequently, the rats of Groups 5 and 7 were staying at
rest for four weeks whereas the rats of Groups 6 and 8 were



4 BioMed Research International

exposed to chronic stressing. After this time all rats had an
arterial catheter implanted. One day after implantation of the
arterial catheter, the rats were connected to the BIOPAC sys-
tem for recordingMABP andHR at rest and during exposure
to acute stress as in Groups 1–4. Subsequently, the rats of both
groups were disconnected from the recording system and
returned to their home cages where they had free access to
food and water without captopril. After 24 h, measurements
ofMABP andHR at rest and during application of acute stress
were repeated.

2.4. Postmortem Examination. After the experiments, the
rats were killed by an overdose of pentobarbital (pentobarbi-
tal 10mg/100 g of bodywt, i.p.) and the heartwas excised from
the thorax. The wall of the left ventricle (including septum)
was separated from the right ventricle and both atria. The
infarct surface on the external and internal wall of the ventri-
cle was measured and the measurements were averaged. The
size of the infarct was determined planimetrically [31] with
some modifications described previously [25] and expressed
as a percentage of the total left ventricle surface. Fragments
of the infarcted and noninfarcted left ventricle wall were
harvested for histological verification of the presence of
postinfarct fibrosis. The fragments were placed in a 4%
formaldehyde solution and embedded in paraffin.

Tissue blocks were sectioned at 4 𝜇m and stained with
hematoxilin and eosin for routine morphological examina-
tion [28, 30]. The abdomen was opened to check whether
the end of the arterial catheter was located below the renal
arteries and did not obstruct the lumen of the aorta or the
renal artery.

2.5. Statistical Analysis. Statistical software (release 10) was
used for statistical analysis of the results using recommenda-
tions of Curran-Everett and Benos [32] and Ludbrook [33]
for independent and repeated measurements and the post
hoc analysis of data. The Shapiro-Wilk test was used to check
whether the data follow a normal distribution. Multiple-way
ANOVA (two levels of rats: infarcted versus sham-operated;
2 levels of repeated measurements: before and after captopril
intake; and 4 levels of experimental design: sham-operated
nonchronically stressed, sham-operated chronically stressed,
infarcted nonchronically stressed, and infarcted chronically
stressed)was used to determine the significance of differences
between the resting cardiovascular parameters and between
the maximum increases, latencies, and durations of the
cardiovascular parameters produced by the air jet stressor.
The horizontal and vertical multiple pairwise comparisons
were made using the post hoc Tukey test; 𝑡-test (paired or
unpaired)was used if two groups ofmeasurementswere com-
pared. The differences were considered significant if 𝑃 was
<0.05. Values presented in the text and figures correspond to
means and standard errors.

3. Results

3.1. Effect of Captopril Intake on Resting MABP and HR. Sig-
nificant differences were found between the individual exper-
imental groups both before [𝐹(3.25) = 10.32; 𝑃 < 0.001]
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Figure 2: Changes in resting mean arterial blood pressure (MABP)
and heart rate (HR) before and after captopril intake in the infarcted
or sham-operated rats, exposed or not exposed to mild chronic
stressing. Means ± SE are shown; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 <
0.001.

and after captopril ingestion [𝐹(3.25) = 13.47; 𝑃 < 0.001].
The restingMABPwas significantly lower in the rats drinking
water containing captopril than in those drinking pure water.
A comparison between the individual groups showed that
before the administration of captopril the resting MABP was
significantly lower in the infarcted nonchronically stressed
rats than in the sham-operated nonchronically stressed rats
(Figure 2). MABP was also lower in the infarcted chronically
stressed rats than in the sham-operated chronically stressed
rats (Figure 2).

There were no significant differences in the resting heart
rate, which did not differ either before or after administration
of captopril (Figure 2).

3.2. Effect of Captopril on Air Jet Stress-Induced Maximum
Changes inMABP andHR. As shown in Figure 3 the baseline
MABP were stable during 40min preceding application of
the acute stress. The corresponding changes of HR were also
not significant (data not shown).The acute stress elicited sig-
nificant increases of MABP and HR (Figure 4). One-way
ANOVArevealed that before ingestion of captopril significant
differences in the magnitude of cardiovascular responses
to stress were present between the individual experimental
groups [𝐹(3.25) = 6.61; 𝑃 < 0.001]. Individual comparisons
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Figure 3: Fluctuations of baseline mean arterial blood pressure
(MABP) during 40min preceding application of the acute stress in
the infarcted or sham-operated rats, exposed or not exposed to mild
chronic stressing.

showed that ΔMABPmax values were significantly higher in
the sham-operated chronically stressed, infarcted nonchron-
ically stressed, and the infarcted chronically stressed rats than
in the sham-operated nonchronically stressed rats (Figure 4).

Captopril decreased the air jet stress-induced
ΔMABPmax in each experimental group except for the sham-
operated Group 1 (Figure 4). Before captopril administration,
the intergroup differences in ΔHRmax were not significant.
Ingestion of captopril resulted in significant decrease of
ΔHRmax in the infarcted nonchronically stressed rats and in
the infarcted chronically stressed rats (𝑃 < 0.05) (Figure 4).

3.3. Duration and Latency of the Pressor and Tachycardic
Responses to Air Jet Stressor. A comparison of ΔMABP and
ΔHR durations before and after administration of captopril
by multiple-way repeated measures ANOVA revealed the
presence of significant differences {ΔMABP: [𝐹(1.25) = 6.69;
𝑃 < 0.05]; ΔHR: [𝐹(1.25) = 8.51; 𝑃 < 0.05]} (Figure 5). Indi-
vidual comparisons demonstrated that captopril reduced the
duration of ΔMABP and ΔHR in each group (Figure 5).

A comparison of the latencies to ΔMABPmax before and
after administration of captopril by multiple-way repeated
measures showed significant differences [𝐹(1.25) = 13.92;
𝑃 < 0.01]. As shown in Figure 6, the latencies to ΔMABPmax
after administration of captopril were significantly lower than
before administration of this compound. Administration of
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Figure 4: Maximum increases in mean arterial blood pressure
(ΔMABPmax) and heart rate (ΔHRmax) after application of air jet
stressor before and after captopril intake in the infarcted or sham-
operated rats, exposed or not exposed to mild chronic stressing.
Means ± SE are shown; ∗𝑃 < 0.05; ∗∗𝑃 < 0.01; ∗∗∗𝑃 < 0.001.

captopril did not affect latencies of ΔHRmax in any of the
experimental groups (Figure 6).

3.3.1. Supplementary Experiments (Groups 5–8). As shown in
Figure 7, acute stress produced the same maximum increases
of MABP in the rats drinking water without captopril when
it was repeated with 24 h intervals. Repeatability of responses
was present both in the sham-operated and in the infarcted
rats.

3.3.2. Other Measurements. Left ventricle end-diastolic pres-
sure in the infarcted, nonchronically stressed rats (24.88 ±
1.93) was significantly higher than in the sham-operated,
nonstressed rats (3.88 ± 0.61; 𝑃 < 0.001). Similarly, LVEDP
in the infarcted, chronically stressed rats (22.56 ± 1.56) was
significantly higher than in the sham-operated, chronically
stressed rats (3.38 ± 0.63; 𝑃 < 0.001). Left ventricle end-
diastolic pressure in the infarcted, nonchronically stressed
rats, receiving captopril (18.33±0.95), was higher than in the
sham-operated, nonstressed rats, receiving captopril (2.88 ±
0.35; 𝑃 < 0.001). Similarly, LVEDP in the infarcted, chron-
ically stressed rats, receiving captopril (16.38 ± 0.84), was
significantly higher than in the sham-operated, chronically
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Figure 5: Duration of air jet stress-induced increases in mean
arterial blood pressure (ΔMABP) and heart rate (ΔHR) before and
after captopril intake in the infarcted or sham-operated rats, exposed
or not exposed to mild chronic stressing. Means ± SE are shown;
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stressed rats, receiving captopril (2.75 ± 0.37; 𝑃 < 0.001).
Captopril significantly reduced LVED in all infarcted rats
(𝑃 < 0.01) but did not exert significant effect on LVEDP in
the sham-operated chronically stressed rats.

The postmortem measurements showed that the infarct
surfaces were similar in the all-infarcted, nonchronically
stressed rats (range 25–45%) and in the all-infarcted, chroni-
cally stressed rats (range 26–47.5%).

4. Discussion

A novel finding in the present study is that the oral
administration of ACE inhibitors normalizes cardiovascular
responses to acute stress in infracted and chronically stressed
rats.

4.1. Hypotensive Effect of Short-Term Administration of Cap-
topril on Resting Blood Pressure. In the present study, we
decided to evaluate the effect of oral administration of
captopril as it is the routine way for the application of ACE
inhibitors during the treatment of cardiovascular diseases.
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Figure 6: Latency of air jet stress-induced maximum increases
in mean arterial blood pressure (ΔMABPmax) and heart rate
(ΔHRmax) before and after captopril intake in the infarcted or
sham-operated rats, exposed or not exposed to mild chronic
stressing. Means ± SE are shown; ∗𝑃 < 0.05.
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In our study, the dose of captopril ingested in 24 h water
supply was sufficient to decrease the resting blood pressure
in all experimental groups, including the sham-operated
nonstressed rats.The finding that captopril decreases the rest-
ing blood pressure in the infarcted and chronically stressed
rats fits with the activation of the systemic and local renin-
angiotensin systems during postinfarct heart failure [17, 34,
35] and during chronic stress [29]. For instance, Ahmad et al.
[35] have found that systematically applied lisinopril—one of
the hydrophilic ACE inhibitors—reduces ACE activity, both
in the brain and in the kidney of the infarcted rats. A decrease
of the resting blood pressure after captopril indicates that the
dose of captopril, which was applied, was sufficient to exert
the hypotensive effect in the control nondisturbed animals.
Previously, a significant hypotensive effect was also observed
after chronic application of captopril in conscious Sprague
Dawley control rats [23] and after administration of 25mg
of this compound into healthy human subjects in an upright
position [36].

4.2. Suppression of Exaggerated Cardiovascular Responses
to Acute Stress by Captopril in Infarcted and Chronically
Stressed Rats. Our results confirm previous findings showing
enhanced cardiovascular responses to acute stress inmyocar-
dially infarcted rats [17, 18, 25, 30] and in chronically stressed
rats [30]. In previous studies, it was demonstrated that this
effect significantly depends on the activation of the brain
renin-angiotensin system as it could be abolished by ICV
administration of AT1 receptor blockers and potentiated by
central administration of Ang II [17–19]. The present study
shows that significant attenuation of exaggerated cardiovas-
cular responses to acute stress may be achieved both in
infarcted and in chronically stressed rats by oral administra-
tion of captopril.

It cannot be excluded that the suppression of cardio-
vascular responses to stress by captopril could result from
the inhibition of the brain ACE. Indirect evidence indicates
that peripheral administration of ACE inhibitors, including
captopril, may inhibit the brain renin-angiotensin system
[35, 37, 38]. Moreover, autoradiographic studies have shown
that chronic oral administration of ACE inhibitor quinapril
lowers ACE density in several brain structures by 35–38%
[39]. On the other hand, there are also studies showing that
Ang II modulates sympathoadrenal activity through periph-
eral action [1, 40]. Thus, the stress-suppressing inhibitory
effect of captopril might be partly related to the suppression
of the stimulation of the sympathoadrenal system, which is
significantly stimulated both during postinfarct heart failure
[17] and during chronic stressing [22, 29, 41, 42].

The present study shows that oral administration of
captopril significantly reduces exaggerated cardiovascular
responses to acute stress during chronic stressing. Previous
studies provided evidence for pronounced activation of the
renin-angiotensin system during stress. Thus, significant
increases in Ang II content in the hypothalamus, medulla
oblongata, heart, and adrenal medulla were found in the rats
subjected to acute and prolonged stress by Yang et al. [9].
Moreover, it has been shown that a restraint stress enhances
expression of AT1 receptors mRNA in the paraventricular

nucleus (PVN) [43]. It was also demonstrated that AT1 recep-
tors play a significant role in the activation of the hypothal-
amo-pituitary-adrenal axis during stress [10, 11, 13]. Previous
studies showed that the blockade of central AT1 receptors
in the rostral, ventrolateral medulla (RVLM) significantly
attenuates pressor responses to short-lasting emotional stress
in rabbits [15, 16]. In addition, Saiki et al. [14] reported that
the blockade of central AT1 receptors suppresses stimulation
of the sympathetic nervous system and reduces pressor
and tachycardic responses elicited by immobilization stress.
The present study implies the involvement of Ang II in
the regulation of blood pressure during chronic stressing;
however its action may be mediated by other compounds.

Our previous studies provided evidence for interaction of
vasopressin and angiotensin II in the regulation of cardio-
vascular responses to acute stress. We have also found that
vasopressin and stimulation of V1 receptors participate in
Ang II-induced potentiation of the cardiovascular responses
to acute stress in infarcted rats [18, 19].Thus, reduction of the
cardiovascular responses to acute stress by captopril could
result from its inhibitory effect on generation of Ang II in
vasopressin secreting neurons. In this line, it has been shown
that inhibition of ACE by oral application of quinapril or
ramipril reduces the content of vasopressin in the supraoptic
and paraventricular (PVN) nuclei as well as in the brain
regions innervated by vasopressin secreting neurons [39, 44].

Apart from inhibition of Ang II formation, ACE inhibi-
torsmay also act by activation of the kinins system and release
of bradykinin [21, 45] and through the stimulation of nitric
oxide synthase and 20-HETE pathway [46, 47].

Interestingly, captopril significantly shortened the dura-
tion of the pressor and tachycardic responses to the air jet
stressor in all experimental groups and reduced the latency
to the maximum increase in arterial blood pressure (Figures
5 and 6). Reduced duration of the pressor and tachycardic
responses to acute stressmay be considered as a positive result
of ACE treatment because most likely it was associated with
reduced cardiac workload. The shortening of the latency to
the air jet stress-induced maximum elevation in MABP by
captopril may suggest that the blockade of ACE enhances
alertness to the alarming stressor.

In conclusion, the present study shows that orally admin-
istered captopril significantly decreases resting arterial blood
pressure and significantly reduces the pressor and tachycardic
responses to the acute stressor in chronically stressed rats
and in infarcted rats exposed and not exposed to chronic
stressing. Thus, the study discloses a new aspect of beneficial
action of orally administered ACE inhibitors in the postin-
farct cardiac failure and during chronic exposure to stress.
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Pulmonary embolism (PE) induces an acute increase in the right ventricle afterload that can lead to right-ventricular dysfunction
(RVD) and eventually to circulatory collapse. Hemodynamic status and presence of RVD are important determinants of adverse
outcomes in acute PE. Technologic progress allows computed tomography angiography (CTA) to give more information than
accurate diagnosis of PE. It may also provide an insight into hemodynamics and right-ventricular function. Proximal localization
of emboli, reflux of contrast medium to the hepatic veins, and right-to-left short-axis ventricular diameter ratio seem to be themost
relevantCTApredictors of 30-daymortality.These elements require little postprocessing time, an advantage in the emergency room.
We herein review the prognostic value of RVD and other CTA mortality predictors for patients with acute PE.

1. Introduction

Pulmonary embolism (PE) has a wide spectrum of pre-
sentations and severity. Some patients present with shock,
requiring urgent thrombolysis [1], while others can be safely
treated on an outpatient basis with anticoagulation alone
[2]. Guidelines propose tailoringmanagement of PE depend-
ing on the risk of adverse outcomes, which depends on
hemodynamic status (presence of shock or hypotension),
biomarkers (brain natriuretic peptide or cardiac troponin
levels), and imagery [1, 3]. Among normotensive patients,
right-ventricular dysfunction (RVD) has been shown to carry
a higher mortality [4–6]. Echocardiography has become the
standard procedure to evaluate RVD but requires skilled
specialists and is not available around the clock in many
hospitals [7].

Nowadays, computed tomography angiography (CTA) is
by far the most commonly used modality to diagnose pul-
monary embolism. CTA also allows appreciating vessel and
cardiac chamber size. Furthermore, contrast medium flow is

a dynamic process. Abnormal flow dynamics can manifest
in two ways: diverted hyperdense venous opacification and
an altered temporal relationship of vascular opacification
[8]. Thus even if CTA produces static images, it provides
clues for dynamic or functional parameters, thereforemaking
multislice chest CTA an attractive alternative to echocardio-
graphy for prognostic assessment. Using information given
by a single test also avoids time consuming and often costly
supplemental procedures.

We will herein review indirect hemodynamic signs given
by chest CTA and their impact on risk stratification.

2. Hemodynamic Consequence of Pulmonary
Arterial Obstruction at a Glance

In the pulmonary circulation, cardiac output (3 L/min/m2)
faces low arterial resistance (80 dynes⋅s/cm5) and generates
low pressure (mean pulmonary arterial pressure, 15mmHg).
The blood flow can eventually triple to face an increased
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demand without changing pulmonary pressure by recruit-
ment of new vascular beds.

The burden of pulmonary arterial obstruction and pre-
vious cardiorespiratory state determine the hemodynamic
consequences of PE. In previously healthy subjects, there is a
nonlinear correlation between the degree of pulmonary arte-
rial obstruction and pulmonary pressure. Pulmonary pres-
sure elevation is negligible until obstruction involves more
than 30–50% of the arterial bed but increases rapidly above
that threshold [9]. This increase is steeper in case of previous
pulmonary or left-heart disease. Arterial obstruction and
reflex vasoconstriction induced by hypoxia or locally released
cytokines cause pulmonary hypertension and enlargement of
proximal arterial vessels [10].

Increased central venous return related to hypoxia-
induced peripheral venoconstriction in addition to reflex
tachycardia increases right- ventricular preload and stroke
volume. Therefore, in medium-sized PE, cardiac output
remains normal or even slightly increased despite the higher
afterload. However, when the right ventricle (RV) can no
longer accommodate this pressure increase, signs of right-
ventricular failure occur. The blood stasis will cause vein
enlargement (e.g., superior and inferior vena cava and azygos
vein). Contrast medium reflux in the inferior vena cava on
chest CTA (Figure 1) is an indirect sign of tricuspid valve
insufficiency with elevated right atrial pressure [11].

The right-ventricular wall is thin, in comparison to that
of the left ventricle.Wall stress generated by an acute increase
in mean pulmonary arterial pressure above 40mmHg results
in right-ventricular dilatation (Figure 2) [9]. RV pressure
and dilatation can induce a shift of the septum that will
abnormally bow to the left (Figure 2). Because the peri-
cardium is inextensible, this results in an acute decrease
of left-ventricular (LV) compliance. In addition, a decrease
in coronary blood flow leads to myocardial ischemia that
first affects the RV due to an already increased oxygen
demand and then exacerbates abnormal LV compliance. The
decrease in stroke volume of the RV can lead to a decrease in
pulmonary venous return to the left ventricle, causing a drop
in systemic blood pressure. Syncope or shock occurs in 5–10%
of patients with acute PE [12].

Chest CTA gives indirect signs of right-heart afterload
(size of the main pulmonary arteries and emboli burden) or
preload (size of azygos vein and vena cava) and allows an esti-
mate of right-ventricular dysfunction through right-to-left
ventricular ratios (diameter, surface, volume, or even func-
tion), interventricular septum bowing, and retrograde reflux
of contrast into the veins. All these signs are interdependent
(e.g., right-to-left ventricle ratios and embolic burden or
retrograde reflux of contrast into the veins) and may give
information on more than one of the following physiologic
entities: preload, afterload, and ventricular function.

3. Computed Tomography Angiography Signs
of Right-Ventricular Dysfunction

In the late nineties, ventricular dilatation [13] and inter-
ventricular septum bowing [12] were recognized on helical

Figure 1: Computed tomography showing significant (grade 5)
reflux of contrast media in the inferior vena cava (white arrow) and
hepatic veins (black arrows) seen in a 75-year-old man diagnosed
with pulmonary embolism and right-ventricular dysfunction.

Figure 2: Computed tomography of a 75-year-old man with right-
ventricular dysfunction showing increased right-to-left diameter
ratio. The short-axis is measured at the widest points between the
inner surface of the free wall and the surface of the interventricular
septum, in axial transverse images used to diagnose procedure,
without reconstructions. The right and left ventricle diameters
selected to calculate the ratio are by definition the largest transverse
diameters and are therefore often measured in different CTA slices.
Note the interventricular septum bowing to the left (arrow).

computed tomography. RVdilatation andLV reduced volume
both contribute to a high right-to-left ventricle diameter ratio
[14].

3.1. Right-to-Left Ventricular Ratios. Right ventricle dilata-
tion can be assessed by different methods on CTA.The right-
to-left ventricular diameter ratio is more commonly used
because it is simple to measure and mirrors the concept
of right ventricle dilatation at echocardiography. The fastest
method is to measure the heart chambers’ minor axis at
the widest points between the inner surface of the free
wall and the surface of the interventricular septum in the
same images used for diagnosis, without reconstructions
(Figure 2). The right and left ventricle diameters selected
to calculate the ratio are by definition the largest transverse
diameters and are therefore often measured in different
CTA slices. However, “submassive pulmonary embolism,”
as defined by the American Heart Association criteria,
requires the use of reconstructed images in order to obtain
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a four-chamber view, comparable to echocardiography [3, 15].
The latter method is more time consuming and is dependent
on manipulations of workstation by the radiologist that can
result in different divergent planes of four-chamber views
and its incremental value is limited [16, 17]. The European
guidelines do not define the method for calculating the right-
to-left ventricle diameter ratio [1].

Since ventricles have a complex tridimensional shape that
is not considered when the ratio is measured in two dimen-
sions, some authors have proposed to measure volumetric
ratios [18, 19]. This volume ratio might be more accurate
in predicting mortality [20]. However, it demands manual
outlining of endocardial contour, which needs an additional 4
to 11 minutes [18], a practical issue limiting its generalisation.
A further step for improving the assessment of heart function
by CTA is to synchronize it with the ECG in order to obtain
diastolic and systolic ventricular images. Stroke volume and
ejection fraction can be calculated accurately with a good
reproducibility compared toMRI [21]. However, ECG-driven
CTA did not demonstrate a statistically different area under
the receiver-operator curve compared to axial ratio for pre-
dicting adverse clinical outcomes [22]. This technique results
in an extra amount of contrast agent and radiation exposure.
Ejection fraction derived from the ECG-synchronized CTA
is time consuming (around 20 minutes [21]) and requires
expertise [22].

Indeed, all those methods (axial ratio with or without
reconstruction and volumetric ratio) can be used to measure
ventricular dilatation and stratify the risk associated with PE,
with a good interobserver reproducibility (kappa > 0.8 for
RVD and Spearman’s rank correlation > 0.8) [16, 17]. In their
meta-analysis on the association between right-ventricular
dysfunction and mortality, Becattini et al. found similar
results for the different methods used to estimate the right-
to-left ventricle ratio [17].

Studies exploring CTA include very different patient
populations with a mortality ranging from 5 to 18% [4]. Also,
the thresholds used to define RVD are not uniform. The
most frequently used cut-off point for axial and four-chamber
view right-to-left ventricular ratio is 1.0 [4] and 1.2 for
volume ratio [18]. Higher cut-off points select a population at
increased risk of death [17]. The American Heart Association
recommends a cut-off of 0.9 while the ESC proposes a cut-off
of 0.9 or 1.0 for the right-to-left ventricle diameter ratio [1, 3].
Whatever the cut-off used is, overall RVD assessed by CTA is
observed inmore than 50%of patients diagnosedwith PE [4].
In theirmeta-analyses, Becattini et al. [17] andTrujillo-Santos
et al. [4] confirmed an increased mortality associated with
RVD in all-comers [17] and in the normotensive subset of
patients with pulmonary embolism [4, 17]. The risk of death
at 30 days after diagnosis doubles (Table 1) for patients with
an increased right-to-left ventricle ratio (diameter, surface, or
volume ratio) determined by CTA, a result comparable to RV
dysfunction assessed by echocardiography [5, 6]. The abso-
lute risk increases from 5.1% (105/2049) to 11.2% (293/2612)
in all-comers including patients with shock and from 3.3%
(33/984) to 5.4% (69/1270) in normotensive patients with an
increased right-to-left ventricle ratio [17].

3.2. Septum Bowing. This nonspecific sign of increased right-
sided pressure is found roughly in 20% of patients with
PE (Figure 2) [14, 16, 27]. Septum bowing has an excellent
specificity (100%) but a poor sensitivity (26%) for predicting
RV dysfunction [11]. Furthermore, it is the right-ventricular
CTA sign with the poorest interobserver reproducibility
(kappa: 0.32), thus limiting its clinical application [16]. It has
been shown to confer a greater risk of ICU admission [27, 28]
and short-term death (Table 1) [17, 18].

4. Computed Tomography Angiography
Estimate of Afterload

4.1. Embolic Obstruction Burden Score and Localization. The
number of emboli and their locations are expected to cor-
relate with prognosis. Computed tomography angiography
allows an accurate visualisation of emboli up to the sub-
segmental portions of the pulmonary arteries [29]. Many
different CTA scores integrate the number of occluded vessels
and the degree of obstruction (complete versus incomplete)
with conflicting results concerning their association with
death. Vedovati et al. found no association with mortality
[23]. However, this recent meta-analysis explored only one
scoring system, the Qanadli score [30], and was limited by a
small number of studies and a high degree of heterogeneity
with many outliers. Moreover, all emboli burden scores are
laborious to perform and simpler information can be readily
obtained on CTA, namely, the central position (main or
lobar arteries) of the emboli. The central location of the
emboli seems to have a greater influence on the risk of 30-
day mortality than the presence of multiple minor emboli
(included in burden scores) [23]. This is confirmed in the
same meta-analysis (Table 1) [23].

4.2. Pulmonary Artery Size. In small heterogeneous popula-
tions, the diameter of the main pulmonary artery [26] and
the ratio between the pulmonary artery and the ascending
aortawere proposed as indicators of pulmonary hypertension
[10], since the size of the main pulmonary artery increases
in severe PE [28, 31]. The diameter of the main pulmonary
artery and the ratio between the pulmonary artery and the
ascending aorta failed to demonstrate a correlation with
mortality in the context of acute PE in a large study andmeta-
analysis [14, 23].

4.3. Blood Flow Distribution on Dual-Energy CTA. Standard
CTA uses a single X-ray beam at a fixed potential (single-
energy), which gives useful structural information, but is
sometimes limited in differentiating between tissues with
similar attenuation.The principle of dual-energy imaging has
been established a long time ago [32] but was only recently
implemented on modern CT scanner devices [33–35]. Dual-
energy CT analyses simultaneously the X-ray attenuation at
low- and high-energy levels (usually 80 and 140 kV), which
brings specific information about a particular structure or
tissue (e.g., used to differentiate calcium from iodine, iodine
from blood clot, and so forth). Dual-energy chest CTA has
many applications [35]. In suspected acute PE, it provides
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excellent morphologic details while allowing the identifica-
tion of small peripheral thrombi [36].

By isolating the iodine component of the tissue, dual-
energy CTA gives the distribution of contrast mediumwithin
the lung parenchyma (parallel to the blood perfusion of the
lung). Lung perfusion scores derived from dual-energy CTA
and number of pulmonary segments with reduced blood
flow have been shown to correlate with CTA obstruction
score [37–40], troponin I [38], D-dimer [24], and right-to-
left ventricular ratio [24, 37–42]. Only one retrospective study
suggested a link with mortality (7/18 deaths in the group
with a perfusion defect of more than 5% and 5/35 death in
the group with smaller defect, Table 1) [24]. Another study
showed greater perfusion defects among the 10/60 patients
admitted to ICU or dying from PE compared to normoten-
sive patients with PE [37]. However, the dual-energy CTA
increases the postprocessing time, the number of images to be
stored, and requires expertise. Numerous artefacts also limit
its interpretation (e.g., heart and diaphragmatic movement
and parenchymal abnormalities) [35]. Irradiation dose seems
not to be increased compared to single-energy CTA but
depends on type of dual-energy (single source or dual source)
and protocol used [35, 43]. The usefulness of dual-energy
CTA in risk stratification for acute PE deserves further study.

5. Computed Tomography Angiography
Estimate of Preload

Preload is more difficult to appreciate on CTA. Saugel et al.
found a disappointing correlation between invasive mea-
surement (transpulmonary thermodilution) and CTA deter-
mined parameters of left-sided hemodynamics (preload and
lung water content) [44]. Contrast reflux in vena cava and
vein size integrate information on ventricular pressure over-
load, dilatation, and decreased function.These are arbitrarily
classified as preload for the conceptual purposes of this paper.
Cardiac chambers are also related to preload.

5.1. Retrograde Reflux of Contrast into the Veins. Reflux of
medium contrast into the inferior vena cava (IVC) is an
indirect CTA sign of increased RV pressure that can be seen
in various underlying conditions (Figure 1) [8]. It is present
in around 20% of patients with acute PE [25]. The severity of
the reflux of contrast medium can be graded as 1 = no reflux
to 6 = reflux into IVCwith opacification that extends down to
the distal hepatic veins [25]. Only reflux down to the hepatic
veins (grade ≥ 4) seems to have prognostic significance [25].
Interobserver reproducibility is good when high grades of
reflux are considered (≥4) (Kappa: 0.57–0.78) [16, 25]. Reflux
of contrast medium into the IVC is a significant predictor of
RVD determined by echocardiography or biomarkers (94%
sensitivity and 55% specificity) [11] and of 30-day mortality
(Table 1) [18].

5.2. Vein Size. An increased pressure in the right atrium
results in the widening of dependent veins such as the azygos
vein, coronary sinus, and superior and inferior vena cava
(IVC) [28, 45]. All of these vein sizes were significantly

different in patients with RVD assessed by echocardiography
compared to those without [45]. IVC size incorporated
in a multivariate model predicted better RVD than as a
single parameter or ratio measured on CTA [45]. In a small
retrospective study, the azygos vein and SVC sizes were
different between deceased patients and survivors from an
acute PE [31]. However evidence is lacking on the real utility
of those CTA parameters to predict 30-day mortality.

6. Clinical Implication for
PE Risk Stratification

An ideal risk stratification tool should be able to identify
patients at higher risk of death deserving admission to a
monitored unit and/or thrombolysis and safely select low-
risk patients eligible for short hospital stay or outpatient
treatment.

As previously discussed, the most validated CTA sign is
the right-to-left ventricle diameter ratio, other signs having
no utility (obstruction score), lacking evidence (contrast
reflux) or having a high interobserver variability (septum
bowing) (Table 1). However the absolute 30-day mortality
risk increases only slightly for patients with an increased
right-to-left ventricle ratio [17]. Thus, the pooled estimated
positive predictive value for right-to-left ventricle diameter
ratio measured in transverse images is only 10% (95% CI 6–
15%) [17]. With a positive likelihood ratio of 1.3 (95% CI 1.1–
1.4) this result has little utility in practice, since the posttest
probability is only little different from the pretest probability.
CTA performances are comparable to those of echocardio-
graphy, which thus adds little for further risk stratification
after CTA. Some data suggest that combination of CTA with
cardiac biomarkers [20, 46] or clinical scores may further
optimize risk stratification [47, 48]. Nevertheless, in the
recently published PEITHO study in which the intermediate-
risk population was selected based on evidence of both
myocardial injury (elevated troponin) and RVD assessed by
CTA or US, the 30-day mortality in the heparin-alone arm
was low (2.8%) [46].

The pooled estimated negative predictive value for right-
to-left ventricle diameter ratiomeasured in transverse images
is 95% (95% CI 93–97%) [17], making CTA a good candidate
to identify low-risk patients. However, the negative likelihood
ratio is only 0.7 (95% CI 0.6–0.9) [4], a result comparable
to echocardiography (NLR 0.6 (95% CI 0.4–0.9)) [5]. This
apparent discrepancy between high negative predictive value
and poorly discriminative NLR is due to the low overall
mortality associated with PE. Therefore, it should be recog-
nized that a number of patients with PE and no RVD on
CTA are still at risk of dying. On the other hand, a simple
score, the PESI score, based only on clinical variables, is
able to accurately identify patients with a 30-day mortality
below 3% and has been extensively validated. Therefore, risk
stratification by imaging whatever the index used is not
clinically relevant for identifying low-risk patients eligible for
short hospital stay or outpatient treatment [2].

In summary, available evidence suggests a role for CTA
as an alternative to echocardiography for identifying patients
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with intermediate-risk PE eligible for closer monitoring. In
contrast, low-risk patient should be identifiedwith PESI score
(I or II) [2].

7. Conclusion

This review shows the prognostic values that can be gathered
on an already available CTA, which is (fast) always done for
diagnosis. However, the choice of CTA or echocardiography
for risk stratification remains dependent on their institu-
tional availability. Right-to-left short-axis ventricular ratio is
the most relevant CTA-parameter for predicting short-term
mortality (within 30 days) and can replace echocardiography
for RVD assessment. However, its incremental value for risk
stratification in acute PE is low (likelihood ratios close to 1).

Further research should focalize on management strate-
gies depending on CTA-based risk categories, in combina-
tion with clinical scores or biomarkers. Although proximal
location of emboli, septum bowing, and reflux of contrast
medium into the hepatic veins may be of interest, there is
insufficient evidence to recommend their clinical use. Right-
to-left short-axis ventricular ratio measurement on CTA
demands little postprocessing time, a useful feature in the
emergency room.
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Introduction. The PiCCO transpulmonary thermodilution technique provides two indices of cardiac systolic function, the cardiac
function index (CFI) and the global ejection fraction (GEF). Both appear to be correlated with left ventricular ejection fraction
(LVEF) measured by echocardiography in patients with circulatory failure, especially in septic shock. The aim of the present study
was to test the reliability of CFI as an indicator of LVEF in patients with cardiogenic shock. Methods. In thirty-five patients with
cardiogenic shock, we performed (i) simultaneousmeasurements of echocardiography LVEF and cardiac function index assessed by
transpulmonary thermodilution (𝑛 = 72) and (ii) transpulmonary thermodilution before/after increasing inotropic agents (𝑛 = 18).
Results. Mean LVEF was 31% (+/−11.7), CFI 3/min (+/−1), and GEF 14.2% (+/−6). CFI and GEF were both positively correlated with
LVEF (𝑃 < 0.0001, 𝑟2 = 0.27). CFI and GEF were significantly increased with inotropic infusion (resp., 𝑃 = 0.005, 𝑃 = 0.007).
A cardiac function index <3.47/min predicted a left ventricular ejection fraction ≤35% (sensitivity 81.1% and specificity 63%). In
patients with right ventricular dysfunction, CFI was not correlated with LVEF. Conclusion. CFI is correlated with LVEF provided
that patient does not present severe right ventricular dysfunction. Thus, the PiCCO transpulmonary thermodilution technique is
useful for the monitoring of inotropic therapy during cardiogenic shock.

1. Introduction

Hemodynamic monitoring is essential for the diagnosis and
therapeutic management of critically ill patients [1]. There
are several different methods and techniques for monitoring
patients with circulatory failure, although none are ideal
(namely non-invasive, safe, reproducible, assessing cardiac
preload and myocardial function) [2–5]. Considering the
systolic function of the left ventricle, Doppler echocardio-
graphy has become the standard tool for measuring left
ventricular ejection fraction (LVEF) [6, 7]. Unfortunately,
echocardiography for hemodynamicmonitoring is limited by
the availability of equipment and/or experienced examiners
on a 24/24 hour basis. As a result, the PiCCO system (Pulsion
Medical System, Munich, Germany) based on the use of
a specific thermodilution arterial catheter and a central

venous line has emerged as an interesting monitoring
approach and could be proposed as an alternative to echocar-
diography for the estimation of LVEF; indeed, this system
allows on the one hand the assessment of cardiac output
[5], of cardiac preload [3, 8–13], and on the other hand two
indices of cardiac systolic function, the cardiac function index
(CFI) and the global ejection fraction (GEF). Both appear to
be correlated with left ventricular systolic ejection fraction
measured with echocardiography in patients with circulatory
failure [14–16]. However, these latter studies essentially per-
tained to patients with septic shock, and less than 15% of the
patients presented severe heart failure (cardiogenic shock).

The aim of the present study was thus to evaluate the
reliability of CFI as a marker of left ventricular ejection
fraction in patients with cardiogenic shock. We hypothesized
that CFI is correlated with LVEF, increases with inotropic
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infusion and is not altered with fluid expansion in patients
with cardiogenic shock.

2. Material and Methods

2.1. Study Population. This prospective observational study
was conducted in a 13-bed ICU in a university hospital.

Patients were included if they met the following crite-
ria: presence of a cardiogenic shock and monitoring by a
transpulmonary thermodilution device. Inclusion was pos-
sible during the initial evolution of cardiogenic shock (i.e.,
when inotropic agent was introduced and/or when dobu-
tamine posology was increased).

Cardiogenic shock was defined as a persistent hypoten-
sion resulting from heart failure in the presence of adequate
intravascular volume [17]. Circulatory shock was diagnosed
by observing hypotension, tachycardia, poor tissue perfusion
such as oliguria, cool skin, mottled extremities, and cerebral
hypoperfusion. Associated hemodynamic criteria included
the following:

(i) persistent hypotension (systolic blood pressure
≤90mmHg or decrease in systolic arterial pressure
>30% in known hypertensive patients),

(ii) cardiac index (CI) less than 2.2 L/min per m2 without
dobutamine infusion and/or patient already receiving
inotropic agent because of a low CI. CI was assessed
either by echocardiography or by transpulmonary
thermodilution [17, 18].

Exclusion criteria included the following: age <18
years; no available echocardiography (absence of sufficient
echogenicity); septic shock and/or septic cardiomyopathy;
and patient treated with intra-aortic balloon pumping (given
that the thermodilution technique requires interrupting the
treatment and real time arterial pulse contour analysis is
not possible). Nonsinus rhythm (atrial fibrillation), right
ventricular failure, and therapeutic hypothermia for cardiac
arrest were not considered as exclusion criteria.

The following data were recorded: age, sex, past medical
history (such as chronic cardiac insufficiency and nonsinus
rhythm), simplified acute physiology score (SAPS II), cause
of cardiogenic shock, need for mechanical support, renal
replacement therapy, and use of vasopressor and/or inotropic
agent during measurement and during the ICU stay.

2.2. Transpulmonary Thermodilution and Calculation of CFI
and GEF. A 5-French thermistor-tipped catheter was placed
into the femoral artery and a central venous catheter was
inserted into a central vein (jugular or subclavian vein);
both were connected to the PiCCO system. Cardiac output
(CO) and volumetric parameters were measured with the
thermodilution technique and obtained after injection of
15mL of cold isotonic saline 0.9% (<8∘C) via the central
venous catheter.

The CO was calculated from the thermodilution curves,
according to the Stewart-Hamilton algorithm; the mean of
three consecutive injections was recorded.

Volumetric parameters were calculated from the mean
transit time (MTt) and the exponential downslope time
(DSt) of the thermodilution curve: (i) intrathoracic thermal
volume (ITTV) was obtained by the product of CO × MTt;
(ii) pulmonary thermal volume (PTV) was obtained by the
product of CO × DSt; (iii) the global end-diastolic volume
(GEDV) represented the difference between ITTV and PTV:
GEDV = ITTV − PTV = CO ∗MTt – CO ∗ DSt.

The PiCCO monitor automatically calculated the two
cardiac systolic function indices, namely, CFI and GEF.

(i) CFI is the ratio between CO and GEDV: CFI = CO/
GEDV, expressed in min−1.

(ii) GEF is defined as the ratio of the stroke volume (SV)
to the quarter of the GEDV: GEF = SV/(GEDV/4),
expressed as a percentage.

The transpulmonary thermodilution parameters were
recorded in 3 different situations:

(1) each time an echocardiography was performed,
(2) before and 30 minutes after the initiation or increase

in inotropic agent,
(3) before and immediately after a volume loading: the

reason for administering fluid infusion was system-
atically recorded (response to a passive leg-raising,
presence of respiratory changes in pulse pressure).

2.3. Echocardiography. A transthoracic echocardiography
was performed with a Vivid 3 (Philips) by a specially trained
cardiologist. LVEF was obtained by the biplane Simpson’s
method or was visually estimated [19, 20].

The operator systematically looked for evidence of a
right ventricular dysfunction; a severe right heart failure was
defined in this study by the association of three abnormalities
[21, 22]:

(1) visually right ventricular dilatation and/or right ven-
tricular wall motion abnormalities,

(2) tricuspid annular plane systolic excursion (TAPSE)
≤15mm,

(3) systolic pulmonary artery pressure (PAPs)
≥35mmHg.

2.4. Statistical Analysis. Statistical analyses were performed
using the GraphPad software, version 4.0, and STATA soft-
ware, version 9.0.

Continuous variables are expressed as mean (+/− stan-
dard derivation). Categorical variables are expressed as per-
centages. The correlations were tested using a Pearson test.

The comparison of variables between before and after
therapeutic intervention was performed with a nonparamet-
ric test (Wilcoxon matched pairs signed-rank test).

The receiver operating characteristic (ROC) curve was
constructed to study the ability of CFI to predict a LVEF
≤35%.

A 𝑃 < 0.05 was considered statistically significant.
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Table 1: Patient characteristics (𝑛 = 35).

𝑛 = 35

Sex ratio 1.2
Men (𝑛; %) 19 (54.3%)

Age (years; SD) 66 ±16
Underlying cardiovascular disease:
(i) Preexisting cardiomyopathy (𝑛; %) 21 (60%)

LVEF (%; SD) 39.7 ±14
(ii) Chronic atrial fibrillation (𝑛; %) 11 (31.5%)
SAPSII (𝑛; SD) 54 ±21
Causes of cardiogenic shock: (𝑛; %)
(i) Acute myocardial infarction 15 (42.9%)
(ii) End-stage cardiomyopathy 6 (17.1%)
(iii) Treatment toxicity (chemotherapy) 5 (14.3%)
(iv) Myocarditis 2 (5.7%)
(v) Complex heart rhythm disorder 2 (5.7%)
(vi) Thyrotoxicosis 1 (2.9%)
(vii) Unknown 4 (11.4%)
Need for life support techniques in ICU: (𝑛; %)
(i) Renal replacement therapy 12 (34.3%)
(ii) Mechanical ventilation 22 (62.8%)
(iii) Norepinephrine use 25 (71%)
(iv) Epinephrine use 1 (2.8%)
(v) Dobutamine use 35 (100%)
Mortality in the ICU (𝑛; %) 19 (54%)
LVEF: left ventricular ejection function; SAPSII: simplified acute physiology
score II; ICU: intensive care unit.

3. Results

Thirty-five patients were studied between January 2009 and
November 2012. Table 1 summarizes the characteristics of the
population. Of the 19 men (54.3%) and 16 women (45.7%),
21 patients (60%) had a preexisting cardiomyopathy, with a
mean LVEF of 39.7% (+/−14), and 11 patients (31.5%) had a
past history of chronic atrial fibrillation. Mean SAPS II score
at admission was 54 (+/−21).The causes of cardiogenic shock
were principally acute myocardial infarction (𝑛 = 15) and
end-stage cardiomyopathy (𝑛 = 6). Overall ICU mortality
rate was 54%.

Seventy-two pairs of CFI/LVEF measurements were
obtained, for which thermodilution and echocardiography
variables are described in Table 2. In 38 pairs, patients
were treated with norepinephrine (mean dosage of
0.72 𝜇g/kg/min), and 63 were under dobutamine infusion
(mean dosage of 9.4𝜇g/kg/min). For the 72 pairs of
measurements, mean LVEF was 31% (+/−11.7), whereas mean
CI, CFI, and GEF were, respectively, 2.6 L/min/m2 (+/−0.8),
3/min (+/−1), and 14.2 (+/−6). As shown in Figure 1, a
significant correlation between CFI and LVEF was observed
(𝑃 < 0.0001, 𝑟 = 0.52 (95% confidence interval: 0.32–0.67),
𝑟
2
= 0.27) in the 72 pairs of measurements. A significant

correlation was also established between GEF and LVEF
(𝑃 < 0.0001, 𝑟 = 0.52 (95% confidence interval: 0.33–0.67),
𝑟
2
= 0.27).
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Figure 1: Correlation between cardiac function index (CFI) and left
ventricular ejection fraction (LVEF). Dashed line: linear regression
line.

Eighteen thermodilution measurements were obtained
before and after the onset or increase in dobutamine infusion
(Table 3). CI, CFI, and GEF were significantly increased with
inotropic infusion, whereas there was no change in heart rate
and GEDV (Table 3 and Figures 2 and 3).

Only 4 measurements before and after volume expansion
were performed: 3 fluid loadings were decided because the
patient was deemed to respond positively to fluid adminis-
tration (presence of respiratory variation in pulse pressure in
one patient; positive hemodynamic response to passive leg-
raising in 2 others). CI, CFI, GEF, andGEDVwere not altered
by volume expansion (Table 4).

In the 72 pairs of measurements, a CFI value <3.47
allowed diagnosing a LVEF ≤35% with a sensitivity of 81.1%
(95% confidence interval: 0.68–0.9) and a specificity of 63%
(95% confidence interval: 0.38–0.83). The area under the
ROC curve was 0.8 (95% confidence interval: 0.69–0.91)
(Figure 4).

Among the 72 CFI/LVEF measurements, 14 pertained
to 9 patients with a right ventricular dysfunction. Reasons
for the cardiogenic shock associated myocarditis and acute
myocardial ischemia with right ventricular impairment,
chemotherapy toxicity, and end-stage chronic heart failure.
In these patients, CI and CFI were not correlated with LVEF
(resp., 𝑃 = 0.28; 𝑃 = 0.34) (Table 5).

4. Discussion

The present study shows that CFI, obtained by the transpul-
monary thermodilution function, is a reliable indicator of left
ventricular ejection fraction in cardiogenic shock. Indeed,
CFI was found to be statistically correlated with LVEF and
to increase with inotropic infusion while not altered by fluid
expansion. Moreover, a CFI <3.47 allowed predicting a LVEF
≤35% with good sensibility (81.1%) and specificity (63%).

Assessing LVEF in critically ill patients admitted to the
ICU is a key aspect of their hemodynamic management,
since detecting a low LVEF may lead to specific therapy
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Table 2: Hemodynamic characteristics of pairs of CFI/LVEF measurements (𝑛 = 72).

Mean SD
Patient data

Norepinephrine (𝜇g/kg/min) 0.72 ±0.79 𝑛 = 38

Epinephrine (𝜇g/kg/min) 0.77 — 𝑛 = 1

Dobutamine (𝜇g/kg/min) 9.4 ±4.8 𝑛 = 63

Systolic arterial pressure (mmHg) 121 ±20 𝑛 = 72

Diastolic arterial pressure (mmHg) 60 ±12 𝑛 = 72

Mean arterial pressure (mmHg) 80 ±15 𝑛 = 72

Heart rate (/min) 100 ±19 𝑛 = 72

Echocardiography data
Left ventricular ejection fraction (%) 31% ±11.7 𝑛 = 72

Pulmonary systolic arterial pressure (mmHg) 44 ±12.3 𝑛 = 38

TAPSE (mm) 18.4 ±4.7 𝑛 = 63

Transpulmonary thermodilution data
Cardiac index (L/min/m2) 2.6 ±0.8 𝑛 = 72

Cardiac function index (/min) 3 ±1 𝑛 = 72

Global ejection fraction (%) 14.2 ±6 𝑛 = 72

Global end diastolic volume (mL/m2) 820 ±190 𝑛 = 72

CFI: cardiac function index; LVEF: left ventricular ejection function; TAPSE: tricuspid annular plane systolic excursion.

Table 3: Evolution of hemodynamic parameters before and after increasing dobutamine infusion; 𝑛 = 18.

𝑛 = 18
Before After

Mean SD Mean SD
Systolic arterial pressure (mmHg) 115 ±19 117 ±17.7 —
Diastolic arterial pressure (mmHg) 57 ±11 55 ±8.4 —
Mean arterial pressure (mmHg) 76 ±13 75 ±10 —
Heart rate/(min) 101 ±25 105 ±23 𝑃 = 0.078

Cardiac index (L/min/m2) 2.21 ±0.55 2.95 ±0.92 𝑃 = 0.0008

Cardiac function index (/min) 2.75 ±0.87 3.28 ±1.26 𝑃 = 0.0046

Global ejection function (%) 11.4 ±3.9 13.6 ±4.5 𝑃 = 0.0074

Global end-diastolic volume (L/m2) 788 ±185 879 ±255 𝑃 = 0.22

Dobutamine (𝜇g/kg/min) 5.3 ±4.7 10.1 ±5.7 —
Left ventricular ejection fraction % (𝑛 = 11) 27 ±9 30.2 ±9.4 —

Table 4: Measurements before and immediately after fluid infusion; 𝑛 = 4.

𝑛 = 4
Before After

Mean SD Mean SD
Systolic arterial pressure (mmHg) 124 ±22 125 ±24 —
Diastolic arterial pressure (mmHg) 65 ±13 60 ±18 —
Mean arterial pressure (mmHg) 83 ±13 82 ±17 —
Heart rate (/min) 95 ±6 95 ±6.2 —
Cardiac index (L/min/m2) 2.54 ±1.18 2.45 ±1.19 𝑃 = 0.62

Cardiac function index (/min) 4.4 ±3 4.25 ±2.9 𝑃 = 0.62

Global ejection function (%) 18.8 ±11 19 ±11 𝑃 = 0.85

Global end-diastolic volume (L/m2) 570 ±140 610 ±117 𝑃 = 0.62

such as inotropic infusion. Echocardiography is the gold
standard for LVEF estimation: it is a reliable, safe, and
noninvasive technique; however, echocardiography requires
specific equipment and a competent operator 24/24 h, which
is currently not possible in all ICUs. Thus, by providing two

cardiac function indices, the PiCCO system could provide an
interesting alternative to echocardiography in the assessment
of LVEF. Our work confirmed the results of the two previous
studies regarding the validity of CFI as an indicator of
LVEF in critically ill ICU patients: Combes et al. [14] first
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Table 5: Patients with a right ventricular dysfunction; 14 measure-
ments, 9 patients.

𝑛 = 14 Mean SD
Echocardiography data

Left ventricular ejection fraction (%) 29.9% ±9.8
Pulmonary systolic arterial pressure (mmHg) 47 ±6.8
TAPSE (mm) 12.9 ±1.5

Thermodilution
Cardiac index (L/min/m2) 3 ±1.1
Cardiac function index (/min) 2.95 ±0.8
Global ejection function (%) 12 ±3.7

TAPSE: tricuspid annular plane systolic excursion.
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Figure 2: Changes in cardiac index with dobutamine infusion (𝑛 =
18): 𝑃 = 0.0008.

demonstrated in 30 patients that CFI was correlated with
LVEF assessed by transesophageal echocardiography (𝑟 =
0.87; 𝑃 < 0.0001). A similar correlation was also described
in 2009 by Jabot et al. [15] from 96 CFI/LVEF measurements
(𝑟 = 0.67; 𝑃 < 0.0001) involving 39 patients in which
LVEF was obtained by transparietal echocardiography. In
these studies, however, few patients presented severe cardiac
dysfunction, as only 15% of the population was admitted for
cardiogenic shock.Our study is the only study to assess CFI as
amarker of LVEF in patients with severe cardiac impairment,
as witnessed by a mean LVEF of 31%. Interestingly, the
correlation between CFI and LVEF was slightly lower in our
study than in the two previous studies (𝑟 = 0.52 versus 0.87
and 0.67, resp.). Because CFI represents the ratio between CO
and GEDV, a severe dilatation of cardiac cavity such as that
observed in chronic atrial fibrillations may underestimate
CFI (and thus LVEF estimated with CFI). Combes et al. [14]
excluded patients with nonsinus rhythm or with a known
abdominal aortic aneurysm, whereas we did not exclude
patients with a past history of arrhythmia or aneurysm.
Moreover, in our population, we noted 31.5% chronic atrial
fibrillation, which may explain the lower correlation between
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Figure 3: Changes in cardiac function index with dobutamine
infusion (𝑛 = 18): increase in CFI under dobutamine (𝑃 = 0.0046).
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Figure 4: Receiver operating characteristic curve showing the
ability of CFI to predict a LVEF ≤ 35%.

CFI and LVEF. Thus, CFI is correlated with LEVF even if the
patient has a low LVEF or a past history of nonsinus rhythm.
These patients are furthermore likely representative of the
general ICU patient population.

In addition, CFI may also track the changes in LVEF
under inotropic agent. Indeed, as previously demonstrated by
Jabot et al. [15], we showherein that CFI statistically improved
with inotropic treatment, whereas it was not altered by fluid
infusion. The fact that only 4 fluid expansions were studied
could be considered as a limitation of our study; however, it
nevertheless confirms that these patients are representative
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of a population with cardiogenic shock, for example, with
adequate intravascular volume.

A serious weakness of CFI is probably the existence of a
right ventricular (RV) impairment. Since CFI represents the
ratio between CO and GEDV, it reflects global myocardial
contraction, in other words, left and right ventricular func-
tion [7, 23]. Hence, an isolated or preponderant RV impair-
ment might underestimate CFI and consequently LVEF. In
our series, CFI and LVEF in patients with severe RV impair-
ment were not correlated, whereas Combes et al. excluded
three patients with RV failure: for these patients, PiCCO
clearly underestimated LVEF (more than 20% difference with
the true LVEF) [14].On the other hand, Jabot et al. [15] did not
exclude patients with significant right heart failure: in their
subgroup, CFI and LVEF were statistically correlated (𝑟 =
0.46); while the observed correlation coefficient was lower
than the correlation for the whole population (𝑟 = 0.69),
the difference between the two values was not statistically sig-
nificant. In the present study, when considering the patients
without a severe RV dysfunction (𝑛 = 58), CFI and LVEF are
positively correlated (𝑟 = 0.55); this correlation coefficient is
closed to the rate for the whole studied population (𝑟 = 0.52).

Considering that RV failure may underestimate LVEF or
lead to a false negative, the PiCCO system cannot surrogate
echocardiography for the assessment of LVEF. In clinical
practice, a lowCFI should alert the clinician to an impairment
in systolic function (left and/or right): an echocardiography
must therefore be performed to discriminate between right
or left ventricular dysfunction; echocardiography can also
provide critical information regarding diagnosis such as
segmental wall-motion or valve abnormalities.

In conclusion, this study demonstrates that CFI is sig-
nificantly correlated to LVEF in cardiogenic shock provided
that patient does not present severe isolated right ventricular
dysfunction. The PiCCO system is a simple and easily repro-
ducible technique, which provides a consistent estimation
of LVEF. However, it does not replace echocardiography: a
low CFI should alert the physician to a possible impairment
of LV systolic function, and an echocardiography must be
performed to exclude right ventricular impairment. Once
the LV dysfunction is confirmed, CFI allows a consistent
monitoring of LV function under inotropic treatment.
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Fractional flow reserve (FFR) is the gold standard to guide coronary interventions. However it can only be obtained via invasive
angiography. The objective of this study is to propose a noninvasive method to determine FFRCT by combining computed
tomography angiographic (CTA) images and computational fluid dynamics (CFD) technique. Utilizing the method, this study
explored the effects of diameter stenosis (DS), stenosis length, and location on FFRCT.The baseline left anterior descending (LAD)
model was reconstructed from CTA of a healthy porcine heart. A series of models were created by adding an idealized stenosis
(with DS from 45% to 75%, stenosis length from 4mm to 16mm, and at 4 locations separately). Through numerical simulations, it
was found that FFRCT decreased (from 0.89 to 0.74), when DS increased (from 45% to 75%). Similarly, FFRCT decreased with the
increase of stenosis length and the stenosis located at proximal position had lower FFRCT than that at distal position.These findings
are consistent with clinical observations. Applying the same method on two patients’ CTA images yielded FFRCT close to the FFR
values obtained via invasive angiography. The proposed noninvasive computation of FFRCT is promising for clinical diagnosis of
CAD.

1. Introduction

As themost common type of cardiovascular disease, coronary
artery disease (CAD) is caused by the build-up of plaques
on the endothelial walls of coronary arteries, which leads
to a reduction in arteries cross-sectional area and blood
supply to themyocardium [1]. Pathology studies of CADhave
revealed that coronary stenosis is the predominant factor
leading to cardiovascular-related events such as myocardial
infarction (MI), stroke, and unstable angina. Therefore it is
vital to physiologically characterize and quantify functional
coronary stenosis.

The rapid development of noninvasive imaging technolo-
gies, such as computed tomography angiography (CTA) and
magnetic resonance imaging (MRI), has proven valuable to
characterize the anatomic severity of CAD with fair cost
and less complication. Diameter stenosis (DS) is commonly
applied to quantify the anatomic severity of CAD. It expresses
the ratio of the lumen diameter at a stenotic region over
that of a “normal” segment. However, DS cannot characterize
hemodynamic functional significance of coronary stenosis on
myocardial blood supply. Among the stenoses discriminated
with the threshold of 50% for DS, fewer than half are
ischemic [2].
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In terms of hemodynamic indexes to quantify the
functional significance of coronary stenosis, fractional flow
reserve (FFR) is the gold standard to guide coronary inter-
ventions [3–6] because of its significantly fewer follow-up
coronary events over DS. FFR is calculated as a ratio of
the pressure distal versus pressure proximal to a stenosis
following vasodilation. Revascularization is commonly rec-
ommended when the coronary stenosis leads to FFR ≤ 0.80.
However, FFR can only be measured via invasive coronary
catheterization, which may result in higher medical cost and
complications [4]. This is not ideal, because only one-third
of the intermediate stenosis (DS = 40–70%) is classified as
functional significant with FFR ≤ 0.80 [5].

In view of the abundant hemodynamic information pro-
vided by computational fluid dynamics (CFD) simulations,
considerable insights have been gained on understanding the
physiology of CAD through CFD studies [7]. Tremendous
progress has been made in applying the CFD method to
simulate the blood flow in patient-specific coronary artery
models for elucidating the role of hemodynamics in CAD
development and progression [8–10].

As proper boundary conditions are necessary for CFD
simulations of CAD, both prescribed profiles [11, 12] and
sophisticated reduced-ordered models [13–15] have been
attempted. For the latter, the downstream vasculature is
represented by flow-dependent formulation. For example,
the static pressure at the outlet may be calculated from the
corresponding flow rate and resistance. Since resistance, com-
pliance, or impedance values of the downstream vasculature
are assumed to be decided by their own anatomy rather than
by the upstream stenosis, these parameters obtained from
the normal vessel (without stenosis) can be applied to the
diseased vessel [15].

With the development of CFD techniques, numerous
CFD studies have been coupled with clinical imaging tech-
niques to provide detailed hemodynamic information and
link CAD with vortices [16], wall shear stress (WSS) [12, 17],
oscillatory shear index (OSI) [18], and so forth. However,
the application of CFD method to predict clinical diagnosis
indexes is still limited. A landmark study was carried out by
HeartFlow Company [19–22] to derive noninvasive FFRCT
from CT images by applying sophisticated reduced-ordered
models as the boundary conditions for transient numerical
simulations. Because the calculation of FFR is based on the
time-averaged pressure over several cardiac cycles in clinics
[23], this study explored a method to combine CT images
and steady flow simulation for calculating noninvasive FFRCT
with lower computational cost. The method is firstly applied
on a left anterior descending (LAD) model reconstructed
from CTA of a healthy porcine heart and then tested on
two patient-specific left coronary artery trees reconstructed
from patients’ CTA images to examine whether the approach
can be applied for noninvasively assessing the hemodynamic
significance of coronary stenosis in clinics.

As the anatomical severity ofCAD is believed to be related
not only to DS but also to the location and length of the
stenosis, which can affect the hemodynamics [24], a series of
models were created by adding an idealized stenosis (with DS
from 45% to 75%, stenosis length from 4mm to 16mm, and

at 4 locations separately) on the baseline porcine LADmodel.
In this manner, the effects of DS, stenosis length, and location
(proximal to distal) on FFRCT are investigated. The results
may be useful to aid the clinician in making the decision of
revascularization.

This paper is organized as follows: the detailed com-
putational methodologies were described in Section 2. In
Section 3, the detailed hemodynamic information (flow
patterns, flow rate, pressure, and FFRCT distributions) for
a series of stenosed porcine LAD models was provided to
explore the effect of DS, stenosis length, and location on
FFRCT. The results of two case studies were also presented to
demonstrate the applicability of the current methodologies
on clinical diagnosis of human CAD. Finally, the conclusions
were drawn in Section 4.

2. Computational Methodologies

In this study, a left anterior descending (LAD) model was
used as the baseline model, which was reconstructed from
CTA of a healthy porcine heart. The detailed description
on animal preparation, CTA, and image processing can be
found in [25]. As shown in Figure 1(a), the baseline model
embodied the LAD main trunk (≥2mm in diameter) and 7
primary branches (“a”–”g” in Figure 1) (≥1mm in diameter).
To investigate the effect of DS, the trunk between side
branches “a” and “b” was narrowed to represent stenosed
model with DS of 45%, 55%, 65%, and 75% separately as
shown in Figure 2. All of these stenoses were located at the
same location (Location A) with the same stenosis length of
4mm. To investigate the effect of stenosis location, a 4mm
length stenosis with DS of 55% was created at 4 locations
(Location “A” to “D”) from proximal to distal LAD trunk, as
shown in Figure 3. Another series ofmodels were constructed
with a 55% stenosis located downstream the branch “a” and
having the stenosis lengths of 4mm, 8mm, 12mm, and
16mm separately, as shown in Figure 4.

After generating these LAD models with SpaceClaim,
their computational domains were discretized with commer-
cial software ANSYS workbench. Meshes near the branch
junctions, at the stenosis and near the walls, were refined for
adequate resolution of flow in the boundary layers (as shown
in Figure 1(b)). Aftermesh dependency test conducted on the
baseline model, a total of about 0.5 million volume cells were
found to be adequate, as further grid refinement led to less
than 1% relative error in the maximum velocity. The same
setting for mesh generation was applied for all other LAD
models.

In order to simulate the blood flow in normal and
diseased LAD models, the continuity (1) and Navier-Stokes
(2) equations were solved by FLUENT using finite volume
approximation:

𝜕𝑢
𝑗
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Figure 1: (a) Baseline LAD model reconstructed from CT and (b) the generated meshes for the baseline model with enlarged view.

Normal 45% 55% 65% 75%

Figure 2: Baseline and stenosed LADmodels with the 4mm length stenoses located at the same location (Location A) with DS of 45%, 55%,
65%, and 75% separately.

Normal Location A Location B Location C Location D

Figure 3: Baseline and stenosed LAD models with the 4mm length stenoses located at A, B, C, and D separately (having the DS of 55%).
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Normal 4mm 8mm 12mm 16mm

Figure 4: Baseline and stenosed LAD models with 55% DS located downstream the branch “a” with the stenosis lengths of 4mm, 8mm,
12mm, and 16mm separately.

Here 𝑥
𝑗
and 𝑢

𝑗
(or 𝑢

𝑖
) were the location in Carte-

sian coordinate and the Cartesian component of velocity,
respectively. P represented the static pressure. 𝜌 and 𝜇 were
density and dynamic viscosity of the fluid, which were set
as 1060 kg/m3 and 4.5 × 10−3 Pa⋅s, respectively, to mimic the
blood properties in large epicardial arteries [25, 26].

Proper boundary conditions are required for CFD simu-
lations to closely mimic the real physiological condition [13].
In general, the total pressure was specified at the inlet of
each model, and resistance boundary condition was assigned
to every coronary outlet to enforce a relationship between
pressure and flow.

According to the pulsatile pressure and flow velocity
waveforms measured in vivo at the inlet of the porcine
LAD [25], the time-averaged inflow rate and pressure were
66.75mL/min and 69.54mmHg, respectively.

In order to derive the resistance values of downstream
vasculatures, the steady-state simulations under two sets of
boundary conditions were carried out on the baseline model
prior to the simulation on stenosed LAD models. One of the
simulations represents the peak phase of systole, when the
inlet pressure is at the maximum [25]. The other simulation
represents the peak diastole phase with minimum pressure
at the inlet. For both simulations, the flow rate distributions
between the primary branches were believed to obey the
generalized Murray’s law [27], as it was the baseline LAD,
which represents normal (healthy) coronary arteries without
stenosis. Based on these two steady-state flow simulations, the
pressure and flow rate information at the outlets of primary
branches could be obtained. Accordingly the resistance of the
vasculature downstream each primary branch was obtained
via

𝑅
𝑖
=
𝑃
𝑖
− 𝑃
0,𝑖

𝑄
𝑖

, (3)

where 𝑃
𝑖
and 𝑄

𝑖
represent the pressure and flow rate at

the 𝑖th outlet, respectively. Here, 𝑅
𝑖
is the resistance of the

downstream vasculature and 𝑃
0,𝑖

is the back pressure at 𝑖th
outlet.

In clinics, FFR measurement is done following vasodila-
tion, which leads to the decrease of coronary resistance. To
resemble this physiological situation, the resistance of down-
stream vasculature of each primary branch was assumed
to be reduced to 0.21 times of its resting value, which was
within the physiological rangemeasured byWilson et al. [24].
Accordingly the total pressure at the inlet was assumed to
be 69.87mmHg for all the porcine LAD models with the
consideration of flow rate increment following vasodilation.
Because the epicardial stenosis severity was found to be
not affecting the minimal microvascular resistance [28], the
resistance of downstream vascular for a stenosed LADmodel
was assumed to be the same as that of the baselinemodel [22].

User defined function (UDF) was compiled to supply
the resistance boundary conditions at the outlets. In this
manner, the downstream vasculature of the primary branches
was coupled to the LAD model, and the static pressure at
each outlet was solved iteratively. To ensure smooth con-
vergence, the pressure gradient calculated at the outlet was
attenuated several times to couple iterative underrelaxation-
based resistance boundary conditions with those outlets;
namely, an implicit algorithm was applied to the outlet with
an underrelaxation factor of 𝜔 given as

𝑃
𝑛+1

𝑖
= 𝑃
𝑛

𝑖
+ 𝜔 (𝑅

𝑖
𝑄
𝑛+1

𝑖
+ 𝑃
𝑜,𝑖
− 𝑃
𝑛

𝑖
) . (4)

In addition, no-slip boundary condition was applied at
the wall, as all these LAD models were assumed to be
stationary and rigid. All the computations were executed
in a Dell T7500 workstation and it took around half hour
computational time for one case.

3. Results and Discussion

To elucidate the role of stenosis on hemodynamics of coro-
nary artery, Figure 5 shows the streamline distributions in the
normal and stenosed LAD models with DS increasing from
45% to 75% at interval of 10%. When the LAD was free of
stenosis, part of the inflow diverted in the primary branches
along its way downstream. Most of the blood flowed through
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Figure 5: Streamline distributions on the baseline and stenosed LAD models with the 4mm length stenoses located at the same location
(Location A) with DS of 45%, 55%, 65%, and 75% separately.

the LAD main trunk smoothly, with streamlines parallel to
the walls. In other words, there was no obvious presence of
vortex in the normal LAD model.

Once there was a stenosis in the LAD trunk, the stream-
lines diverted into the center of the LAD main trunk due to
the shrinking of the cross-sectional area from the beginning
to the throat of the stenosis region. Downstream the throat
of the stenosis, the cross-sectional area of the LAD main
trunk increased gradually. Due to the inertia momentum,
the fluid moved downstream with slight divergence of the
streamlines. Hence flow recirculation region was formed
near the wall downstream the stenosis, which was filled
by vortices and reverse flow derived from the downstream
streamlines as shown in Figure 5.With the increase of DS, the
throat diameter became smaller leading to more significant
divergence of the streamlines and larger flow recirculation
in size downstream the stenosis. These vortices and flow
recirculation were suspected to promote thrombus formation
and potentially myocardial infarction [16].

An interesting phenomenon was found for the flow
rate distribution among the primary branches. With the
increase of DS, less blood flowed downstream to perfuse the
myocardium downstream the first primary branch (labeled
as “a” in Figure 1). This is because, for this series of models,
the stenosis was located at the main trunk downstream the
first primary branch. The vortices and flow recirculation
developed downstream the stenosis result in energy diffusion
and dissipation, which makes it difficult to perfuse the blood
downstream. Hence less blood was distributed to the regions
downstream the stenosis. However, there was a slight increase
of blood flow to the first primary branch, with the increase of
DS as shown in Figure 6. Similar phenomenon is named as
“branch steal” by Gould et al. [29] to describe the situation
when a nonstenotic branch between proximal and distal
stenoses shunts flow away from the stenotic parallel daughter
branch to an extent depending on their relative size and
severities of the 2 stenoses, which leads to less flow in the
stenotic daughter branch. It was also found that the sum of
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Figure 6: Flow rate distributions for the baseline and stenosed LAD
models with the 4mm length stenoses located at the same location
(Location A) with DS of 45%, 55%, 65%, and 75% separately.

the total blood flow through the outlets reduced with the
increase of DS, which implied that stenosis led to a reduction
in blood supply to the myocardium. This was the most
important physiological complication of coronary stenosis.

To quantify the hemodynamic significance of stenosis,
Figure 7 shows the pressure distribution for different mod-
els. For normal LAD, the pressure drop along the main
trunk was mainly due to the viscous force, which was less
than 3.3mmHg. Due to the diffusion and dissipation of
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Figure 7: Pressure distributions on the baseline and stenosed LAD models with the 4mm length stenoses located at the same location
(Location A) with DS of 45%, 55%, 65%, and 75% separately.

the recirculation vortices formed downstream the stenosis,
the pressure therein decreasedmuchmore.With the increase
of DS, pressure downstream the stenosis became much lower
as shown in Figure 7.

To resemble FFR values measured via invasive angiogra-
phy, FFRCT is calculated as 𝑃

𝑑
/𝑃
𝑎
. Here 𝑃

𝑑
and 𝑃

𝑎
represent

the pressure distal and proximal to the stenosis, respectively.
As shown in Figure 8(a), FFRCT decreased from 0.89 to 0.74,
when DS increased from 45% to 75%. As revascularization
is commonly recommended when coronary stenosis leads to
FFR ≤ 0.8 in clinical applications [5], the LAD with DS ≥
60% was suggested to receive revascularization procedures
according to Figure 8(a). This is in line with the clinical
findings that the diagnostic performance of CTA can be
improved by rating coronary stenosis as significant with the
threshold of 60% rather than 50% [30].

To assess the effect of stenosis location and length on the
hemodynamic severity of CAD, Figures 8(b) and 8(c) show
the relationship between stenosis location and length with
FFRCT, respectively. Comparing with the stenosis located
more distally, those stenoses located at proximal portion led
to lower 𝑃

𝑑
/𝑃
𝑎
, namely, FFRCT.Therefore the stenosis located

at proximal portion resulted in more significant reduction
in blood supply to the myocardium, which was suspected to
promote the further accumulation of plaques. This result is
consistent with the clinical findings that the adverse events
of coronary artery disease occurred most frequently in a
proximal position [31].

In addition, the FFRCT values decreased with the increase
of stenosis length, which implies higher fractional losses
over the stenosis. However the effect of lesion length on
hemodynamics is not significant as shown in Figure 8(c).
Similar finding was reported by Wilson et al. [24]. However
it is worth noting that fractional losses at longer stenosis may
depend on the ruggedness of the surface and local geometry
of the stenosis in real life. Hence simulation on the realistic
coronary artery tree is critically important.

Therefore, we have also attempted to apply the same CFD
methodologies on the patients’ CTA images. The detailed
information on image reconstruction and numerical simu-
lation was presented in [32, 33]. Figures 9(a) and 9(b) show
the predicted FFRCT on the patient-specific left coronary
artery trees reconstructed from two patients’ CTA images,
respectively. The first patient has a moderate stenosis at
proximal LAD, which is not ischemia-causing, as its FFR was
0.97 measured via invasive angiography. Its FFRCT predicted
by CFD was 0.98. The other patient has an ischemia-causing
moderate stenosis at mid LAD, whose FFR was less than 0.8,
that is, at 0.73, and its FFFCT was found to be 0.74. These two
examples demonstrated that the noninvasive methodologies
presented in this study were applicable to assess the hemody-
namic significance of stenosis in clinics.

4. Conclusions

In recent years, tremendous progress has been made on
invasive and noninvasive medical imaging techniques to
diagnose the anatomical and hemodynamic significance of
coronary stenosis. Although FFR is the gold standard to
diagnose the hemodynamic significance of the CAD, it
can only be obtained via invasive coronary angiography.
Combining CTA with CFD methods, the flow pattern and
pressure distributions can be predicted for a baseline LAD
model reconstructed from theCTAof a healthy porcine heart.

By adding stenosis on this baseline model, the effects of
DS, stenosis location, and length on the hemodynamics of
stenosed coronary artery were explored. It was found that
the flow recirculation vortices were formed downstream the
throat of stenosis due to the divergence of the streamline,
which led to the decrease of flow rate and pressure down-
stream the stenosis due to energy diffusion and dissipation.
The phenomenon of “branch steal” was observed, which was
previously reported by Gould et al. [29] when a nonstenotic
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Figure 8: Effect of (a) diameter stenosis, (b) stenosis location, and (c) length on FFRCT.

branch between proximal and distal stenoses shunts flow
away from the stenotic parallel daughter branch [28].

With the increase of DS, the flow recirculation region
increased in size, which led to lower pressure and FFRCT
downstream stenosis. Using a threshold of 0.8, the LAD

with DS ≥ 60% was suggested to receive revascularization
procedure rather than DS ≥ 50%, which is in line with the
clinical finding [30].

In addition, the stenosis location and length were
found to affect the hemodynamics in coronary artery trees.
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Figure 9: Distributions of FFRCT based on numerical simulations on patient-specific left coronary trees reconstructed from two patients’
CTA images. (a)The patient has a moderate stenosis (DS = 51%) at proximal LAD, whose FFR is 0.97 via invasive angiography and its FFRCT
is 0.98 predicted by CFD. (b) The patient has a moderate stenosis (DS = 69%) at mid LAD, whose FFR is 0.73 via invasive angiography and
its FFRCT is 0.74 predicted by CFD.

Lower FFRCT was associated with the stenosis located in
the proximal position and/orwith longer stenosis length.This
was in line with the clinical observations [24, 31].

Further application of the methodologies on two patient-
specific left coronary artery trees reconstructed from CTA
images demonstrated that the methodology utilized in this
study was promising in facilitating the patient-specific non-
invasive diagnosis of hemodynamic significance of coronary
stenosis with affordable computational cost. Currently, the
computation time was half hour for one case study with
a Dell T7500 workstation, which is much longer than an
invasive clinical setting, but it is acceptable for noninvasive
diagnostics. If a more powerful workstation with larger
number of compute nodes is applied, the computation time
can be much less than 30 minutes.

Although efforts have beenmade tomimic the physiolog-
ical condition as close as possible, there are several possible
sources of limitation inherent in the assumptions made in
the present study. First, the determination of downstream
vascular resistance is argumentative. Intracoronary resistance
has been reported to be fluctuating in a phasic pattern, even
after administration of vasodilationmedicine [23, 34, 35], due
to the interaction between the myocardium and microvascu-
lature during systole and diastole. However amean resistance
value was estimated (by iterative approximation at two time
points) in this study. To justify the effect of resistance value on
FFRCT, a series of simulations were carried out on onemodel.
It was found that the 24–71% variations of resistance values
only led to less than 2.4% differences of FFRCT. Therefore
the error in the estimated downstream vascular resistance
may only result in limited effect on the results of FFRCT.
In addition, the method in this study does not consider
the circumference with microvascular disease, which is an
interesting topic to be explored in the future.

Secondly, the compliance effect of the vessel walls was
ignored in this study, as compliance was reported to be less
important in affecting the hemodynamics of the coronary
arteries [36]. Thirdly, the blood flow was assumed to be
laminar with Newtonian fluid. Since the vessels investigated
in this study had a diameter greater than 1mm and the
blood flow in the elderly was generally correlated with the
low hematocrit, the assumption of Newtonian fluid can
be justified. In addition, as the peak Reynolds number in
coronary arteries was lower than the critical value proposed
by Peacock et al. [37], the flow can be assumed to be laminar
in this study.

Last but not least, the impact of errors in image pro-
cessing on the simulation results is worth exploring in the
future. Current clinical imaging processing techniques have
difficulty in reconstructing accurate 3D models for small
vessels (e.g., with a diameter less than 0.5mm) owing to the
limitation of the imaging resolution. With the development
of medical imaging techniques, the breakthrough in this area
should be achievable in the near future.
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Arterial pulse pressure has been widely used as surrogate of stroke volume, for example, in the guidance of fluid therapy. However,
recent experimental investigations suggest that arterial pulse pressure is not linearly proportional to stroke volume. However,
mechanisms underlying the relation between the two have not been clearly understood. The goal of this study was to elucidate
how arterial pulse pressure and stroke volume respond to a perturbation in the left ventricular blood volume based on a systematic
mathematical analysis. Both our mathematical analysis and experimental data showed that the relative change in arterial pulse
pressure due to a left ventricular blood volume perturbation was consistently smaller than the corresponding relative change in
stroke volume, due to the nonlinear left ventricular pressure-volume relation during diastole that reduces the sensitivity of arterial
pulse pressure to perturbations in the left ventricular blood volume.Therefore, arterial pulse pressure must be used with care when
used as surrogate of stroke volume in guiding fluid therapy.

1. Introduction

Stroke volume (SV) is the volume of blood pumped out by the
heart to the arterial tree. It is known to be highly correlated
with cardiac function in that it typically decreases in the pres-
ence of diseases such as cardiogenic shock [1], hemorrhage
[2], sepsis [3], spinal cord injury [4], and hypothyroid [5]. It
is also an important determinant of cardiac output, which is
modulated by the demand for oxygen delivery to the tissues in
the body [6] and the capacitance of the arteriovenous system
[7]. Regarding its clinical applications, the interpretation of
SV (or correspondingly cardiac output) can help caregivers to
better understand the complex pathophysiological alterations
in the critical illness, thereby helping to avoid deleterious
effects of inotropic therapy [8], potentially harmful effects of
vasopressor agents [9], and the detrimental edema in fluid
administration [10].

Despite its clinical significance, SV has not been widely
utilized for routine diagnostic and therapeutic purposes due
to the difficulty in its measurement [11]. In fact, most state-
of-the-art methods to directly measure SV (e.g., thermod-
ilution technique and bioimpedance method) are invasive,

expensive, and/or uncomfortable and necessitate trained
experts for reliable measurement [12–15].

To exploit SV in clinical applications without encoun-
tering the problems listed above, there have been numerous
efforts to indirectly estimate SV from minimally invasive
or noninvasive arterial circulatory measurements, which are
collectively called the pulse wave analysis (PWA) methods
[16–19]. In a typical PWA method, arterial blood pressure
(BP) and/or flow signals are analyzed via cardiovascular
models [20–22], signal processing techniques [23, 24], feature
extraction techniques [25], and so on.

In one of its simplest form, PWA is based on the
assumption that SV is proportional to arterial pulse pressure
(hereafter called pulse pressure (PP)) [16–19]. In fact, there
are many existing evidences supporting this assumption [20,
21, 26]. Due to this reason, PP has been widely used as a
convenient surrogate of SVduring diagnostic and therapeutic
procedures, such as fluid therapy [27], ventricular resynchro-
nization therapy [28], and vasopressor/inotrope therapy [29].

Some recent experimental investigations suggest that
although SV and PP are proportionally correlated during
blood volume perturbation, the relationship may not be
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strictly linear, and PP may underestimate SV in response
to blood volume changes [27, 30, 31]. It is possible that
the underestimation of SV during fluid therapy may poten-
tially require substantial correction for dosage regimen,
since brute-force fluid administration based on linear SV-
PP assumption is likely suboptimal. Indeed, the essential
challenge in fluid therapy is to avoid the administration of
too little or too much volume, since there is a relatively
narrow range for safe fluid therapy and both overload and
underhydration can adversely affect the patient outcome.
In fact, it has been shown that patients receiving proper
fluid therapy, compared with those receiving restricted fluid
regimens due to underestimation of SV, have more than 50%
fewer complications and shorter length of hospital stay [32].
In order for PP to be used as a reliable surrogate of SV
during fluid therapy, the relationship between SV and PP in
response to blood volume changes must be clearly under-
stood. The goal of this study was to unveil the mechanisms
underlying the relation between pulse pressure and stroke
volume based on a systematic mathematical analysis in order
to elucidate how pulse pressure and stroke volume respond
to a perturbation in blood volume and validate our analysis
with experimental data.

This paper is organized as follows. In Section 2, the
left-ventricular pressure-volume loop is introduced as a
framework for our analysis. In Section 3, the responses of
SV and PP to blood volume perturbation are analyzed, based
on which the relationship between SV and PP during blood
volume change is elucidated. The mathematical analysis is
compared with experimental data in Section 4.

2. Left-Ventricular Pressure-Volume
Framework

We use the left ventricular (LV) pressure-volume loop (𝑃-𝑉
loop) framework [33] tomathematically analyze how changes
in SV and PP are related during volume perturbation. In
the context of LV 𝑃-𝑉 loop, the so-called “maximum” LV
pressure [33–35] is given by the weighted average of end-
systolic and end-diastolic pressures:

𝑃
max
LV = 𝜙 (𝑡) 𝑃

𝑆
(𝑉 (𝑡)) + (1 − 𝜙 (𝑡)) 𝑃

𝐷
(𝑉 (𝑡)) , (1)

where 𝜙(𝑡) is the activation function [33, 35, 36] and 𝑃
𝑆
and

𝑃
𝐷
are the pressures corresponding to end-systolic and end-

diastolic 𝑃-𝑉 relationships at a LV volume 𝑉(𝑡) [33, 35]. 𝑃
𝑆

and𝑃
𝐷
are given by (see red and blue dashed lines in Figure 1)

𝑃
𝑆
(𝑉 (𝑡)) = 𝐸

𝑆
(𝑉 (𝑡) − 𝑉

0
) ,

𝑃
𝐷
(𝑉 (𝑡)) = 𝐵 [𝑒

𝐴(𝑉(𝑡)−𝑉0) − 1] ,

(2)

where 𝐸
𝑆
is the end-systolic LV elastance, 𝐴 and 𝐵 are

constants specifying the end-diastolic 𝑃-𝑉 relationship, and
𝑉
0
is the LV volume corresponding to zero LV pressure [33,

35, 36].
In Section 3, we exploit the above well-established math-

ematical model to elucidate the relationship between the
changes in SV and PP during volume perturbation.

3. Relationship between SV and PP during
Volume Perturbation

In this study, the mechanisms underlying the relation
between SV and PP during volume perturbation are eluci-
dated as follows. First, we show how SV changes in response
to changes in end-diastolic volume (due to volume pertur-
bation). Second, we show how PP changes in response to
changes in end-diastolic volume. Using these two results, we
finally explain how PP changes relative to SV in response to
changes in end-diastolic volume.

3.1. SV Response to Volume Perturbation. In the context of 𝑃-
𝑉 loop, SV can be computed from end-diastolic volume as
follows. By definition, SV is given by the difference between
end-diastolic and end-systolic volumes:

𝛿𝑉 = 𝑉ed − 𝑉es = 𝑉 (𝑡ed) − 𝑉 (𝑡es) , (3)

where 𝑉ed = 𝑉(𝑡ed) and 𝑉es = 𝑉(𝑡es) are end-diastolic and
end-systolic volumes and 𝑡ed and 𝑡es are the time instants
corresponding to end-diastole and end-systole, respectively.
Alternatively, SV is given frommean arterial pressure (MAP)
as follows:

𝛿𝑉 =
𝑃
𝑚

𝑅
𝑇, (4)

where 𝑃
𝑚
is MAP, 𝑅 is total peripheral resistance (TPR), and

𝑇 is heart period. At end-systole (𝑡 = 𝑡es), the 𝑃-𝑉 loop
intersects with the systolic 𝑃-𝑉 relationship 𝑃

𝑆
= 𝐸
𝑆
(𝑉(𝑡) −

𝑉
0
) [33, 35], where 𝑃

𝑆
= 𝑃es and 𝑉(𝑡) = 𝑉(𝑡es) = 𝑉es.

Therefore, we have

𝑃es = 𝐸
𝑆
(𝑉es − 𝑉0) . (5)

On the other hand, since end-systolic pressure is typically
very close in value to MAP [37, 38], we have, from (4),

𝛿𝑉 = 𝑉ed − 𝑉es ≅
𝑃es
𝑅
𝑇. (6)

Combining (5) and (6) yields the following expression for𝑉es:

𝑉es =
𝐸
𝐴

𝐸
𝑆
+ 𝐸
𝐴

𝑉ed +
𝐸
𝑆

𝐸
𝑆
+ 𝐸
𝐴

𝑉
0
, (7)

where 𝐸
𝐴
= 𝑅/𝑇 is called the arterial elastance [33, 35, 38].

Therefore, SV can be computed from end-diastolic volume as

𝛿𝑉 = 𝑉ed − 𝑉es =
𝐸
𝑆

𝐸
𝑆
+ 𝐸
𝐴

(𝑉ed − 𝑉0) . (8)

Thus, SV is related to end-diastolic volume by the proportion-
ality constant𝐸

𝑆
/(𝐸
𝑆
+𝐸
𝐴
), which depends on LV and arterial

elastances. Therefore, it can be concluded that a change in
end-diastolic volume caused by volume perturbation results
in a change in SV whose magnitude is linearly proportional
to that of end-diastolic volume, if LV and arterial elastances
remain constant during volume perturbation. In Figure 1, this
can be illustrated as the linear proportionality between the
triangles defined by (𝑉ed,𝑗, 0), (𝑉0, 0), and (𝑉es,𝑗, 𝑃es,𝑗), 𝑗 =

0, 1, 2: as long as 𝐸
𝑆
and 𝐸

𝐴
remain constant, SV (= 𝑉ed,𝑗 −

𝑉es,𝑗 = 𝑃es,𝑗cot
−1
𝐸
𝐴
= (𝐸
𝑆
𝐸
𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
))(𝑉ed,𝑗 − 𝑉0)cot

−1
𝐸
𝐴
)

is proportional to the end-diastolic volume (= 𝑉ed,𝑗 − 𝑉0).
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Figure 1: Left ventricular pressure-volume loop for different end-diastolic volumes.

3.2. PP Response to Volume Perturbation. To understand the
PP response to volume perturbation, we first analyze the
responses of end-systolic and diastolic (DP) pressures to
changes in end-diastolic volume and then show the response
of PP by formulating it to the difference between end-systolic
pressure response and DP response. The rationale for using
end-systolic pressure and DP rather than systolic pressure
(SP) and DP is because, in contrast to end-systolic pressure
and DP which always occur at end-systolic and end-diastolic
volumes (see Figure 1), the value of volume on the 𝑃-𝑉 loop
where SP occurs is not straightforward to specify. It will be
demonstrated that PP can be, at least approximately, obtained
from end-systolic pressure and DP by assuming that end-
systolic pressure is typically very close in value to MAP.

At diastole (𝑡 = 𝑡
𝑑

where 𝑡
𝑑

is the time instant
corresponding to DP), the maximum LV pressure is equal
to DP, and LV volume is equal to end-diastolic volume (𝑉ed).
Therefore, (1) reduces to

𝑃
𝑑
(𝑉ed) = 𝜙 (𝑡

𝑑
) 𝑃
𝑆
(𝑉ed) + (1 − 𝜙 (𝑡𝑑)) 𝑃𝐷 (𝑉ed)

= 𝜙 (𝑡
𝑑
) 𝐸
𝑆
(𝑉ed − 𝑉0)

+ (1 − 𝜙 (𝑡
𝑑
)) 𝐵 [𝑒

𝐴(𝑉ed−𝑉0) − 1] .

(9)

For simplicity of analysis, assume that 𝑡
𝑑
relative to𝑇 remains

constant during volume perturbation (see Section 3.4 for
what happens if this assumption is relaxed). Then, it is
obvious from (9) that, for a given value of end-diastolic

volume, DP is determined as the weighted average of end-
systolic and end-diastolic pressures corresponding to that
end-diastolic volume:

𝑃
𝑑
(𝑉ed) = 𝜎𝑃

𝑆
(𝑉ed) + (1 − 𝜎) 𝑃𝐷 (𝑉ed)

= 𝜎𝐸
𝑆
(𝑉ed − 𝑉0) + (1 − 𝜎) 𝐵 [𝑒

𝐴(𝑉ed−𝑉0) − 1] ,

(10)

where𝜎 = 𝜙(𝑡
𝑑
) is constant if 𝑡

𝑑
relative to𝑇 remains constant.

Now, if we note that the end-systolic 𝑃-𝑉 relationship,
𝐸
𝑆
(𝑉ed − 𝑉

0
), is linear in 𝑉ed, whereas the end-diastolic 𝑃-

𝑉 relationship, 𝐵[𝑒𝐴(𝑉ed−𝑉0) − 1], is exponential in 𝑉ed, and
also that 𝑃

𝑑
(𝑉ed) is simply the weighted average between

the two, it can be concluded that the rate of change in DP
increases as end-diastolic volume increases (see Figure 1).
This is illustrated in Figure 1 by the brown dashed line
connecting 𝑃

𝑑,𝑗
= 𝑃
𝑑
(𝑉ed,𝑗), 𝑗 = 0, 1, 2, whose slope becomes

steeper as end-diastolic volume increases.
The response of end-systolic pressure to changes in end-

diastolic volume can be obtained by combining (5) and (7),
which yields

𝑃es (𝑉ed) = 𝐸
𝑆
(𝑉es − 𝑉0) =

𝐸
𝑆
𝐸
𝐴

𝐸
𝑆
+ 𝐸
𝐴

(𝑉ed − 𝑉0) . (11)

Thus, end-systolic pressure is related to end-diastolic volume
by the proportionality constant 𝐸

𝑆
𝐸
𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
), which

depends on LV and arterial elastances. Therefore, it can be
concluded that end-systolic pressure is linearly proportional
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to end-diastolic volume if LV and arterial elastances remain
constant during volume perturbation.

To relate end-systolic pressure and DP to PP, we use a
widely accepted relationship between SP, MAP, and DP: 𝑃

𝑚
≅

𝑃
𝑑
+ (1/3)(𝑃

𝑠
− 𝑃
𝑑
). As for Section 3.1, if we assume that end-

systolic pressure is very close to MAP (𝑃es ≈ 𝑃
𝑚
), we get the

following relationship between PP, end-systolic pressure, and
DP:

𝑃es ≅ 𝑃
𝑑
+
1

3
(𝑃
𝑠
− 𝑃
𝑑
) → 𝑃

𝑝

= 𝑃
𝑠
− 𝑃
𝑑

≅ 3 (𝑃es − 𝑃𝑑)

(12)

which indicates that PP is linearly proportional to the
difference between end-systolic pressure and DP.

Finally, combining the conclusions drawn from (10)–(12),
we can conclude that the rate of change in PP decreases as
end-diastolic volume increases, because the rate of change
in DP becomes steeper than that in end-systolic pressure
as end-diastolic volume increases (see Figure 1). This can be
illustrated in Figure 1 as follows: as long as LV and arterial
elastances as well as 𝜙(𝑡

𝑑
) remain constant, the rate of change

in 𝑃es,𝑗 − 𝑃
𝑑,𝑗

decreases with an increase in end-diastolic
volume (see the left vertical axis), since the difference between
the slopes of red (𝑃es) and brown (𝑃

𝐷
) lines decreases as end-

diastolic volume increases.

3.3. Relationship between SV and PP. Theanalyses performed
in Sections 3.1 and 3.2 indicate that, under the assumption
that (1) both LV and arterial elastances as well as 𝑡

𝑑
relative

to 𝑇 remain constant during volume perturbation, and (2)

end-systolic pressure is close in value to MAP, SV shows
constant proportionality to end-diastolic volume as indicated
in (8) (i.e., it is a linear function of end-diastolic volume).
In contrast, PP exhibits decreasing proportionality to end-
diastolic volume with an increase in end-diastolic volume,
thereby decreasing the rate of change in PP response to end-
diastolic volume as it increases (in other words, PP shows
a gradually decreasing slope when it is plotted against end-
diastolic volume). Since SV and PP exhibit constant versus
decreasing slopes against end-diastolic volume, respectively,
the relationship between SV and PP is concave towards SV.
Therefore, SV and PP are not linearly proportional to each
other, and the rate of change in PP is not a good quantitative
indicator of the rate of change in SV. In fact, our analyses sug-
gest that the rate of change in PP underestimates the rate of
change in SV in the neighborhood of a given operating end-
diastolic volume (see Figure 2). Indeed, Figure 2 illustrates
that the slope of SV with respect to end-diastolic volume is
steeper than that of PP around the vicinity of an operating
end-diastolic volume.

3.4. Relaxation of Assumptions. In our analysis, we made
the following assumptions: during changes in end-diastolic
volume due to volume perturbation, (i) the time instant
corresponding to DP relative to the heart period (𝑡

𝑑
/𝑇) is

constant (A1); (ii) end-systolic pressure is close in value
to MAP (A2); and (iii) LV and arterial elastances remain

PP calibrated to SV

SV predicted by PP

Ved,2 Ved,1Ved,0 Ved

SV1

SV0

SV2

V0

Figure 2: Relationship between SV and PP.

constant (A3). In this section, these assumptions are relaxed
and their effects are incorporated to the conclusion drawn in
Section 3.3.

3.4.1. Relaxation of Assumption (A1). It has been suggested
that the shape of the activation function 𝜙(𝑡) is highly
consistent among different individuals that is, its inter-
individual variability is small [39, 40]. However, the timing
values associated with cardiac events, for example, diastole
(𝑡 = 𝑡

𝑑
) may be subject to change due to mechanisms such

as baroreflex.This may invalidate the assumption (A1) above.
Thus, it is worthwhile to examine how the timing-related
variability in 𝜙(𝑡) alters the relationship between SV and PP.

It is obvious from (8) that SV is not influenced by 𝜙(𝑡).
In addition, (10)–(12) indicate that PP is related to 𝜙(𝑡) only
via DP but not via end-systolic pressure. So, uncertainty in
𝜙(𝑡) affects the relationship between SV and PP by altering
DP (which occurs at 𝑡 = 𝑡

𝑑
). Consequently, variability in

the time instant corresponding to diastole (𝑡 = 𝑡
𝑑
) turns

out to be the main parameter to be analyzed. In this study,
we perform sensitivity analysis to quantitatively assess how
significantly the relationship between SV and PP is altered by
the variability in 𝑡

𝑑
. Using (10)–(12), PP can be rewritten as

follows:
𝑃
𝑝
= 𝑃
𝑠
− 𝑃
𝑑

≅ 3 (𝑃es − 𝑃𝑑)

= 3 {
𝐸
𝑆
𝐸
𝐴

𝐸
𝑆
+ 𝐸
𝐴

(𝑉ed − 𝑉0)

− [𝜎𝑃
𝑆
(𝑉ed) + (1 − 𝜎) 𝑃𝐷 (𝑉ed)] } .

(13)

Then, the sensitivity of PP with respect to 𝑡
𝑑
/𝑇 is given by

𝜕𝑃
𝑝

𝜕 (𝑡
𝑑
/𝑇)

≅ −3
𝜕𝑃
𝑑

𝜕 (𝑡
𝑑
/𝑇)

= −3
𝜕𝜎

𝜕 (𝑡
𝑑
/𝑇)

[𝑃
𝑆
(𝑉ed) − 𝑃𝐷 (𝑉ed)] .

(14)
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Table 1: Effect of arterial elastance on the responses of end-systolic pressure, PP, and SV.

𝑅 𝑇 𝐸
𝐴

𝐸
𝑆
𝐸
𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
) 𝐸

𝑆
/(𝐸
𝑆
+ 𝐸
𝐴
) 𝑃es 𝑃

𝑝
𝛿𝑉

𝑉ed ↑ ↓ ↑ ↓ ↓ ↑ ↓ ↓ ↑

𝑉ed ↓ ↑ ↓ ↑ ↑ ↓ ↑ ↑ ↓

Table 2: Effect of LV elastance on the responses of end-systolic pressure, PP, and SV.

𝐸
𝑆

𝐸
𝑆
𝐸
𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
) 𝐸

𝑆
/(𝐸
𝑆
+ 𝐸
𝐴
) 𝑃es 𝑃

𝑑
𝑃
𝑝

𝛿𝑉

𝑉ed ↑ ↓ ↓ ↓ ↓ ↓ ↑ ↓

𝑉ed ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑

In (14), [𝑃
𝑆
(𝑉ed) − 𝑃

𝐷
(𝑉ed)] does not depend on 𝑡

𝑑
; it is a

function of 𝑉ed only. Since the term 𝜕𝜎/𝜕(𝑡
𝑑
/𝑇) (i.e., the

sensitivity of the activation function with respect to 𝑡
𝑑
/𝑇) is

always positive [34], it can be concluded that PP decreases as
𝑡
𝑑
/𝑇 increases.

3.4.2. Relaxation of Assumption (A2). The effect of dis-
crepancy between MAP and end-systolic pressure on the
relationship between SV and PP can be examined as follows.
It is clear from (8) and (12) that only PP but not SV is affected.
The error in PP (�̃�

𝑝
) due to the difference between MAP and

end-systolic pressure is given by

�̃�
𝑝
= 3 (𝑃es − 𝑃𝑑) − 3 (𝑃𝑚 − 𝑃𝑑)

= 3�̃�
𝑚
,

(15)

where �̃�
𝑚

= 𝑃es − 𝑃
𝑚
. Thus, an error in MAP (caused by

approximating it to end-systolic pressure) is propagated to
the PP error with an amplification factor of 3 (e.g., 1% error
in MAP results in 3% error in PP), which can be deleterious
if the MAP error is large. However, the absolute magnitude
of alteration in PP due to the discrepancy between MAP and
end-systolic pressure is not expected to be significant, since
MAP is indeed close in value to end-systolic pressure over a
wide range of physiologic conditions [37, 38].

3.4.3. Relaxation of Assumption (A3). First, the effect of
arterial elastance on the responses of end-systolic pressure,
PP, and SV anticipated due to the changes in end-diastolic
volume is summarized in Table 1. In theory, TPR and the
heart rate (the inverse of heart period) are altered by the
autonomic baroreflex in response to alterations in𝑉ed [41, 42].
Specifically, an increase in end-diastolic volume results in
a decrease in TPR and heart rate, whereas they increase
to a decrease in end-diastolic volume [41, 42]. Therefore,
the arterial elastance decreases during an increase in end-
diastolic volume, which then yields a decrease in end-systolic
pressure (with respect to its value predicted under constant
arterial elastance) via a decrease in 𝐸

𝑆
𝐸
𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
). This

then results in a decrease in PP, since DP is not affected
by the arterial elastance. On the other hand, a decrease in
arterial elastance yields an increase in SV (again, with respect
to its value predicted under constant arterial elastance) via
an increase in 𝐸

𝑆
/(𝐸
𝑆
+ 𝐸
𝐴
). Therefore, should there be any

notable impact of end-diastolic volume on arterial elastance,
the underestimation of SV based on PP will be exacerbated

during an increase in end-diastolic volume, for example,
during fluid therapy. In contrast, it can be deduced, based
on the reasoning consistent with the above, that PP and SV
will, respectively, increase and decrease from their values
predicted under constant arterial elastance if end-diastolic
volume decreases. Thus, the underestimation of SV based
on PP will be alleviated during a decrease in end-diastolic
volume, for example, hemorrhage.

Second, the effect of LV elastance on the responses of
end-systolic pressure, PP, and SV anticipated due to the
changes in end-diastolic volume is summarized in Table 2.
Similarly to TPR and heart rate, LV elastance is altered by the
autonomic baroreflex in response to alterations in 𝑉ed [43].
In particular, LV elastance typically decreases if end-diastolic
volume increases, and it increases if end-diastolic volume
decreases [43]. It can then be shown that both𝐸

𝑆
𝐸
𝐴
/(𝐸
𝑆
+𝐸
𝐴
)

and 𝐸
𝑆
/(𝐸
𝑆
+ 𝐸
𝐴
) decrease in response to an increase in end-

diastolic volume. Consequently, an increase in end-diastolic
volume will result in a decrease in end-systolic pressure and
SV (with respect to their values predicted under constant
LV elastance), whereas a decrease in end-diastolic volume
will result in an increase in end-diastolic pressure and SV
(again, with respect to their values predicted under constant
LV elastance). In addition, DP is also affected by the LV
elastance, because a change in LV elastance alters the value of
𝑃
𝑆
(𝑉ed) (see Figure 1). Therefore, the effect of LV elastance on

PP can be elucidated by combining its impacts on end-systolic
pressure and DP. To quantify the effect of LV elastance on
PP, consider the following equations for end-systolic pressure
and DP in response to a perturbation on LV elastance:

(𝑃es + Δ𝑃es) =
(𝐸
𝑆
+ Δ𝐸
𝑆
) 𝐸
𝐴

(𝐸
𝑆
+ Δ𝐸
𝑆
) + 𝐸
𝐴

(𝑉ed − 𝑉0) ,

(𝑃
𝑑
+ Δ𝑃
𝑑
) = 𝜎 (𝐸

𝑆
+ Δ𝐸
𝑆
) (𝑉ed − 𝑉0)

+ (1 − 𝜎) 𝐵 [𝑒
𝐴(𝑉ed−𝑉0) − 1] .

(16)

Thus, alterations in end-systolic pressure and DP can be
written as follows:

Δ𝑃es = [
(𝐸
𝑆
+ Δ𝐸
𝑆
) 𝐸
𝐴

(𝐸
𝑆
+ Δ𝐸
𝑆
) + 𝐸
𝐴

−
(𝐸
𝑆
) 𝐸
𝐴

(𝐸
𝑆
) + 𝐸
𝐴

] (𝑉ed − 𝑉0)

≈ (
𝐸
𝐴

𝐸
𝑆
+ 𝐸
𝐴

)

2

Δ𝐸
𝑆
(𝑉ed − 𝑉0) ,

Δ𝑃
𝑑
= 𝜎Δ𝐸

𝑆
(𝑉ed − 𝑉0) ,

(17)
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Figure 3: A representative result of SV, BP, and baroreflex responses to a wide range of perturbation in blood volume (3.5 L–6.5 L).

where the expression for Δ𝑃es was simplified using the Taylor
series expansion. Consequently, the alteration of PP due to a
perturbation in LV elastance can be quantified as follows:

𝜕𝑃
𝑝

𝜕𝐸
𝑆

= 3 [(
𝐸
𝐴

𝐸
𝑆
+ 𝐸
𝐴

)

2

− 𝜎] (𝑉ed − 𝑉0) . (18)

So, whether PP increases or decreases depends on the sign
of [(𝐸

𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
))
2
− 𝜎]. Though not definitive, it can be

shown numerically that [(𝐸
𝐴
/(𝐸
𝑆
+ 𝐸
𝐴
))
2
− 𝜎] takes negative

values over the space of physiologically nominal parameter
values. Therefore, should there be any notable impact of
end-diastolic volume on LV elastance, the underestimation
of SV based on PP will be alleviated during an increase in
end-diastolic volume, for example, during fluid therapy. In
contrast, the underestimation of SV based on PP will be
exacerbated during a decrease in end-diastolic volume, for
example, hemorrhage.

3.5. Simulation Study. To numerically examine the results of
the analysis in this section, a simulation model developed by
Ursino [44] and Ursino and Magosso [45, 46] was used to
create SV and PP responses to a wide range of hypothetical
volume perturbations. The model includes a time-varying
elastance model of the heart, arterial and venous vessels

lumped into 12 compartments, and a nonlinear baroreflex
feedback model. In the simulation model, blood volume was
varied from 3.5 L to 6.5 L (with nominal volume of 5.0 L), and
the corresponding BP and SV responses in the steady state
were obtained. A representative result is shown in Figure 3,
where PP has been scaled to SV so that their values at 3.5 L
match.

First of all, the simulation result shown in Figure 3 makes
sure that the change in PP underestimates that in SV. For
example, the change in SV as predicted by the change in PP
in response to the added blood volume of 3.0 L (from 3.5 L to
6.5 L) was only ∼60% of the actual change in SV. Therefore,
PP must not be used as a linear predictor of SV.

It is noted that the result shown in Figure 3 was obtained
in the presence of realistic variability in 𝑡

𝑑
/𝑇, 𝐸

𝐴
, and

𝐸
𝑆
. Indeed, the baroreflex feedback responses in Figure 3

indicate that these parameters were subject to nonnegligible
variability during blood volume perturbation. In particular,
𝑡
𝑑
/𝑇 decreased by large amount in response to an increase in

blood volume, which was attributed to a large decrease in HR
(thus a large increase in 𝑇). Also, TPR as well as arterial and
LV elastances decreased as blood volume increased, which
was anticipated. Compared with LV elastance, however, the
variability in arterial elastance was significantly larger due to
large changes in HR and TPR.
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Figure 4: Sensitivity of SV and PP to 𝑡
𝑑
/𝑇, 𝐸
𝐴
, and 𝐸

𝑆
.

To quantitatively examine the effect of variability in
𝑡
𝑑
/𝑇, 𝐸
𝐴
, and 𝐸

𝑆
on our analysis, the sensitivity of SV and

PP to these parameters was computed and scrutinized (see
Figure 4). Overall, the sensitivity of SV on𝐸

𝐴
and𝐸

𝑆
was very

small (see Figure 4(a)). Also, it does not explicitly depend
on 𝑡
𝑑
/𝑇 as indicated by (8). Thus, we predicted that the

assumptions (A1)–(A3) made in Section 3 would not affect
SV. Indeed, simulated SV as shown in Figure 3 was very close
in value to SV predicted from (8) under constants 𝐸

𝐴
and 𝐸

𝑆

(not shown). On the other hand, PP turned out to be largely
affected by these parameters (see Figure 4(b)). Considering
that the absolute amount of change in 𝐸

𝐴
was much larger

than that in 𝐸
𝑆
(see Figure 3), it turned out that the effect of

changes in 𝑡
𝑑
/𝑇 and 𝐸

𝐴
on PP was dominant in comparison

with the effect of change in 𝐸
𝑆
. Now that the direction of

changes in 𝑡
𝑑
/𝑇 and 𝐸

𝐴
is the same (i.e., both decrease

for positive volume perturbation but increase for negative
volume perturbation) but their impact on PP is opposite (as
indicated by opposite signs in sensitivity, see Figure 4(b)), it
was observed that their effects were approximately canceled
by each other. So, together with the observation that end-
systolic pressure was consistently higher than MAP (see
Figure 3), PP was overestimated based on (15). Summarizing
all these observations, relaxation of the assumptions (A1)–
(A3) made in Section 3 appears to further pronounce PP’s
underestimation of SV.

4. Experimental Data Analysis

To experimentally examine the validity of mathematical
analysis conducted in this study, we analyzed a subset of
𝑃-𝑉 loop data collected in a previous study [47]. Data
pertaining to 5 human subjects were analyzed, each of which
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Subject 2 (r2 = 0.80)
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Subject 5 (r2 = 0.19)

Figure 5: Experimental relation between SV and PP in humans.

had LV 𝑃-𝑉 loops associated with multiple LV volumes,
electrocardiogram (ECG), and central aortic BP waveform.
In each 𝑃-𝑉 loop, ECG was used to identify the beginning
of diastole. The time instant at which LV pressure attains its
maximum was regarded as the systolic peak (LV pressure =
SP), from which the time instants corresponding to DP and
end-systolic pressure were determined based on the time rate
of change of LVpressure.Then, end-diastolic and end-systolic
LV volumes were derived as average LV volume values during
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𝐴
) and LV (𝐸

𝑆
) elastances, normalized DP time instant (𝑡

𝑑
/𝑇), and MAP in response to perturbations in

end-diastolic volume.

isovolumetric contraction and relaxation phases, respectively.
SV was then determined by subtracting end-systolic volume
from end-diastolic volume. PP was derived directly from the
central aortic BP waveform.

Figure 5 shows the relation between SV and calibrated (at
the smallest SV) PP obtained from the data. The pairs of SV
and PP mostly lie above the red dashed line corresponding
to 𝛿𝑉 = 𝑃

𝑝
, meaning that PP indeed underestimates SV.

On the average, the 𝑟
2 value between SV and calibrated

PP was only 0.67, and the amount of change in SV was
about 1.36 times larger than the amount of change in PP
for a given perturbation in LV end-diastolic volume. It is
also obvious in Figure 1 that the trend of underestimation
was more significant as LV volume increased (especially in
subjects 1, 2, 4, and 5, although in subject 5 outliers were
observed due to noisy LV 𝑃-𝑉 loop measurement). All in

all, observations from Figure 5 are highly consistent with
the mathematical analysis conducted earlier in this study
(Section 3).

It is also worth mentioning that the experimental data
indicated that (i) MAP and end-systolic pressure were very
close to each other, and that (ii) the experimentally observed
behaviors of arterial (𝐸

𝐴
) and LV (𝐸

𝑆
) elastances, normalized

DP time instant (𝑡
𝑑
/𝑇), and MAP in response to pertur-

bations in end-diastolic volume were also consistent with
the mathematical analysis conducted in Sections 3.4 and
3.5 (Figure 6). First, the difference between MAP and end-
systolic pressure observed in the data was only 9 ± 4% of
the end-systolic pressure. Second, the trends of 𝐸

𝐴
, 𝐸
𝑆
and

𝑡
𝑑
/𝑇 were all inversely proportional to end-diastolic volume,

while MAP was proportional to end-diastolic volume. Third,
comparing the amount of changes in 𝐸

𝐴
, 𝐸
𝑆
and 𝑡

𝑑
/𝑇,
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the change in 𝐸
𝐴

dominated those in 𝐸
𝑆
and 𝑡

𝑑
/𝑇 (see

Figures 3 and 6), which, as discussed in Section 3.5, is the
basis to justify that the assumptions (A1) and (A3) will not
significantly affect the relation between SV and PP.Therefore,
together with Figure 5, Figure 6 supports the validity of our
mathematical analysis (see Section 3.3) to a large extent:
(i) the underestimation of SV by PP is mainly due to the
nonlinear LV 𝑃-𝑉 relation during diastole that ultimately
reduces the sensitivity of PP to LV volume, and (ii) the
assumptions made in Section 3.4 will not affect our analysis
significantly.

5. Conclusion and Future Work

Pulse pressure has been observed to underestimate stroke
volume in recent experimental studies, but the mechanisms
underlying the relation between the two have not been clearly
understood. In this study, we elucidated the mechanisms
underlying the nonlinear dependence between SV and PP. In
sum, the rate of change in PP decreases with end-diastolic
volume, while SV depends linearly on end-diastolic volume.
Therefore, PP underestimates SV. Considering that PP is
frequently used as a direct surrogate of SV, this entails
an important clinical implication: nonoptimal fluid therapy
may result if there is no correction to PP to compensate
for its nonlinear dependence on SV. In our opinion, the
analysis conducted in this studymay be useful for developing
methods to enable such compensation in the follow-up
studies.
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Objective.Theaimof this studywas to elucidate themechanism(s) responsible for the vasorelaxant effect ofNigella sativa (N. sativa).
Methods.The activity of different concentrations ofN. sativa extract was evaluated on contractile responses of isolated aorta to KCl
and phenylephrine (PE). Results. The extract (2–14mg/mL) induced a concentration dependent relaxation both in endothelium-
intact and endothelium-denuded aortic rings precontracted by PE (10−6M) and KCl (6 × 10−2M). Extract reduced PE- and KCl-
induced contractions in presence of cumulative concentrations of calcium (10−5–10−2M) significantly. L-NAME and indomethacin
had no effect on vasorelaxation effect of extract in PE-induced contraction. Diltiazem and heparin reduced significantly this
vasorelaxation at a concentration of 14mg/mL of extract; however, N. sativa-induced relaxation was not affected by ruthenium
red. Tetraethylammonium chloride reduced the extract-induced relaxation in concentrations of 2–6mg/mL of extract significantly
but glibenclamide reduced this relaxative effect in all concentrations of extract. Conclusions.The inhibitory effect of N. sativa seed
extract on the contraction induced by PE and KCl was endothelium-independent. This relaxation was mediated mainly through
the inhibition of Ca2+ and KATP channels and also intracellular calcium release.

1. Introduction

Nigella sativa (N. sativa) which is commonly known as black
cumin is a plant from the Ranunculaceae (buttercup) family.
This plantisnative to Southern Europe, North Africa, and
Southwest Asia and is cultivated in many countries in the
world like those in theMiddle EasternMediterranean region,
Southern Europe, India, Pakistan, Iran, Syria, Turkey, and
Saudi Arabia [1].

The seeds of N. sativa are used in folk (herbal) medicine
all over the world for the treatment and prevention of a
number of diseases and conditions that include asthma,
diarrhea, and dyslipidemia [2].N. sativa has been extensively
studied for its biological activities and therapeutic potential
and has been shown to possess a wide spectrum of activities

such as anti-inflammatory [3], reduced ischemia-reperfusion
injury [4], antioxidant [5, 6], antiepileptic [7], antibacterial
[8], antihistaminic [9], antinociceptive [10], antidiabetic [11],
hepatoprotective [12], and smooth muscle relaxant [9, 13]
effects.

The seed oil of N. sativa was found to be rich in polyphe-
nols and tocopherols [14, 15].The seeds contain 36–38% fixed
oils, 0.4–2.5% essential (volatile) oil, proteins, alkaloids, and
saponins. The fixed oil is composed mainly of fatty acids,
namely, linoleic (C18:2), oleic (C18:1), palmitic (C16:0), and
stearic (C18:0) acids [16]. Thymoquinone (TQ) is the most
pharmacologically active ingredient found abundantly (30–
48%) in the black seeds, together with its derivatives such as
dithymoquinone, thymohydroquinone, and thymol [17].
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There is increasing evidence of the cardiovascular effect
ofN. sativa such asantihypertensive [18–21], hypotensive [22,
23], antihyperlipidemic [24–27], and ameliorative effect of
endothelial dysfunction [28, 29]; however, the vasorelaxant
effect of N. sativa was not evaluated. Thus, the present study
investigated the effects of hydroalcoholic extract of N. sativa
seed on the vasomotor tone of the aortic rings and its possible
mechanism(s) of action.

2. Materials and Methods

2.1. Chemicals and Drugs. All chemicals were of analytical
grade (Merck). Phenylephrine hydrochloride (PE), acetyl-
choline (ACh), NG-nitro-L-argininemethyl ester (L-NAME),
indomethacin, ruthenium red (RR), heparin (HP), tetraethy-
lammonium chloride (TEA), and diltiazem were obtained
fromSigma (Germany).Moreover, when necessary, theKrebs
solution was used as solvent for all drugs.

2.2. Plant Material and Preparation of the Extract. N. sativa
was collected from Nishabour city, Khorasan Province, Iran,
and its seedswere dried at room temperature in the absence of
sunlight. The plant was identified by botanists in the herbar-
ium of the Ferdowsi University of Mashhad; the specimen
number of the plant is 176-2013-9.The hydroethanolic extract
was prepared using a maceration method as follows: 500 g of
chopped Nigella sativa seeds were soaked in 500 cc of 50%
ethanol for 48 hours at room temperature and the mixture
was subsequently filtered and concentrated in vacuo at 40∘C.
The residue was suspended in saline solution to obtain 2, 4, 6,
8, 10, and 14mg/mL concentrations.

2.3. Experimental Animals. Fourteen groups of Wistar rats
(200 to 250 g, 𝑛 = 8 for each group) were studied. The
animals were group-housed in cages at 22 ± 2∘C temperature
and given water and food ad libitum, while a 12 h on/12 h off
light cycle was maintained. All experiments were conducted
in accordance with the internationally accepted principles
for laboratory animal use and care and with institutional
guidelines.

2.4. Preparation of Rat Aortas. Theanimals were anesthetized
with 50mg/kg Ketamine and decapitated by guillotine; after
thoracotomy, the descending thoracic aorta was exposed and
was rapidly dissected out and immersed in 95% O

2
/5% CO

2
-

gassed (carbogen) ice-cold Krebs solution with the following
composition (mM): NaCl (118.5), KCl (4.74), MgSO

4
(1.18),

NaHCO
3
(24.9), KH

2
PO
4
(1.2), CaCl

2
(2.5) and glucose (10),

pH = 7.4. Aorta was then dissected free of periadventitial
fat and connective tissue, with care taken to avoid touching
the luminal surface and cut into four rings, each 5mm in
length. The aortic rings were mounted in 10mL organ bath
containingKrebs solution gassedwith carbogen at 37∘C.After
a resting tension of 2 g, the vessel segments were allowed to
equilibrate for 1 hour. Changes in tension were recorded by
isometric transducers connected to a data acquisition system
(AD instrument, Australia). In some rings, the endothelium
was denuded by gently rubbing the intimal space with

a thin metal rod. The absence of functional endothelium
was verified by the inability of ACh (10−5M) to induce the
relaxation of rings precontracted with PE (10−6M).

2.5. Experimental Procedure

2.5.1. Effect of N. sativa Extract on Aortic Contraction Induced
by PE and KCl. These experiments were made to verify N.
sativa extract induced relaxation effect. A steady contraction
in rings with the endothelium intact or denuded was induced
by 10−6M PE or 6 × 10−2M KCl, and N. sativa was added
cumulatively (2, 4, 6, 8, 10, and 14mg/mL). The N. sativa
extract induced relaxation in the aortic rings which was
calculated as a percentage of the relaxation in response to PE
and KCl.

2.5.2. N. sativa Extract Induced Relaxation, L-NAME, and
Indomethacin. To determine the nitric oxide (NO) or prosta-
cyclin mediated relaxant effect of N. sativa, aortic rings were
rinsed and exposed to L-NAME (10 𝜇M), a nitric oxide syn-
thase inhibitor, or indomethacin (10 𝜇M), a cyclooxygenase
(COX) inhibitor, for 30min before induction of a steady
contraction by 10−6M PE, and final effects of cumulative
concentrations of N. sativa extract (2, 4, 6, 8, 10, and
14mg/mL) were evaluated for 25 minutes.

2.5.3. N. sativa Extract Induced Relaxation, Influx of Ca2+,
and Ca2+ Channels. In the first set of these experiments,
an attempt was made to verify the relaxation induced by
N. sativa involving Ca2+ influx. The endothelium-denuded
aortic rings were washed four to five times with Ca2+-free
Krebs solution (containing 5 × 10−5M EGTA) before PE
(10−6M) or KCl (6 × 10−2M) was applied to produce a
steady contraction, and then Ca2+ was added cumulatively
to obtain a concentration-response curve (10−5 to 10−2M) in
the presence of 14mg/mL N. sativa extract. In the second set
of experiments, the aim was to evaluate the roles of voltage-
dependent calcium channels in extract induced relaxation.
Endothelium-denuded aortic ringswere exposed to diltiazem
(10−5M), an L-type Ca2+ channel inhibitor, for 30min before
the application of PE (10−6M) to induce a steady contraction;
subsequently, the N. sativa extract (14mg/mL) was added to
evoke a relaxation.

2.5.4. N. sativa Extract Induced Relaxation and Intracellular
Sources of Ca2+. In this set of experiments, the aim was to
clarifywhether the relaxation induced byN. sativawas related
to the inhibition of intracellular Ca2+ release.

Endothelium-denuded aortic rings were exposed to dilti-
azem (10−5M), an L-type calcium blocker, for 30min before
the application of PE (10−6M) to induce a steady contraction;
subsequently, the N. sativa extract (14mg/mL) was added to
evoke relaxation. In the presence of diltiazem, ruthenium red
(RR) (10−5M), a ryanodine receptor inhibitor, or heparin
(HP) (50mg/L), an IP

3
receptor inhibitor, was added 30min

before the application of PE in separate experimental groups.
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Figure 1: Effect of different concentrations ofNigella sativa extract (2, 4, 6, 8, 10, and 14mg/mL) on PE (10−6M) (a) and KCl (6 × 10−2M) (b)
precontracted rat aortic rings with (+E) or without (−E) endothelium. Data are expressed as mean ± S.E.M. (𝑛 = 8). ∗∗∗𝑃 < 0.001, ∗∗𝑃 < 0.01
compared to base.

2.5.5. N. sativa Extract Induced Relaxation and K+ Channels.
To examine the role of K+channels in the extract induced
relaxation, the aortic rings were rinsed and exposed to
glibenclamide (10−5M), an inhibitor of the ATP-dependent
K+channels (KATP), and tetraethylammonium chloride
(TEA) (5mM), a nonselective K+ channel blocker, for
30min before the application of 10−6M PE to induce a
steady contraction and finally the effects of cumulative
concentrations of the extract (2, 4, 6, 8, 10, and 14mg/mL)
were evaluated for 25min.

2.6. Data Analysis. All data are expressed as mean ± S.E.M.
The EC

50
was defined as the concentration of N. sativa

that induced 50% of the maximum relaxation from the
contraction elicited by PE (10−6M) or KCl (6 × 10−2M)
and was calculated from the concentration-response curve,
analyzed by nonlinear regression (curve fit) using GraphPad
Prism (Version 4.0). Statistical comparisons were made using
the Student’s t-test and one-way ANOVA followed by the
Tukey’s test. 𝑃 values less than 0.05 were considered to be
statistically significant.

3. Results

3.1. Effect of N. sativa on PE andKCl Contracted Aorta. TheN.
sativa extract induced concentration-dependent relaxation in
aortic rings precontracted by PE and KCl with a maximum
relaxation of 62.3 ± 1.9% (EC

50
= 8.5mg/mL) and 60.2 ±

1.2% (EC
50
= 7.6mg/mL), respectively (Figures 1(a) and 1(b)).

These inhibitory responses of extract were not significantly
different in the intact and denuded aortic rings.

3.2. Effect of L-NAMEand Indomethacin onRelaxant Response
of N. sativa. Pretreatment of endothelium-intact aortic rings
with L-NAME and indomethacin had no effect on the N.
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Figure 2: Effect of cumulative concentrations of Nigella sativa seed
extract (2, 4, 6, 8, 10, and 14mg/mL) on PE precontracted rat aortic
rings with endothelium (PE + E) and after pretreatment with L-
NAME (10𝜇M) (PE + L-NAME) or indomethacin (10𝜇M) (PE +
Indo). Data are expressed as mean ± S.E.M. (𝑛 = 8).

sativa-induced vasorelaxation at any concentration of extract
(Figure 2).

3.3. Effect of N. sativa on Extracellular Ca2+-Induced Contrac-
tion. Cumulative addition of Ca2+ in a Ca2+-free medium
containing PE or KCl induced a concentration-dependent
contraction of aortic rings. Preincubation of the rings with
14mg/mL of N. sativa significantly inhibited Ca2+-induced
contraction in both PE (Figure 3(a)) and KCl (Figure 3(b))
constricted rings.

3.4. Effect of N. sativa on Intracellular Sources of Ca2+. The
results of 30min preincubation of endothelium-denuded
aortic rings with RR or heparin in the presence of diltiazem
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Figure 3: Effect of Nigella sativa seed extract at 14mg/mL on the Ca2+-induced (0.01–10mM) contraction of rat aortic rings without
endothelium pretreated with PE (10−6M) (a) or KCl (6 × 10−2M) (b). Data are expressed as mean ± S.E.M. (𝑛 = 8). ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001
compared tocontrol.
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Figure 4: Effect of Nigella sativa seed extract (14mg/mL) on
endothelium-denuded rat aortic rings (−E) contracted with PE
(10−6M), in the presence of diltiazem (10−5M) (−E + Dil), after
ruthenium red (10−5M) (−E + Dil + RR) or heparin (50mg/L) (−E
+ Dil + HP) pretreatment. Data are expressed as mean ± S.E.M.
(𝑛 = 8). ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001 compared to −En; ++𝑃 < 0.01
compared to −E + Dil.

with subsequent contraction by PE showed that diltiazem
attenuatedN. sativa-induced vasorelaxation in concentration
of 14mg/mL and RR did not change this reduction; however,
heparin significantly diminished this effect of the extract
(Figure 4).

3.5. Effect of N. sativa on K+Channels. 30min preincubation
of intact aortic rings with glibenclamide or TEAwith a subse-
quent contraction by PE showed glibenclamide significantly
reduced N. sativa-induced relaxation in all concentrations
of extract but TEA reduced this relaxative effect only in
concentrations of 2, 4, and 6mg/mL (Figure 5).

4. Discussion

The results of the present study showed that N. sativa seed
extract elicits vasorelaxation in aortic rings contracted by
KCl and PE. Vasocontraction or vasorelaxation could be
dependent on endothelium productions [30]. Endothelium
through the production of substances such as nitric oxide
(NO) and prostacyclin inhibits contraction and by secretion
of endothelin can cause contraction in vascular smooth
muscle cells (VSMCs) [31, 32].
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Figure 5: Effect of cumulative concentrations of Nigella sativa seed
extract (2, 4, 6, 8, 10, and 14mg/mL) on rat intact aortic rings
contracted with PE (10−6M) (PE + E), after pretreatment with
glibenclamide (10−5M) (PE+Gly) or tetraethylammonium chloride
(5mM) (PE + TEA). Data are expressed as mean ± S.E.M. (𝑛 = 8).
∗
𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001 compared to PE + E;
+
𝑃 < 0.05, ++𝑃 < 0.01, and +++𝑃 < 0.001 compared to PE + TEA.

The lack of variation between the vasorelaxation induced
by N. sativa seed extract in intact- or denuded-endothelium
of aortic rings suggests that this relaxant effect has been
exerted on the VSMCs and not on the aorta endothelium
(Figure 1).

The inhibitory effect of the extract on PE-induced con-
traction was not affected by the presence of L-NAME and
indomethacin. NO and prostacyclin, the important factors
of the vascular relaxant, are derived from the endothelium.
Relaxant effect of NO is mainly due to an increase in cyclic
guanosinemonophosphate (cGMP). L-NAMEas an inhibitor
of NO production and indomethacin as a nonselective



BioMed Research International 5

inhibitor of COX had no effects on the vasorelaxant effect of
the extract on PE-induced contractions, which indicated that
the relaxant effect of the extract is dependent on neither NO
nor prostacyclin (Figure 2). Also, the absence of difference
between intact- or denuded-endothelium of aortic rings in
extract induced vasorelaxation confirms the independency
of this extract’s effect on the endothelium. Moreover, the
inhibitory effects of the extract on the contraction induced
by KCl and PE in intact- and denuded-endothelium of aortic
rings were not different which is in agreementwith this recent
claim.

Ca2+ is a critical factor in the excitation-contraction
coupling in smooth muscle cells [33, 34]. Influx of extracellu-
lar Ca2+ through receptor-operated Ca2+ channels (ROCCs)
and voltage-dependent Ca2+ channels (VDCCs) and release
of Ca2+ from the sarcoplasmic reticulum by activation of
1,4,5 triphosphate inositol (IP

3
) and ryanodine receptors

(RYR) [35–37] result in increased intracellular Ca2+, which
causes contraction. On the other hand, the contraction
elicited by KCl mainly results from the influx of extracellular
Ca2+ induced by depolarization of the cell membrane and
subsequent opening of the VDCCs [36].

PE, an adrenoreceptor agonist, causes aortic contraction
by Ca2+ influx through ROCCs and by release of Ca2+
from the sarcoplasmic reticulum [37, 38]. The latter pathway
involves PE stimulation of phospholipase C to produce
diacylglycerol (DG) and IP3, and subsequently DG activates
the light chain of myosin through activation of protein
kinase C (PKC), and IP3 induces Ca2+ release from the
sarcoplasmic reticulum by opening IP3 receptors [37]. In
our experiments, N. sativa seed inhibited the contraction of
aortic rings induced by PE, implying that N. sativa seed may
inhibit the IP

3
and/or ryanodine receptor-dependent release

of intracellular Ca2+, reduce DG-PKC dependent myosin
light chain kinase activity, and/or block ROCCs to decrease
intracellular Ca2+ and relax the aorta. And, the finding thatN.
sativa seed reduced the aortic contraction when PE produced
a steady contraction followed by gradual Ca2+ input in a
Ca2+-free solution, indicated that N. sativa seeds blockade of
ROCCs to decrease the influx of extracellular Ca2+ may be a
critical mechanism in relaxing the aorta.

Potassium chloride commonly causes a sustained con-
traction in isolated arteries. N. sativa seed extract had a
concentration-dependent relaxant effect on this contraction
which may be due to the effects on VDCCs in the VSMCs.

Results from previous studies have shown that the
VDCCs are involved in KCl-induced contraction, so the
inhibitory effects of vasorelaxant substances which affect
this type of contractions may be through blocking VDCCs
[33]. The relaxant effects of N. sativa seed extract on KCl-
induced contraction in aortic rings in presence of cumulative
concentrations of calcium are similar to the function of
VDCCs in this suppressing effect.

To understand the effect ofN. sativa seed on extracellular
Ca2+ influx, experiments were conducted on rings contracted
with PE or KCl in a Ca2+-free Krebs solution in which Ca2+
was added subsequently. Our data reporting that N. sativa

seed decreased Ca2+-induced contractions after both PE-
and KCl-induced contraction argue for the blockade of both
ROCCs and VDCCs as part of the vasodilating effects of N.
sativa seed.These results were verified by PE- or KCl-induced
contraction in the presence of diltiazem as an L-type calcium
blocker, in which the vasorelaxant effect of N. sativa seed
decreased significantly (Figures 3(a) and 3(b)).

Relaxant effect of the extract was reduced significantly in
the presence of heparin as an IP

3
receptor inhibitor, which

shows the importance of IP
3
signaling pathway in the relaxant

effect of N. sativa seed.
Ruthenium red did not diminish the extract induced

vasorelaxation in aortic rings precontracted by PE; thus, the
ryanodine receptors did not have any role in the inhibitory
effect of the extract.

Besides Ca2+ channels, K+ channels contribute to the
regulation of the membrane potential in electrically excitable
cells including VSMCs [39]. Membrane hyperpolarization
is due to an efflux of K+ rises of the opening of the K+
channels in the VSMCs. This effect is followed by the closure
of VDCCs, leading to the reduction in Ca2+ entry and
vasodilation [36]. VSMCs express both KATP and nonselec-
tive K+ channel [40, 41]. Blockade of the KATP channel by
glibenclamide significantly decreased the relaxant effects of
the extract which confirmed the prominent role of these
K+ channels in the N. sativa seed induced vasorelaxation.
Reduced inhibitory effect of the extract at concentrations of 2,
4, and 6mg/mL by TEA showed implication of nonselective
K+ channel in the N. sativa seed induced vasorelaxation at
lower concentrations of extract.

These results suggest that the relaxant effects of N. sativa
seed extract on the contractions induced by PE and KCl
in VSMCs are mediated by different signaling pathways. It
seems that the most important mechanisms involved in this
vasorelaxation are inhibition of extracellular Ca2+ influx,
blockade of KATP channels, and also suppression of IP

3
-

mediated receptors. The previous study showed that cardiac
inhibitory effect of N. sativa seed may be due to calcium
channel inhibitory or an opening effect for the plant on
potassium channels in isolated heart [42].

5. Conclusions

Based on the present data, the use of N. sativa seeds may be
useful in traditionalmedicine for hypertension treatment that
supports the previous studies which showed the antihyper-
tensive effect of this plant.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgment

The authors would like to thank the Research Affairs of
Mashhad University of Medical Sciences for their financial
support.



6 BioMed Research International

References

[1] A.Ahmad,A.Husain,M.Mujeeb et al., “A reviewon therapeutic
potential of Nigella sativa: a miracle herb,” Asian Pacific Journal
of Tropical Biomedicine, vol. 3, no. 5, pp. 337–352, 2013.

[2] B. H. Ali and G. Blunden, “Pharmacological and toxicological
properties of Nigella sativa,” Phytotherapy Research, vol. 17, no.
4, pp. 299–305, 2003.

[3] M. H. Boskabady, N. Vahedi, S. Amery, and M. R. Khakzad,
“The effect of Nigella sativa alone, and in combination with
dexamethasone, on tracheal muscle responsiveness and lung
inflammation in sulfur mustard exposed guinea pigs,” Journal
of Ethnopharmacology, vol. 137, no. 2, pp. 1028–1034, 2011.

[4] F. Yildiz, S. Coban, A. Terzi et al., “Protective effects of Nigella
sativa against ischemia-reperfusion injury of kidneys,” Renal
Failure, vol. 32, no. 1, pp. 126–131, 2010.

[5] M. Burits and F. Bucar, “Antioxidant activity of Nigella sativa
essential oil,” Phytotherapy Research, vol. 14, no. 5, pp. 323–328,
2000.

[6] H. S. Aboul Ezz, Y. A. Khadrawy, and N. A. Noor, “The
neuroprotective effect of curcumin andNigella sativa oil against
oxidative stress in the pilocarpine model of epilepsy: a compar-
ison with valproate,”Neurochemical Research, vol. 36, no. 11, pp.
2195–2204, 2011.

[7] N. A. Noor, H. S. Aboul Ezz, A. R. Faraag, and Y. A. Khadrawy,
“Evaluation of the antiepileptic effect of curcumin and Nigella
sativa oil in the pilocarpine model of epilepsy in comparison
with valproate,” Epilepsy & Behavior, vol. 24, no. 2, pp. 199–206,
2012.

[8] P. Landa, P. Marsik, J. Havlik, P. Kloucek, T. Vanek, and L.
Kokoska, “Evaluation of antimicrobial and anti-inflammatory
activities of seed extracts from six Nigella species,” Journal of
Medicinal Food, vol. 12, no. 2, pp. 408–415, 2009.

[9] M. H. Boskabady, B. Shirmohammadi, P. Jandaghi, and S.
Kiani, “Possible mechanism(s) for relaxant effect of aqueous
and macerated extracts from Nigella sativa on tracheal chains
of guinea pig,” BMC Pharmacology, vol. 4, article 3, 2004.

[10] A.-F. M. Abdel-Fattah, K. Matsumoto, and H. Watanabe,
“Antinociceptive effects of Nigella sativa oil and its major
component, thymoquinone, in mice,” European Journal of
Pharmacology, vol. 400, no. 1, pp. 89–97, 2000.

[11] A. Benhaddou-Andaloussi, L. Martineau, T. Vuong et al.,
“The in vivo antidiabetic activity of Nigella sativa is mediated
through activation of the AMPK pathway and increasedmuscle
Glut4 content,” Evidence-Based Complementary and Alternative
Medicine, vol. 2011, Article ID 538671, 9 pages, 2011.

[12] E. A. Al-Suhaimi, “Hepatoprotective and immunological func-
tions of Nigella sativa seed oil against hypervitaminosis A in
adult male rats,” International Journal for Vitamin and Nutrition
Research, vol. 82, no. 4, pp. 288–297, 2012.

[13] M. H. Boskabady, R. Keyhanmanesh, and M. A. E. Saadatloo,
“Relaxant effects of different fractions from Nigella sativa L.
on guinea pig tracheal chains and its possible mechanism(s),”
Indian Journal of Experimental Biology, vol. 46, no. 12, pp. 805–
810, 2008.

[14] G. Al-Naqeeb, M. Ismail, and A. S. Al-Zubairi, “Fatty acid
profile, 𝛼-tocopherol content and total antioxidant activity of
oil extracted from Nigella sativa seeds,” International Journal of
Pharmacology, vol. 5, no. 4, pp. 244–250, 2009.

[15] A. Mezit, H. Meziti, K. Boudiaf, B. Mustapha, and H. Bouriche,
“Polyphenolic profile and antioxidant activities ofNigella sativa

seed extracts in vitro and in vivo,” World Academy of Science,
Engineering & Technology, vol. 64, no. 6, pp. 24–32, 2012.

[16] C. Nergiz and S. Otles, “Chemical composition ofNigella sativa
L. seeds,” Food Chemistry, vol. 48, no. 3, pp. 259–261, 1993.

[17] O. A. Ghosheh, A. A. Houdi, and P. A. Crooks, “High perfor-
mance liquid chromatographic analysis of the pharmacologi-
cally active quinones and related compounds in the oil of the
black seed (Nigella sativa L.),” Journal of Pharmaceutical and
Biomedical Analysis, vol. 19, no. 5, pp. 757–762, 1999.

[18] F. R. Dehkordi and A. F. Kamkhah, “Antihypertensive effect of
Nigella sativa seed extract in patients with mild hypertension,”
Fundamental & Clinical Pharmacology, vol. 22, no. 4, pp. 447–
452, 2008.

[19] M. M. Khattab and M. N. Nagi, “Thymoquinone supplementa-
tion attenuates hypertension and renal damage in nitric oxide
deficient hypertensive rats,” Phytotherapy Research, vol. 21, no.
5, pp. 410–414, 2007.

[20] X.-F. Leong, M. R. Mustafa, and K. Jaarin, “Nigella sativa
and its protective role in oxidative stress and hypertension,”
Evidence-Based Complementary and Alternative Medicine, vol.
2013, Article ID 120732, 9 pages, 2013.

[21] A. Tahraoui, J. El-Hilaly, Z. H. Israili, and B. Lyoussi,
“Ethnopharmacological survey of plants used in the tradi-
tional treatment of hypertension and diabetes in south-eastern
Morocco (Errachidia province),” Journal of Ethnopharmacology,
vol. 110, no. 1, pp. 105–117, 2007.

[22] R. Mohtashami, M. Amini, H. F. Huseini et al., “Blood glucose
lowering effects of Nigella sativa L. seeds oil in healthy volun-
teers: a randomized, double-blind, placebo-controlled clinical
trial,” Journal of Medicinal Plants, vol. 10, no. 39, pp. 90–94, 2011.

[23] A. Zaoui, Y. Cherrah, M. A. Lacaille-Dubois, A. Settaf, H.
Amarouch, and M. Hassar, “Diuretic and hypotensive effects of
Nigella sativa on the spontaneously hypertensive rat,”Therapie,
vol. 55, no. 3, pp. 379–382, 2000.

[24] S. Ahmad and Z. H. Beg, “Elucidation ofmechanisms of actions
of thymoquinone-enriched methanolic and volatile oil extracts
from Nigella sativa against cardiovascular risk parameters in
experimental hyperlipidemia,” Lipids in Health andDisease, vol.
12, article 86, 2013.

[25] A. Hamed and A. Alobaidi, “Effect of Nigella sativa and
Allium sativum coadminsteredwith simvastatin in dyslipidemia
patients: a prospective, randomized, double-blind trial,” Anti-
Inflammatory & Anti-Allergy Agents in Medicinal Chemistry,
vol. 13, no. 1, pp. 68–74, 2014.

[26] P. M. Le, A. Benhaddou-Andaloussi, A. Elimadi, A. Settaf,
Y. Cherrah, and P. S. Haddad, “The petroleum ether extract
of Nigella sativa exerts lipid-lowering and insulin-sensitizing
actions in the rat,” Journal of Ethnopharmacology, vol. 94, no.
2-3, pp. 251–259, 2004.

[27] A. M. Sabzghabaee, M. Dianatkhah, N. Sarrafzadegan, S.
Asgary, and A. Ghannadi, “Clinical evaluation of Nigella sativa
seeds for the treatment of hyperlipidemia: a randomized,
placebo controlled clinical trial,” Medical Archives, vol. 66, no.
3, pp. 198–200, 2012.

[28] S. C. El-Saleh, O. A. Al-Sagair, and M. I. Al-Khalaf, “Thymo-
quinone and Nigella sativa oil protection against methionine-
induced hyperhomocysteinemia in rats,” International Journal
of Cardiology, vol. 93, no. 1, pp. 19–23, 2004.

[29] N. Idris-Khodja andV. Schini-Kerth, “Thymoquinone improves
aging-related endothelial dysfunction in the rat mesenteric
artery,” Naunyn-Schmiedeberg’s Archives of Pharmacology, vol.
385, no. 7, pp. 749–758, 2012.



BioMed Research International 7

[30] M. Félétou and P. M. Vanhoutte, “Endothelial dysfunction: a
multifaceted disorder (TheWiggers Award Lecture),”American
Journal of Physiology: Heart and Circulatory Physiology, vol. 291,
no. 3, pp. H985–H1002, 2006.

[31] R. Bello, S. Calatayud, L. Moreno, B. Beltran, E. Primo-Yúfera,
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Background. The aim of this survey was to describe, in a situation of growing availability of monitoring devices and parameters,
the practices in haemodynamic monitoring at the bedside.Methods. We conducted aWeb-based survey in Swiss adult ICUs (2009-
2010). The questionnaire explored the kind of monitoring used and how the fluid management was addressed. Results. Our survey
included 71% of Swiss ICUs. Echocardiography (95%), pulmonary artery catheter (PAC: 85%), and transpulmonary thermodilution
(TPTD) (82%) were the most commonly used. TPTD and PAC were frequently both available, although TPTD was the preferred
technique. Echocardiography was widely available (95%) but seems to be rarely performed by intensivists themselves. Guidelines
for the management of fluid infusion were available in 45% of ICUs. For the prediction of fluid responsiveness, intensivists rely
preferentially on dynamic indices or echocardiographic parameters, but static parameters, such as central venous pressure or
pulmonary artery occlusion pressure, were still used.Conclusions. Inmost Swiss ICUs, multiple haemodynamicmonitoring devices
are available, although TPTD is most commonly used. Despite the usefulness of echocardiography and its large availability, it is
not widely performed by Swiss intensivists themselves. Regarding fluid management, several parameters are used without a clear
consensus for the optimal method.

1. Introduction

Adequate haemodynamic assessment and management are
cornerstones for the management of critically ill patients
[1, 2]. However, the use of haemodynamic monitoring at the
bedside faces many challenges. First, the methods, devices,
and parameters available for haemodynamicmonitoring have
evolved over the last 30 years, and this may be responsi-
ble for the large heterogeneity in the types of techniques
used by clinicians in various intensive care units (ICUs).
Second, the proper use of these monitoring devices and
the interpretation of the values displayed may be difficult
and require a high level of knowledge and skill, result-
ing in heterogeneous interventions [3, 4]. Third, advanced

methods for haemodynamic monitoring, per se, have not
been associated with an improvement in patient survival
[5–9], unless they are coupled with early and clinically
relevant therapeutic strategies [1]. Consequently, the integra-
tion of measured parameters into the therapeutic strategy
may also vary between physicians and ICUs. Finally, in
some situations, the macrocirculation may be decoupled
from the microcirculation [10, 11], thereby reducing the
effectiveness of haemodynamic optimisation based only on
commonlymeasuredmacrocirculatory parameters and com-
plicating the haemodynamic management of critically ill
patients.

Considerable heterogeneity in the availability and prac-
tice of haemodynamicmonitoring exists at the bedside across
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clinicians, ICUs, and countries, although studies investigating
this issue are scarce [3, 12–15]. However, this type of study
could allow for tailored training in intensive care and could
help to adapt the clinical guidelines according to the tech-
niques available. The goal of this study was, thus, to generate
a first description of the availability and the use of bedside
haemodynamic monitoring in Swiss ICUs, especially for the
management of volume expansion.

2. Methods

This study was designed as a self-reported, internet-
based survey. The questionnaire consisted of 36 multiple-
choice questions (http://www.genevahemodynamic.com/)
(research/swisshaemodynamicsurvey). Apart from general
questions the questions investigated two topics: the monitor-
ing techniques used by Swiss intensivists (16 questions) and
themethod bywhich Swiss intensivists address fluidmanage-
ment (8 questions). Advanced haemodynamic monitoring
was defined as the use of techniques that allow the estimation
of cardiac output. In questions reporting frequency of use,
clinicians rate their utilisation on a scale from 1 to 10 (1 =
never, 10 = in every case). In questions qualifying a device,
clinicians were asked to scale their replies from 0 to 5
(0 = “the worst,” 5 = “the best”). The questionnaire was
first evaluated by two independent physicians specialised
in critical haemodynamic care and then tested on 15 Swiss
intensivists to improve the formulation of the questions.

We selected all adult ICUs (medical, surgical, and inter-
disciplinary) that conform to the recommendation of the
Swiss Society of IntensiveMedicine 2008-2009 (77 ICUs).We
sent the questionnaire via e-mail to the physician respon-
sible for the selected ICUs and/or to physicians working
in the same centre that could be identified. The contacted
physician could then decide to reply and/or to forward the
questionnaire to some of his colleagues in the same ICU.
To increase the return rate, the questionnaire was sent a
second time to nonresponders. Replies were collected during
the period from 2009 to 2010. As this survey was based on
voluntary participation with an information disclosure, an
ethics committee did not review this study.

2.1. Statistical Analysis. Data were analysed using R 2.14.1.We
analysed the responses either at the physician level or the
ICU level. Responses analysed at the physician level consider
each physician’s answer as having equivalent weight. Thus,
ICUs with more responding physicians contributed more
responses. To give equal weight to all ICUs, we also calculated
the responses at the ICU level by determining the opinion
of each centre, corresponding to the majority of replies in
the centre, and then averaging the opinion of all ICUs. To
determine the contribution of the number of replies per
ICU to the results, we analysed the correlation between the
responses averaged across ICUs versus that averaged across
individual physicians. Regarding the description of replies
concerning parameters that require a specific technique (e.g.,
extravascular lung water (EVLW), which can only be mea-
sured with the PiCCO device (PULSION Medical systems;

Munich, Germany)), we selected only those replies from
physicians working in ICUs where this device was available.
To evaluate the degree of consensus for each question, we
arbitrarily determined that a response rate greater than
65% for a single question represented a strong consensus,
a response rate between 55 and 64% indicated a weak
consensus, and a response rate less than 55% represented
no consensus. For multiple-choice questions, a positive
consensus was reached if the physicians who participated
included the proposition, and a negative consensus was
reached if the physicians who participated did not include the
proposition.

3. Results

3.1. Descriptive Analysis. We obtained 130 replies from 55
ICUs (71.4%) from a total of 77 Swiss adult ICUs ref-
erenced during the study period. The median response
rate was 1 per ICU (1–20 replies per ICU; mean response
rate: 2.3; interquartile range: 1). Among the participating
intensivists, 73% (𝑛 (Intensivists) = 95/130) declared to be
specialists in intensive care medicine (certification from the
SwissMedical Association). In addition, 62% (𝑛 (Intensivists)
= 81/130) reported more than 5 years of experience in
critical care practice (5–10 years: 25% (𝑛 (Intensivists) =
33/130), >10 years: 37% (𝑛 (Intensivists) = 48/130)). The
correlation between the replies reported by individual physi-
cians and by ICUs was very high (𝑟 = 0.997, 𝑃 <
0.0001), suggesting that the response rate of individual
centres (i.e., the “size” of the ICU) did not influence the
results.

3.2. Availability and Use of Haemodynamic Monitoring in
Swiss ICUs. In Switzerland, intensivists reported frequent use
of advanced haemodynamic monitoring during the shock
state; for example, during cardiogenic and septic shock,
the mean rate of use was 8.3/10 and 8.1/10, respectively.
Three devices were most commonly available: echocardio-
graphy (95% (𝑛 (ICU) = 52/55)), right heart thermodilu-
tion with pulmonary artery catheter (PAC: 85% (𝑛 (ICU)
= 47/55)), and transpulmonary thermodilution (TPTD)
with the PiCCO device (82% (𝑛 (ICU) = 45/55)). FloTrac,
oesophageal Doppler monitoring, and LiDCO were not
widely available (20% (𝑛 (ICU) = 11/55), 13% (𝑛 (ICU) = 7/55),
and 9% (𝑛 (ICU) = 5/55), resp.). Notably, in 67% (𝑛 (ICU) =
37/55) of Swiss ICUs, TPTD and PAC were both available,
although TPTD was reported to be more commonly used
(Figure 1). In ICUs where PAC was reported to be most
frequently used, 78% (𝑛 (ICU) = 7/9) were leading centres
recommended for critical care teaching (Swiss Medical Asso-
ciation class A ICUs).

Echocardiography was available in most ICUs (Figure 2)
but was not routinely used, and in most cases, echocardio-
graphy was not performed by the intensivists themselves.
In contrast to this result, a large majority of participating
physicians considered that Swiss intensivists should be able
to perform echocardiography in ICUs for haemodynamic
management.
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TPTD  
: 56%

PAC: 31%

Echocardiography: 9%

FloTrac: 3% LiDCO: 1%

Which hemodynamic monitoring is reported

TPTD (PiCCO) (n (Intensivists) = 72/127) 
PAC (n (Intensivists) = 39/127)
Echocardiography (n (Intensivists) = 11/127)
FloTrac (n (Intensivists) = 4/127)
LiDCO (n (Intensivists) = 1/127)

to be the most used by Swiss Intensivists?

Figure 1: Haemodynamic monitoring techniques reported to be
most commonly used by intensive care physicians. TPTD: transpul-
monary thermodilution, PAC: pulmonary artery catheter. The
results are presented as the mean number of replies from Swiss
intensivists (in %) to the total number of intensivists who replied
to the question (𝑛 (Intensivists)/total replies).

3.3. Clinically Oriented Selection of Haemodynamic Mon-
itoring. The method considered optimal for haemody-
namic monitoring varied according to the clinical situation
(Figure 3). During cardiogenic shock, Swiss intensivists con-
sidered monitoring with PAC or echocardiography equally
good and reported these twomonitoring techniques superior
to other techniques. During septic shock, intensivists consid-
ered TPTD to be themost appropriate monitoring technique.
Finally, during acute respiratory distress syndrome (ARDS),
intensivists considered TPTD and PAC to be the best tech-
niques; interestingly, these two techniques were considered
to be equivalent in this situation.

3.4. Parameters Used with TPTD and the PiCCO Device.
Among all parameters associated with the PiCCO device,
only cardiac index, EVLW, global end-diastolic volume
(GEDV), stroke volume variation (SVV), and intrathoracic
blood volume (ITBV) were used by a majority of clinicians
(Figure 4).

3.5. Haemodynamic Parameters Used by Swiss Intensivists for
Fluid Management. For the management of fluid therapy,
guidelines were available in less than half of ICUs (45%,
𝑛 (ICU) = 25/55). The mean arterial blood pressure tar-
geted by the majority of intensivists was between 60 and
65mmHg (40–50mmHg: 2% (𝑛 (Intensivists) = 3/130), 50–
55mmHg: 2% (𝑛 (Intensivists) = 3/130), 55–60mmHg: 8%
(𝑛 (Intensivists)=10/130), 60–65mmHg:56% (𝑛(Intensivists)=
73/130), and 65–70mmHg: 27% (𝑛 (Intensivists) = 35/130)

Yes: 59%
Yes, selectively:

No: 2%

Yes (n (Intensivists) = 75/128)
Yes, selectively (n (Intensivists) = 50/128)
No (n (Intensivists) = 3/128)

Never: 57%

Sometimes: 25%

Frequently: 12%

Always: 6%

Never (n (Intensivists) = 74/130)
Sometimes (n (Intensivists) = 32/130)
Frequently (n (Intensivists) = 16/130)
Always (n (Intensivists) = 8/130)

Sometimes: 50%

Frequently: 41%

Never: 5% Always: 4%

Always (n (Intensivists) = 5/130)

How often is echocardiography used by
Swiss Intensivists for hemodynamic management?

Did the Swiss Intensivists believe that intensive

echocardiographic examinations in critically ill
medicine specialists should be able to perform 

patients to assess hemodynamic?

How often is echocardiography performed
 by Intensivists themselves?

Sometimes (n (Intensivists) = 65/130)
Frequently (n (Intensivists) = 54/130)

Never (n (Intensivists) = 6/130)

39%

Figure 2: The use of echocardiography by intensivists. The results
are presented as the mean number of replies from Swiss intensivists
(in %) to the total number of intensivists who replied to the question
(𝑛 (Intensivists)/total replies).
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Figure 3: Evaluation of various devices by intensivists according to the clinical situation. Devices were rated on a scale from 1 “worst” to 5
“best.” TPTD: transpulmonary thermodilution, PAC: pulmonary artery catheter.
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Figure 4:The use of various parameters available with transpulmonary thermodilution (PiCCO) by Swiss intensivists. CFI: cardiac function
index; CI: cardiac index; CPI: cardiac power index; EVLW: extravascular lung water; GEDV: global end-diastolic volume; GEF: global ejection
fraction; ITBV: intrathoracic blood volume; PPV: pulse pressure variation; PVPI: pulmonary vascular permeability index; SVRI: systemic
vascular resistance index; SVV: stroke volume variation. The results of this multiple-choice question are presented as the mean number of
replies from Swiss intensivists (in %) to the total number of intensivists who replied to the question (𝑛 (Intensivists)/total replies).

and 70–75mmHg: 5% (𝑛 (Intensivists) = 6/130)). For the
prediction of fluid responsiveness (Table 1), Swiss inten-
sivists mainly used dynamic indices (i.e., indices which
vary with respiration, e.g., pulse pressure variation, PPV),
the passive leg rising manoeuvre (PLR), and/or echocar-
diographic parameters. Static parameters (i.e., parameters

which did not varies with respiration) such as central
venous pressure (CVP) and pulmonary artery occlusion
pressure (PAOP) were also used by a significant num-
ber of intensivists (Table 1); however, when these meth-
ods were used, most intensivists considered that only low
values indicated a state of preload dependency (CVP <
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5mmHg: 42% (𝑛 (Intensivists) = 55/130), CVP < 10mmHg:
19% (𝑛 (Intensivists) = 25/130), CVP < 15mmHg: 2%
(𝑛 (Intensivists) = 2/130), and none: 37% (𝑛 (Intensivists) =
48/130); PAOP < 5mmHg: 21% (𝑛 (Intensivists) = 24/114),
PAOP < 10mmHg: 31% (𝑛(Intensivists) = 35/114), and
PAOP < 15mmHg: 21% (𝑛 (Intensivists) = 24/114), PAOP
< 20mmHg: 3% (𝑛 (Intensivists) = 3/114) and None: 25%
(𝑛 (Intensivists) = 28/114)). On the other hand, to assess the
possibility of further fluid filling, intensivists use different
parameters, mainly EVLW and PAOP, according to the
technique available (TPTD versus PAC).

3.6. Evaluation of Consensus. The results are displayed in
Table 2.

4. Discussion

The present self-reported internet-based survey investigated
the types of haemodynamicmonitoring available in ICUs of a
European country and reported how this monitoring is used
at the bedside. We observed that, in Swiss ICUs, advanced
haemodynamic monitoring is frequently used at the bedside.
Among the techniques accessible, echocardiography, TPTD,
and/or PACwere largely available in most ICUs; moreover, in
a large majority of ICUs, both PAC and TPTD with PiCCO
were available, but TPTD seemed to be the most frequently
used technique. Echocardiography was largely available and
considered a good technique in various situations, although
this examination is generally not performed by intensivists
themselves. Finally, for assessing fluid responsiveness, inten-
sivists seemed to prefer dynamic indices instead of static
parameters (Tables 1 and 2).

Limited data exists concerning the use of haemodynamic
monitoring in critically ill patients at bedside across coun-
tries, but, as suggested by Torgersen et al., there seems to be
considerable heterogeneity in themanagement and in the use
of haemodynamic monitoring across centres and countries
[15]. In our study, we observed a large utilisation of invasive
haemodynamicmonitoring in patients with shock.This prac-
tice is in accordance with the acknowledged importance of
early and adequate haemodynamic optimisation in critically
ill patients with shock [16]. In other European countries,
during septic shock, Torgersen et al. reported that almost all
responders asserted the cardiac output, even if the rate of
invasive haemodynamic monitoring use was not reported.
The fact that, in our country, echocardiography monitoring
is less used may explain the higher rate of invasive technique
observed in the present survey. Also, we may speculate that
the skill and medical education of clinicians as well as the
hospitals resources have a big influence on the way the
critically ill patients are monitored.

The availability in a single centre of several types of
haemodynamic monitoring techniques may allow the clini-
cian, taking into account the specificities of each technique,
to adapt the monitoring used in accordance with the clini-
cal situation. However, as suggested by numerous previous
studies [3, 14, 17], this implies the need for major training
to ensure the proper use of different techniques and the

Table 1: Haemodynamic parameters used by Swiss intensivists for
fluid management.

Parameters Average of replies by
Swiss intensivists

Parameters used to predict fluid
responsiveness
PPV 59% (n = 76/130)
PLR 54% (n = 70/130)
Echocardiography 54% (n = 70/130)
SVV 48% (n = 62/130)
GEDV∗∗ 46% (n = 51/112)
CO 45% (n = 59/130)
ScvO2 43% (n = 56/130)
Arterial pressure 42% (n = 54/130)
PAOP∗ 39% (n = 44/114)
EVLW∗∗ 33% (n = 37/111)
SvO
2

∗ 32% (n = 36/113)
CVP 31% (n = 40/130)
RVVC 26% (n = 34/130)
ITBV∗∗ 21% (n = 24/112)
Global fluid balance 15% (n = 19/130)
Diameter of inferior vena cava 12% (n = 15/130)
Parameters used to stop further fluid
infusion
EVLW∗∗ 52% (n = 58/112)
PAOP∗ 51% (n = 58/114)
PPV 43% (n = 55/129)
GEDV∗∗ 42% (n = 47/112)
Lactate 42% (n = 54/129)
Echocardiography 38% (n = 49/128)
PLR 38% (n = 49/129)
ITBV∗∗ 30% (n = 34/112)
Other clinical parameters 27% (n = 35/129)
Oxygen requirement 26% (n = 33/129)
Normal CO 23% (n = 30/129)
ScvO2 19% (n = 24/129)
SvO
2

∗ 13% (n = 15/113)
High CO 6% (n = 8/129)
The results are presented as the mean response from Swiss intensivists in %,
with the number of replies to the total number of intensivists responding
to the question (n Intensivists/total replies). For parameters requiring a
specific technique, only the replies from ICUs where this technique was
available were selected: pulmonary artery catheter (PAC) available: indicated
by∗; transpulmonary thermodilution with PiCCO available: indicated by∗∗.
CO: cardiac output; CVP: central venous pressure; EVLW: extravascular
lung water; GEDV: global end-diastolic volume; ITBV: intrathoracic blood
volume; PAOP: pulmonary artery occlusion pressure; PLR: passive leg rising
test; PPV: pulse pressure variation; RVVC: respiratory variation of inferior
vena cava; ScvO2: central venous blood saturation; SVV: stroke volume
variation; SvO2: mixed venous blood saturation.

adequate interpretation of measured parameters to correctly
guide therapeutic interventions. Our observation of a large
use of diverse techniques suggests that it may be interesting
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Table 2: Consensus in the replies from Swiss intensivists concerning haemodynamic monitoring.

Strong consensus
On the availability of echocardiography, pulmonary artery catheter, or PiCCO in Swiss ICUs
On the nonavailability of FloTrac, oesophageal Doppler monitoring, or LiDCO in Swiss ICUs
On the use of echocardiography for haemodynamic monitoring
On the interest of Swiss intensivists to be able to perform echocardiography themselves in critically ill patients
On the use of cardiac index, EVLW, GEDV, or SVV when using the PiCCO device
On the nonuse of GEF, PVPI, or CPI when using the PiCCO device
On the nonuse of EVLW, SVO2, CVP, RVVC, ITBV, global fluid balance, or the diameter of inferior vena cava for predicting fluid
responsiveness
On the nonuse of ITBV, other clinical parameters, oxygen requirement, normal cardiac output, ScVO2, SVO2, or high cardiac output to
stop further fluid infusion
Weak consensus
On the preference for the use of TPTD in haemodynamic monitoring
That Swiss intensivists do not perform themselves echocardiography
On the use of ITBV when using the PiCCO device
On the nonuse of CFI when using the PiCCO device
For a mean arterial blood pressure target between 60–65mmHg
On the use of PPV for predicting fluid responsiveness
On the nonuse of cardiac output, ScVO2, arterial pressure, or PAOP to predict fluid responsiveness
No consensus
On the frequency of use of echocardiography for haemodynamic monitoring
On the use of PPV or SVRI when using the PiCCO device
On the threshold of CVP that may indicate the need for fluid infusion
On the threshold of PAOP that may indicate the need for fluid infusion
On the use of PLR, echocardiography, SVV, or GEDV for predicting fluid responsiveness
On the use of EVLW or PAOP to stop further fluid infusion
A strong consensus was defined as a response rate greater than 65% for a single question; a weak consensus was defined as a response rate from 55–64%; and
no consensus was declared when the response rate was under 55%. CVP: central venous pressure; EVLW: extravascular lung water; GEDV: global end-diastolic
volume; ITBV: intrathoracic blood volume; PAOP: pulmonary artery occlusion pressure; PLR: passive leg rising test; PPV: pulse pressure variation; RVVC:
respiratory variation of inferior vena cava; ScvO2: central venous blood saturation; SVV: stroke volume variation; SvO2: mixed venous blood saturation.

to assess the clinical and cost effectiveness of each technique
in the management of critically ill patients. If further studies
confirmed the availability of multiple devices in each ICU,
a national program for teaching, maintenance of skills and
regular evaluation of knowledge could be implemented to
optimise the resources needed and maintain a high quality
of use of these specific techniques. Indeed, in Switzerland
there are no clear guidelines, specific recommendation, or
nationally structured formation about the haemodynamic
monitoring of patients in shock state. And the absence of any
consensus on this issue makes the Swiss intensivist clinical
practice associated to the local medical tradition.

Furthermore, as observed in other studies [9, 15], we
noticed in our study that intensivists seemed to favour the
use of new monitoring devices, such as TPTD with PiCCO,
instead of the “historical” PAC method. The only excep-
tion concerned the leading centres involved in critical care
teaching (Swiss Medical Association class A ICUs), where
PAC remains largely used. Interestingly, in our study TPTD
with PiCCO is considered by intensivists to be equivalent to
PAC during ARDS and superior during septic shock, whereas
during cardiogenic shock, PAC and echocardiography are

considered the most appropriate techniques. Our results
regarding the use of TPTD with PiCCO during septic shock
are in accordance with the typical practice in European
countries, in which most clinicians (65.5%) report the use of
TPTD for themeasurement of cardiac output in this situation
[15]. Our observation of the clinical preference to use PAC
or echocardiography during cardiogenic shock seems also in
accordance with the study by Trof et al. comparing volume-
limited (monitored by TPTD) versus pressure-limited (mon-
itored by PAC) haemodynamic management in septic and
nonseptic shock [18]. In this study, the authors did not
observe any difference in ventilators-free days, lengths of
stay, organ failures, and mortality between the two modes
of haemodynamic monitoring. However, in the nonseptic
shock patients, TPTD based algorithm (EVLW < 10mL/kg,
GEDV < 850mL/m2) resulted in more days on mechanical
ventilation and ICU length of stay compared with PAC
(PAOP < 18–20mmHg).

Interestingly in our study, during ARDS the monitoring
with TPTD (PiCCO) is considered, by the clinicians, to be
equivalent with the monitoring with PAC. This observation
may likely represent one of the characteristics of the evolution
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in haemodynamic monitoring in critically ill patients. Tradi-
tionally, during ARDS, PAC has demonstrated certain advan-
tages. First, the measurement of PAOP allows the exclusion
of left ventricular dysfunction (PAOP of less than 18mmHg),
a criterion required for the diagnosis and definition of
ARDS [19]. Second, PAC allows the evaluation of pulmonary
artery hypertension, associated with the development of
right ventricular failure [20], and enables the adjustment
of pulmonary vasodilators (e.g., inhaled nitric oxide). Thus,
during ARDS, other techniques such as echocardiography
must be combined with TPTD to assess right ventricular
function and pulmonary circulation.However, duringARDS,
monitoring with TPTD may have benefits. For example,
EVLWthatwas indexed to predicted bodyweight [21, 22]may
allow a more precise evaluation of lung oedema than chest
radiograph, where the presence of a bilateral infiltrate, which
can be related to other diseases besides pulmonary oedema,
may be difficult to identify. Moreover, EVLW may also be
considered as a means to manage fluid balance during ARDS
[21].

Echocardiography is a noninvasive advanced haemody-
namic technique useful in the management of critically ill
patients [23, 24]. In our study, we observed that even if
echocardiography was widely available and considered to
be reliable (Figure 3), this technique was not regularly used
by intensivists themselves. This observation suggests that
echocardiography is performed mainly by cardiologists in
specific situations rather than as a true technique of haemo-
dynamic monitoring used to regularly assess the evolution of
the patient and the effect of treatment. However, we observed
that a large majority of intensivists (98%) demonstrated
a desire to become more independent in the practice of
echocardiography in the critical care setting. This situation
may be specific to countries where no specific echocardio-
graphic training is intended for intensivists and where no
specific descriptions of the skills required to practice this
examination are accepted, as it is the case in Switzerland. In
response to this situation, according to the will of clinicians
and following the evolution of education and training in other
European countries [24], the number of certified technicians
and improved descriptions of the skills required to practice
echocardiography in Swiss ICUs are growing [25, 26].

Among the difficulties associated with the use of haemo-
dynamic monitoring, individual differences in the inter-
pretation of parameters and related interventions could be
significant. Apart from a high level of training, this issue may
be improved by the implementation of clinical guidelines.
However, as highlighted by the present survey, in most
ICUs, guidelines for fluid resuscitation are not available.
This underutilisation of guidelines during fluid resuscitation
likely reflects the complexity of this issue and the lack of
consensus on validated indices available to adequately predict
fluid responsiveness in the large population of critically ill
patients. Indeed, we failed to detect a strong consensus on
the use of these indices among Swiss intensivists, although
we did observe some consensus related to the nonuse of
various parameters (Table 2). In the assessment of preload
dependency, a slight majority of intensivists reported to use
mainly dynamic indices (PPV), volumetric indices estimated

with the TPTD technique (GEDV), or echocardiography,
although a strong consensus was lacking. Notably, despite the
amount of clinical data supporting the uselessness of static
parameters (CVP, PAOP) as markers of fluid responsiveness
[27, 28], a significant proportion of intensivists still use these
static indices. Our reported utilisation of PAOP is comparable
to that of other European countries, where 28.3% of clinicians
still use PAOP to guide haemodynamic management during
septic shock [15]. However, it should be noted that when
these staticmeasurements are used, intensivists consider only
low values as a sign of hypovolemia-preload dependency,
although there is no consensus as to the precise threshold.
Similarly, to evaluate the safety of infusing further fluid,
a slight majority of intensivists reported to use EVLW or
PAOP, according to the technique available, as techniques to
interrupt volume expansion, again without a consensus as to
the preferred technique.

4.1. Limitations. First, it was not possible to determine the
exact number of intensivists working in Switzerland and
therefore to determine the true significance of our results.
However, the response rate from all Swiss ICUs concerning
the present survey was high, with the majority of responders
experienced in intensive care medicine. Secondly, haemo-
dynamic monitoring requires devices, accessories, consum-
ables, and staff education that have financial implications.
Indeed, economic characteristics of the institution and health
economics of the country may influence the practice at
bedside. Third, even if this survey is related to the 2009-
2010 period, we consider that our results represent the actual
evolution in the practice of haemodynamicmonitoring at the
bedside, as no major changes in hemodynamic monitoring
practice and guidelines occur recently. Fourth, in order to
describe the degree of consensus or agreement about the
practice of haemodynamic monitoring, we used a simple
method which, even if not well validated, allows to identify
the “general opinion” of clinicians. Lastly, as demonstrated by
a previous study [29], the difference between the perception
of a practice and the real life practice at the bedside may
be significant. Thus, our results are only indicative of self-
reported practice in haemodynamic monitoring and only
further prospective observational studies will be able to more
precisely investigate this subject.

4.2. Conclusion. In our survey of haemodynamicmonitoring
in Swiss ICUs, we found that various types of monitoring
techniques are available in ICUs, among which the “histor-
ical” PAC method seems to be progressively replaced by new
monitoring techniques, such as TPTD.

As an alternative or complementary technique, echocar-
diography, which is largely available in Swiss ICUs, was not
frequently used by intensivists themselves to regularly assess
the haemodynamic state of critically ill patients. Concerning
the utilisation of haemodynamic monitoring to guide the
complex management of fluid therapy, clinical guidelines are
underutilised and intensivists inconsistently refer essentially
to dynamic indices of preload.
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