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Pressure Wave Propagation In The Aorta With and Without Sudden Occlusion

Philippe Tresson, Elise Nicolas, Philippe Vezin

Abstract The blood hammer effect is one of the supposed mechanisms for blunt traumatic aortic ruptures.
In this study, the pressure in a pulsatile flow were recorded at different locations along the aorta. Two aortas
were subjected to this pulsatile flow at a rate of 60 b.p.m, and a sudden occlusion at the distal part were applied.
The pressure wave characteristics, amplitude and phase, were extracted with a Fourier series decomposition and
compared with respect to the distance from the isthmus for the different harmonics. The experiments show that
the maximum of pressure increased significantly (~11-14%) with the distance from the isthmus with occlusion.
The occlusion has created a retrograde pressure wave at higher velocity (19 and 27 m/s) compared to the normal
pressure pulse wave (4-5 m/s). This backwards pressure wave created a short-lived overpressure (2 cardiac
pulses) that also decreased to the isthmus. The maximum pressure of this wave (~18 kPa maximum) was lower
than the level reported in literature (~100 kPa) and was not sufficient to create a rupture under the tested
conditions. The geometry of the aorta (diameter, taper shape, curvature of the arch, etc.) had an influence on the
characteristics of the pressure wave. However, the present study reproduced, with some limitations, a water
hammer and analyse its propagation along the aorta under physiological conditions.
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I. INTRODUCTION

Blunt traumatic aortic ruptures (BTAR) are traumatic lesions of the thoracic aorta as a result of blunt trauma
and represent the second cause of death related to road accidents after head trauma [1]. BTAR mainly occurs at
the aortic isthmus that may be the weaker part of the aorta [2-4]. The isthmus represents the junction between
the mobile part of the aorta (the ascending aorta and the aortic arch) and the fixed descending aorta (the thoracic
aorta). Several hypotheses for the pathogenic aetiology were issued regarding anatomic and mechanical factors
but the kinetic energy in high-speed deceleration mechanism or thoracic blunt traumatic injury seems an essential
factor, but not alone, in the development of BTAR. Reference [5] suggest that posteriorly directed acceleration
alone (up to 80g during 20s) is not sufficient to cause aortic injury. Whereas, in their experiments, their recorded
overpressure higher than 100 kPa that was found to correspond to 50% of aortic injury risk [6]. This latest author
concluded that this peak pressure at failure showed that the pressure mechanism could be sufficient to produce
aortic failures under realistic pressure loading. They also conclude that, due to the pattern of the observed
ruptures that sometimes differ from the epidemiological literature; the pressure mechanism may not be the only
cause of aortic rupture.

A unique mechanism is often described such as deceleration, aortic stretching, intravascular pressure, osseous
pinch, or the blood-hammer effect. However, BTAR was described as a more complex mechanism involving
several processes [1]. Deceleration alone was found not sufficient and probably thoracic deformation is required
[5]. In human cadaver tests under dynamic and quasi-static configurations, [7] reproduced the aortic injuries at
peri-isthmus. They proposed the tethering of descending aorta by the pleura to be the primary contribution to
BTAR rather than the aortic intraluminal pressure or the body acceleration. Same authors conducted additional
tests under various blunt loadings, and concluded the aortic longitudinal stretch resulting from thoracic
compression to be the primary cause of BAR [8].
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The most observed rupture is a transverse tear of the aorta[9][10]. Irrespective of the mechanisms, BTAR is a
rupture of the aortic wall with an arterial tear extending from the intima to the outermost layers; the force acting
from the inside towards the outside [11][12]. BATR often leads to death; for example, in road accidents 85% of
victims die at the scene of the collision [13]. Without treatment, 30% of the remaining injured will die within 24
hours. If BTAR is diagnosed, an endovascular exclusion with a thoracic endovascular repair can be performed to
prevent a secondary haemorrhagic rupture.

Among the different mechanisms studied, BTAR was proposed, as the result of a blood-hammer effect [2]. The
effects of an overpressure for the rupture of the aorta have been discussed for many years; [2] first give a good
review. This hypothesis suggests that blunt trauma causes occlusion of the diaphragmatic orifice where the aorta
passes from the thoracic to the abdominal cavity, resulting in a reflected intraluminal pressure wave of a non-
compressible fluid leading to maximum effect at the aortic arch. This would be expected to be significantly greater
at the aortic arch because of the curvature reflecting and intensifying the pressure wave. This pressure wave
could be associated with a strain wave occurring in the hyperelastic wall of the aorta where part of the wall is
suddenly stretched faster than it can be elongated which leads to aortic rupture [2][14].

If the aorta was an isotropic cylindrical vessel, it would theoretically rupture axially rather than transversely
under intravascular pressure. According to [1], a transverse rupture could occur if the ratio of the transverse to
longitudinal strength is at least 2:1. Bi-axial [15] or inflation tests [13] show results that confirm this theory.

Reference [16] has demonstrated that, during acceleration, a blood mass transfer occurs from the distal half
of the thoracic aorta to the upper half of the arch. This retrograde flow may increase the pressure sufficiently in
the region of the arch to cause rupture. This phenomenon of blood mass transfer is different from a pure pressure
wave propagation. The effect of such an acceleration or of a pressure wave propagation due to a sudden occlusion
of the blood flow has been studied using analytical models [17-19]. However, these analytical studies did not
consider the additional deformation of the aorta during an impact where the increase in the curvature of the arch
could possibly lead to greater increases in the pressure wave in this anatomic region. Even without considering
this increased curvature effect, the analysis of axial wall strain and strain rate indicates that wave propagation
resulting in high-pressure wave propagation along the aortic wall can lead to transverse ruptures since the
relatively high rate displacement mechanism increases the stress in the axial direction [12][6].

An intra-aortic retrograde high-pressure wave due to blunt impact or sudden occlusion is similar in waveforms
and propagation speed to the retrograde pressure wave highlighted in cardiovascular physiology. Anterograde
and reflective pressure waves have been described in the cardiovascular system as the contraction of the left
ventricle, which induces a sudden pressure wave in the blood mass and propagates in the large vessels in the
form of a parietal wave. It appears before the pulsatile blood flow with a velocity of 5.0 m/s while the blood mass
flows more slowly (0.4-1 m/s) [20]. A rise in resistance occurs when passing from the large arteries to the
arterioles or through bifurcations of the arterial tree, i.e., separation of the descending aorta into left and right
iliac arteries, and leads to a reflection of the parietal pressure wave. When the reflective pressure wave returns
towards the heart, it crosses and superimposes on the blood flow wave. The velocity of systemic arterial waves
can allow reflection activity to return to the aorta during the same systolic period, increasing peak systolic
pressure and worsening the left ventricular afterload conditions. These arterial pulse wave reflections may be
essential in determining the shape of the pressure and flow waveforms in the aorta [20-22].

Peripheral vascular tone is the main factor determining the magnitude of reflected pressure waves from the
peripheral circulation to the ascending aorta [23-25]. Different reflecting sites may produce a summated reflected
wave that appears to arise from a single reflecting site. However, regional peripheral vascular tone within the
abdomen and trunk is considered as the main origin of pressure wave reflection activity throughout the systemic
arterial system [23][24]. By analogy, a retrograde pressure wave could be triggered during blunt trauma after an
impact or after an acute occlusion of the diaphragmatic orifice. These latter could lead to the reflective pressure
wave by a brutal stop of blood flow. In addition, occlusion of the thoracic aorta due to osseous pinch and
mediastinal displacement (shovelling effect) combined with other physiological factors such as hypertension,
cardiopulmonary dynamics at the time of impact, a catecholamine surge, or the association with the anterograde
wave may contribute to worsen the pressure wave.

To our knowledge, there is no recent experimental study using cadaverous (human or animal) model or bench
tests that have enabled to reproduce this mechanism with realistic blood flow conditions, e.g., time-varying flow,
or found a reflection wave after a blunt trauma. We hypothesise that after the occlusion of the aorta, local
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pressure reflective waves, traction, and strain waves in the arterial wall act simultaneously and explain why
ruptures are nearly always transverse and preferentially located in the isthmus region. To demonstrate this
hypothesis, the present experimental study aimed first to measure and describe the “normal” (i.e. physiological)
pressure wave along the aorta without an abdominal occlusion. Then to assess whether a sudden occlusion of
the thoraco-abdominal aorta creates a retrograde wave pressure and modify the normal pressure wave. For that
purpose, the pressure of a simulated haemodynamic flow was measured at different locations along the aorta to
detect and to analyse the reflective pressure wave and its progression along the aorta.

Il. METHODS

Specimen Preparation

The cardiopulmonary system of pigs, including the heart, the lungs, the trachea, the pulmonary arteries, the
inferior vena cava (IVC), the superior vena cava (SVC), the thoracic aorta with the ascending aorta, the aortic arch
with the first centimetres of the supra-aortic trunks and the descending aorta was instrumented to reproduce
the cardiopulmonary circulation. These biological materials came from a local butcher. The age and weight of the
pigs were not provided. But being common pigs for consumption, the average age and weight is around 6 months
and 115-120 kg. The cardiovascular systems were immediately stored in a freezer (-18°C) until their use. Samples
were thawed at room temperature (19°C) before their preparation.

For the catheterisation of the cardio-pulmonary circulation, the model was prepared as follows. The
connective tissues around the aorta and the carotids were removed. The ligamentum arteriosum, that connect
the aorta with the pulmonary artery and the connective tissue around it and in the zone of contact between these
two vessels were kept. The extremity of the SVC, the azygos vein and the left common carotid were ligated with
two 5/0 thread monofilament sutures. After the dissection, the IVC and the ascending aorta were catheterised
for the connection to the circulatory system. A cannula was inserted at the pointed tip of the left ventricle for the
systemic circulation. A small aperture was performed on the left ventricle and the cannula with a profiled end cap
was inserted through this passage. A suture with a monofilament, reinforced by a pericardium patch to avoid a
muscle tearing, maintained a good patency and prevented the cannula from being extracted due to the flow.
Another cannula was inserted in the IVC for the pressurisation of the pulmonary arteries. A simple ligature around
the IVC facing the cannula ensured the sealing. The outflow cannula was inserted in the descending thoracic aorta
and attached to a single wire. All handling procedures were carried out in accordance with the guidelines of the
LBMC laboratory for biological material handling. Since the samples came from a butcher, ethical review was not
required.

Test Set-up

A specific mock circulatory loop was designed to mimic and monitor aortic haemodynamical flow with
reasonable accuracy by reproducing pulse rate, and pressure conditions (Fig. 1.). The aorta circulation consisted
of successive elements, which looped the fluid between a tank and the aorta. The tank, open to the atmospheric
pressure, contained the fluid (water at 19°C for the present study but blood mimicking fluid (BMF) can also be
used) and was connected to a pumping system. The pump and a proportional solenoid valve (Posiflow 203, ASCO
Numatics) allowed to reproduce the pulsatile flow. The successive valve opening and closing (corresponding to
systole and diastole) controlled the pulse. An ultrasound flowmeter (SU7000, Ifm electronics) measured the inlet
flow during the tests. The flowmeter was placed on a horizontal straight section of a pipe with a sufficient length
to ensure the stabilisation of the flow.

Pressure sensors, having a miniature design of & 6.4 mmm and length 11.4 mm (EPB-PW 3.5 Bar, TE
Connectivity), were placed in the aortic arch and along the thoracic aorta either by the intercostal arteries or by
a small hole into the aortic wall to measure the pressure continuously (Fig. 1. Right). A ligature ensured the sealing
around the sensor. The size of sensors were small enough to avoid perturbations of the flow and to avoid
interferences between them due to their wakes. It was checked by comparing the measurement of the sensor at
the distal end of the aorta with and without the other upstream sensors
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Fig. 1. Schematic representation of the mock circulatory loop. A: Tank, B: Pump, C: Solenoid valve, D: Flowmeter,
E: Ball valve and Location of the pressure sensors along the thoracic aorta. It should be noted that pigs have only
two carotids instead of three for humans. lllustration adapted from Servier Medical ART (smart.servier.com).

A custom-made LabVIEW SignalExpress (National Instrument) programme controlled the solenoid valve.
Downstream of the aorta, ball valves were used to simulate peripheral vessels resistance. The closing degree of
the valves allowed to set the physiological pressure level in the aorta. In this configuration, a compliant
Windkessel chamber was not required. In the literature, it was common to add such a chamber to dampen the
flow and to adjust pressure but most of these studies were conducted on rigid phantoms [26][27]. In the present
case, the pig aorta compliance was sufficient to recreate the flow dampening effect (Fig. 2).

The cardiopulmonary system was fixed on a rigid support and placed in a rectangular glass container (at
atmospheric pressure) to prevent from projection when the rupture of the aorta occurred and to collect any leaks
during the tests. The support allowed keeping the position and orientation of the different parts of the
cardiopulmonary system close to the physiological conditions. The cardiopulmonary system was held vertically.
A wire was passed around each bronchial stump and fixed to a horizontal bar to hold the lungs. The trachea was
fixed to the same horizontal bar. The heart rested on a flat surface. There was no other fixation for the supra
aortic trunks which was ligated for sealing.

Each specimen was preconditioned first by applying a constant flow rate to fill all the vessels and check for any
leaks. Then the pulmonary arteries were clamped. The aim was to reproduce as close as possible the boundary
conditions and constraints of the aorta that is connected with the pulmonary artery by the ligamentum
arteriosum. Then the aorta specimen was subjected to a pulsatile flow rate, @, similar to an average adult flow
rate [28] (Fig. 2.). The duration of the pulse was 1 second and was repeated several times. Then, a specific electro
pneumatic device created a sudden occlusion at the distal extremity of the descending thoracic aorta (between
sensor 4 and 5). The device consists of a horizontal small plate placed in the front of the descending aorta and
mounted on two small pneumatic jack (one at each end of the plate) triggered by compressed air. This pushes
quickly the plate back and pinches the aorta between the plate and the support at the back of the aorta. This
occlusion aims to produce a high-pressure wave, i.e., a water-hammer effect, in the aorta that is superimposed
and interacts with the reflective pressure wave.

1,2 1.2
1,0 |
08 [
I
gos |

o o
04

0,2

0,0 1 1 1 1 1 1 1 1 1 1 1 1 1 0'0 : 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 0,5 1 1,5 2 0 0.5 1 1.5 2
t/T t/T)

Fig. 2. Typical blood flow waveform (left) and pressure waveform without occlusion from sensor n°1 (right) obtain
with the mock circulatory loop.
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Data Processing and Analysis

Analog signals from the pressure sensors and flowmeter were recorded at a sample frequency, f;, of 2,000 Hz
with the LabVIEW SignalExpress programme over a duration of 120s. During each recording, the first 20 seconds
are to ensure that the flow is correctly established and to check visually for any leaks or other malfunctions. Then
the 40 following cycles (40 seconds) were used to extract information about the physiological pressure wave,
while the last 60 seconds were used to analyse the occlusion of the descending aorta. The inlet conditions being
periodic (successive valve opening and closing), it was observed that the flow and the pressure were also periodic.
Theoretically, any periodic function, S(t), can be expressed using a Fourier series (1) which frequencies are
multiples, harmonics, of the main frequency (cardiac frequency in our case).

S(t) = ay + XN, a, cos(nwt) + XN, bysin(nwt) 1)

Where w is the pulsation (rad/s), a, is the coefficient of the Fourier series for the n' harmonic. Equation (1) can
be rewritten as:
S(t) = Ag + X Ap cos(nwt — ¢y,) (2)

Where 4, = /anz +b,* and ¢, = atan(b"/an) are the amplitude and the phase of the n™ harmonic,

respectively.

Previous researches [29][30] have shown that the first five harmonics (also called frequencies) contain over
90% of the energy of the pressure waveform. A series of 10 to 15 harmonics is assumed to contain more than
99% of the energy (in other words the Parseval’s relation is verified with 10-15 harmonics) and is usually sufficient
to adequately reconstruct waveforms in cardiovascular applications. A higher order Fourier series does not
provide significant differences in the reconstructed pressure signals. Then any characteristic of the system
response can be determined separately for each harmonic by the description of their amplitudes and their phases.
The computation of the Fourier series, up to the 25 harmonic, was performed with an in-house Matlab
programme. In the present study, only the four first harmonics are discussed since the 5™ harmonic and higher
represent less than 1% of the 1% harmonic. Prior to the Fourier analysis, the phase average (5) is computed to
determine a mean signal of the 40 cycles.

1 .
<P >=o M P>{i+kT.f) (3)

Where i is the discretised time step (i = 1,T/f;), M is the total number of pulses, f; is the sampling frequency
(Hz) and T is the signal period (s).

The sensors were placed equidistant as much as possible. As a result, it is reasonable to compare the
amplitudes and the phase angles at each position along the aorta for the four harmonics. In the following, the
distance of each sensor, d;, is given relative to the first sensor. This sensor is inside the left carotid for all the tests
and close to the aortic arch. It serves as position reference, d; = 0). The amplitudes and phase angles were also
normalised to the values of the 1°* harmonic of the 1% sensor for each harmonic. We defined the amplitudes and
phase for the the nt" harmonic of the i*" sensor (i = 1,5) 4;,, and ¢;,, as:

A -
A = m/All and ¢in = $in — 11 (4)

A;, and ¢;,, represent how the pressure pulse change along the aorta. Morever, ¢;,, can provide an estimation
of the velocity of the pressure wave appears to be traveling. This velocity is called the apparent phase velocity C,
and can be determined from the pulse frequency multiply by the ratio of the distance between to sensor with the
phase lags.
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Ill. RESULTS

The results from two aortas are presented in this section. The Fourier analysis for the pressure wave before
the occlusion provides the baseline for the general pattern of the wave pressure propagation. Both tests showed
similar harmonic patterns

The inner diameter and the wall thickness of the aorta at the location of each sensor were measured after
each test (Table I). The geometrical data show the tapered shape of the aorta (decrease of the diameter from the
proximal to the distal position). The second aorta had lower inner diameters D;. The wall thickness, e;, was
relatively similar between the two aortas. Consequently, the shape ratio e;/D; was greater for the 2" aorta. The
local characteristics of the pressure wave, especially the reflective wave, depend on the local area of the aorta.
Both the variation in time of the section of the aorta and the shape ratio have an influence. These differences
could be important for the results of the amplitude, phase or apparent velocity of the pressure wave.

TABLE |
DIMENSIONS OF THE AORTA AT THE LOCATION OF THE PRESSURE SENSORS
Sensor location Diameter Wall thickness Shape ratio
Sensors d (mm) D (mm) e (mm) e/D
Test 1 Test 2 Test 1 Test 2 Test 1 Test 2 Test 1 Test 2
1 0 0 213 19.7 2.9 3.1 0.136 0.157
2 60 55 17.4 141 2.6 2.6 0.149 0.184
3 110 110 17.2 13.9 24 23 0.140 0.165
4 150 160 16.1 13.5 2.2 2.2 0.137 0.163
5 200 222 15 12.8 2.1 2 0.140 0.156

Fig.3 shows the changes in amplitudes and phase angles of the first four harmonics of the pressure wave,
without occlusion, between the proximal aorta (isthmus) and distal aorta of the two samples tested as a function
of d;. In all the tests the fourth sensor malfunctioned (despite being checked before and after the tests). It is clear
that the amplitude and phase were a function of both frequency and location. For both tests, the amplitude of
the pressure decreased with the frequency (harmonics) as expected. However, there were variations between
the two aortas in pressure amplitudes along the aorta. The amplitude of the two first harmonics of the first test
tended to increase toward the distal end. For the second test, the amplitude remained constant or decreased
distally, except for the 2" location where a slight increase of the amplitudes was observed for all harmonics. This
behaviour was also observed for the 3™ harmonic in test n°1 and to a lesser degree for the 4" harmonic.

Fig. 3. shows that phase angles varied with the distance. Despite some fluctuations, the phase lag between
the 15 harmonic and the three others tended to decrease between the sensors 1 and 2 and then increased slightly
or reach a plateau distally for both aortas. The two tests also showed a similar trend when the frequency
dependency was analysed. The phase lag with the 1°* harmonic increased for the 2" and the 4™ harmonics but
decreased with the 3" one.

The occlusion, i.e., a sudden interruption of the flow, strongly modified the pattern of the pressure and an
additional reflective pressure wave with a higher frequency is visible (Fig. 4.) on the curves of each sensor for
both tests. The pressure increased during the cycle where the occlusion was applied and during the following
cycle. The maximum pressure increased from 15.9 kPa (that correspond to the normal systolic pressure) to 17.8
kPa for the sensor 1, from 15.7 kPa to 17.7 kPa for sensor 2 and from 14.3 kPa to 16.3 kPa for sensor 3 (Fig. 4.,
left) for the 1% test. The variation were lower for the 2" test: only from 12.1 kPa to 12.3 kPa for sensor 2 and from
11.0 kPa to 14.1 kPa for sensor 3 for the 2™ test (Fig. 4., right). The peak pressure, for the 1% sensor of the 2™
test, corresponding to the additional wave during the occlusion was only 11.4kPa while the maximum pressure
was 11.9 kPa corresponded to the systolic pressure. All these peaks were reached during the 1% cycle following
the occlusion.

The frequency of this additional wave decreased with the distance from the occlusion site. There were fewer
differences between sensors 1 and 3 than sensors 2 and 3 due to the lower distance between the first pair of
sensors. The frequency (1/At) also seemed to increase during the cycle where the occlusion was applied (Fig. 5).
On the 1* cycle after the occlusion, the pressure wave was only visible through the maximum of pressure. After
two flow pulses following the occlusion, this additional pressure wave had completely vanished. It is important
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to explain that, in our experiment, the occlusion was not permanent, and under the action of the continuous flow
of the pump, the section of the aorta was progressively opened again and allow the normal flow to resume after
a maximum of two cardiac cycles.
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Fig. 3. Pressure amplitude (top), phase angles (bottom) along the aorta for the four first harmonics, test 1 (left)
and test 2 (right).

Assuming the linearity of the system as a first approximation [34], one can consider that the retrograde
pressure wave resulting from the occlusion is added to the normal pressure wave. Consequently, the Fourier
analysis was also applied to the pressure wave during the cycle of the occlusion. Similarly, to the normal pulse
wave, Fig. 6 shows the changes in amplitudes and phase angles of the pressure wave as a function of the distance.
Comparing with Fig 3, the increase of the amplitude of the pressure was more important than without occlusion.
This can be observed for all the harmonics even if for the 4™ harmonic, the increase was only for the first two
locations. It should be noted that the more distal location (sensor 5) was below the occlusion site. A similar
pressure wave was observed at this location, but not presented here. This wave was a forward pressure wave
with a similar pattern to the reflective wave. Such an increase was already noted during a bilateral femoral artery
occlusion on patients [33]. There was no significant effect of the occlusion on the phase angles between the
pressure waves with or without occlusion.

The pressure wave velocity and impedance depend on material properties, fluid density and the shape ratio
of the vessels. However, the comparison of the time of the maximum pressure along the aorta (See Table Il) can
provide an approximation of the propagation time of the effect of the pressure wave after the occlusion on the
pressure wave due to the flow. It appears clearly that the maximum of pressure occurred early close to the
occlusion site and travelled backwards along the aorta. The results from Table Il suggest that the retrograde pulse
velocity averaged about 19 m/s in test 1 and 27 m/s in test 2. The differences between the two tests could be
explained partly by the differences in the shape ration (see Table I) that have an influence on the wave velocity.
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Fig. 6. Pressure amplitude (top), phase angles (bottom) along the aorta for the four first harmonics during the
occlusion at the distal part of the thoracic aorta. Test 1 (left) and test 2 (right).

TABLE Il
INSTANT OF THE MAXIMUM OF PRESSURE WITH OCCLUSION ALONG THE AORTA
Sensor location Time of the maximum pressure
Sensors
d (mm) t (ms)

Test 1 Test 2 Test 1 Test 2

1 0 0 3125 315.0

2 60 55 309.5 313.0

3 110 110 303.5 309.0

IV. DISCUSSION

One of the supposed BTAR mechanisms is the result of an overpressure occurring at the aortic arch. This
hypothesis suggests that blunt trauma leads to an aortic occlusion, resulting in a retrograde intraluminal pressure
wave with a maximum effect at the aortic arch. There is extensive literature about the pressure propagation and
reflection in the arterial tree of the human body in cardiovascular and haemodynamic research [20][29-35]. All
these references described the shape of the pressure curve during a cardiac cycle. A first phase where the blood
expelled from the heart into the aorta increase the pressure up to the systolic pressure (~¥15--17 kPa). Then the
pressure decrease up to the closure of the aortic valve. After this closure, the pressure decrease more slowly due
to the elasticity of the arterial wall that function like a blood tank to maintain a certain level of pressure and the
distortion by the reflective wave created for instance by the aortic bifurcation. Among them, there are fewer
results about the characterisation of the pressure wave along the aorta [33-35] or dealing with occlusion [33][36-
38]. In impact biomechanics, some attempts were made to analyse the effect of an overpressure with a
deceleration of the thorax but without replicating the real blood flow and without directly creating an occlusion
of the flow [8][39].
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The aim of the research program where the present study takes place was to develop a test bench that could
reproduce the human blood flow with realistic conditions to study in details the mechanisms of overpressure due
to aretrograde pressure wave in the aorta. The aim of the present work was to measure and describe the pressure
wave along the aorta with and without an abdominal occlusion. In other words, to compare these two pressure
waves and describe how a non-permanent but sudden occlusion modify the “normal” pressure wave.

For that purpose, a physiologic blood flow was reproduced with a pulsation of 1s (corresponding of a heart
rate of 60 bpm) with a systolic pressure (maximum of pressure) between 11 and 16 kPa depending on the tested
cardiopulmonary systems. This study has recorded simultaneous pressure measurements at different sites along
the aorta and has compared several characteristics of the pressure wave propagation (amplitude, phase lags in
the frequency domain). This first study shows that reproduction of the cardiovascular circulation is feasible and
allowed measurement of flow and anterograde pressure wave. In addition, a sudden non-permanent aortic
occlusion was created (at 0.6ms and 0.4ms for test 1 and 2 respectively) and has created a retrograde pressure
wave in the thoracic aorta.

Pressure Pulse Analysis without occlusion

When blood is expelled from the heart, a pressure wave is generated and travels through the arterial tree.
This original wave from the heart, i.e. the normal vascular response, is reflected on obstacles such as arterial
bifurcations or occlusion and can even go backward. Thus, arterial pressure corresponds to the superposition of
these original and reflected waves [40]. The shape and intensity of these pressure waves strongly depend on
material geometry and properties such as wall stiffness, thickness, diameter or curvature of the vessels. Other
factors such as pathologies or age can also affect the pressure wave. The pressure pulse is periodic and was
analysed with a Fourier analysis, the first four harmonics of which are discussed.

The results showed that the mean pressure did not vary with the location because only a small fraction of the
energy of the flow is dissipated by friction in the aorta due to the flow conditions. In contrast, the maximum value
of all harmonics increased distally. These observations are in accordance with the cardiovascular literature and
validate the experimental set-up. The data shows the changes in amplitude and phase angles for the different
harmonics between the isthmus and the extremity of the aorta. This behaviour was already reported or described
in cardiovascular literature (for instance [29][33-35]).

Variations (or absence of variations) in pressure amplitude and phase lags with distance and/or with frequency
indicate the presence (or absence) of reflected waves in the arterial pulse. Differences were observed between
the tested aortas and could be explained, partially, by the differences in tapered shape, and shape factor (see
Table 1). The aortic taper was reported as an important factor for the wave reflection [32].The curvature of the
arch was also more pronounced for the aorta used in test 1. The local variation of the section has a strong
influence both on the fluids dynamics and on wave propagation. Due to the elastic behaviour of the arterial wall,
the variation of the cross sectional area, A4, has to be introduced in the fluid equation of continuity. Similarly, the
velocity, ¢, of the wave depends on the geometrical data (the wall thickness and the diameter). The reflection of
the pressure wave is due to the differences in the characteristic impedance at the site of reflection. The intensity
of the reflection is also a function of ¢ and A, the cross sectional area [33]. Consequently, a complete description
of the pressure wave propagation requires the measurement of the cross sectional variation during the cardiac
cycle.

Effect of the Occlusion of the Descending Aorta on the Pressure Pulse

The occlusion of the aorta at the distal extremity (above the iliac bifurcation that was not present on the
present pig samples) clearly introduced strong distortion of the previous normal vascular pressure wave. A
secondary pressure wave at higher frequency was observable on the signal. This wave created by the occlusion
was found to move backwards since the moment of maximum pressure occurs later as one gets closer to the
isthmus. The Fourier series decomposition was applied on this pressure wave and compared with the pressure
without occlusion. It was shown that the occlusion produced an amplification in all harmonics with the distance
along the aorta. Similar trends were reported by [33] during bilateral femoral artery occlusion by manual
compression on patient. They reported that the femoral artery occlusion changed the character of the secondary
systolic wave, which was increased in amplitude and more sharply peaked than without. Fig. 5 also shows an
increase in amplitude and a strong distortion due to the pressure wave created by the occlusion. One main
difference between these studies and the present work is that our occlusion was applied faster.
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The maximum of pressure was also higher compared to the pressure without the occlusion. Nevertheless, this
amplification of the pressure was relatively low (maximum pressure <20kPa) and did not produce a rupture of
the arterial wall. Previous researches showed that a maximum pressure of 100kPa were associated to 50% of risk
of aortic injury ([5][6]). This injury level was found with post-mortem human subject submitted to deceleration
with an initial pressurisation of the arterial system at 10-13 kPa but without real fluid circulation, (the descending
aorta was permanently closed). The over pressure observed in these studies was mainly due to the deceleration
and of the associated fluid mass motion. In our tests, we only reproduce a sudden and non-permanent occlusion
of the flow that create a retrograde pulse wave without fluid mass transfer. In hydraulics, the fact that the
overpressure of a water hammer is lower with a compliant or flexible tube than a rigid one is well known. The
aorta is a hyper-elastic material that may highly dampen pressure pulses.

In addition, the flow was rapidly resumed and this pressure wave rapidly vanished after two cardiac cycles, i.e.
about 2 seconds (Fig. 4). A similar increase of pressure and rapid return to normal value after removing the
occlusion was also described by [37]. However, it is difficult to conclude about the effect of an overpressure as a
BTAR mechanisms. Several reasons can explain the fact that no rupture was observed before concluding on the
effect or absence of effect of an overpressure. The duration of the occlusion are one of the factors that need to
be further investigated. In particular, the compliance of the aorta is probably able to absorb this pressure wave.
A longer occlusion could counterbalance the effect of the compliance due to the additional blood mass that will
continue to arrive in the aorta due to the heart beat. Another factor that can influence the retrograde e pressure
wave is the location of the occlusion. The aortic occlusion experiments of [36] demonstrated that in order for
reflections to reach the ascending aorta, they must be generated relatively close to the heart. This could explain
the decrease in pressure amplitude increase at the proximal distance from the arch.

Limitations of the Study

In addition to the theoretical limitations discussed previously, this study has some limitations including the
use of an animal model to reproduce the human circulatory system [33]. Firstly, there are some differences in the
anatomy of the cardiopulmonary systems between pig and human. Although pig hearts are relatively similar to
human hearts, there are subtle differences in the anatomy. The diameter of the great vessels are proportionally
smaller in pigs than in humans. The comparison with human data showed that the diameter of the human
ascending aorta is greater by 15-25%, and the descending aorta by 40%. In addition, the length of the descending
aorta is shorter in pigs than in humans. The magnitude and velocity of the pressure depend on the length, wall
thickness and the variation of the diameter along the aorta. Secondly, the aortic stiffness is an important factor
for the pressure wave propagation, [41] found that the stiffness of young porcine aortic tissue shows good
correspondence with human tissue aged <60 years. They performed a comparison for the ascending aorta of the
circumferential and longitudinal stiffness based on a four fibre constitutive model for aortic mechanical
behaviour. It also appears that both the human and porcine aortas are constructed so that failure occurs in the
transverse direction [6]. Moreover, the animal cardiopulmonary system from young pigs are without
atheromatous disease contrary to human. But blunt trauma of the aorta often reaches a young population
without severe aortic atheromatous involvement as the model chosen [42].

In addition to the limitations about the use of animal instead of human tissues, there some points about the
representativity of the model used in this work. One limitation of the test set-up is that the abdominal aortic
bifurcation was absent. The retrograde pressure wave found in physiology originates essentially from this aortic
bifurcation and it should be reproduce in future work. In physiology, 30% of the flow from the heart go through
the supra-aortic trunk and its occur close to the supposed BTAR location. Consequently, this separation of the
cardiac flow could be also important. We decided to keep as far as possible the surrounding viscera: lungs and
pulmonary arteries (that were filled of fluid at the mean arterial pressure) to close as possible of the physiology
and anatomy. Most of the research in literature had performed tests on isolated portion of the aorta, that to our
opinion strongly limit the representativeness of the results.

The test set-up developed to reproduce a real blood flow also has limitations. The use of invasive
instrumentation (pressure sensors) and the connection of the heart and the outlet of the aorta to the hydraulic
system imply the possibility of having leaks that can appear during the tests and are difficult to control. There
were other main limitations in the test bench compare to real blood flow.

First, is the use of a Newtonian fluid (i.e. water) to simulate the blood. Or the blood has a non-Newtonian
behaviour. However, for vessels with a diameter larger than 0.1-0.5 mm, the blood can be considered as
Newtonian. The dynamic viscosity of the blood becomes constant at high shear rates (y > 100s~1!) that
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correspond to the shear rate in the aorta. Consequently the assumption of a constant dynamic viscosity, i.e.,
Newtonian fluid, is justified for the aorta (but it will not be the case for instance in smaller vessels). In this case,
the density and the viscosity of the blood are p ~1060 kg/m3 and u~4.1073 Pa. s which is much higher than
water and could influence the intensity of the pressure wave.

This leads to the second limitation of the bench, the similitude between the real blood flow and our simulated
flow. The Reynolds Re = uD/V and Womersley Wo = D\/‘*’_/V numbers are used to characterise a periodic flow.
Both depend on the diameter D of the tube and the kinematic viscosity v of the fluid. An exact similitude between
water and blood flow should respect the equality of these numbers for the two fluids. This is not the case in the
present study. However, the order of magnitude of the Reynolds and Womersley numbers are comparable and
correspond to the same pattern of flow. For instance we have a Wo of 20 for the pig with water and > 13 for the
human with blood that correspond to a same category of pulsatile flow [43]. Consequently, the results presented
here are a good approximation of the fluid dynamics in the aorta. Nevertheless, we plan to use a blood-mimicking
fluid (BMF) with a density and a kinematic viscosity similar to human blood at arterial shear rates in future
experiments. The BMF will consist in a mixture of water-glycerol with a volume ratio of 60:40. At room
temperature, this mixture has a density of p ~1100 kg/m3 and a viscosity of approximately 4.8.1073 Pa.s.

Another limitation concerns the full characterisation of the pressure and blood wave. Theoretically, any
pressure wave can be decomposed in a forward and backward (reflective) part. To separate and analyse precisely
the components of the pressure wave, simultaneous measurement of velocity and pressure at the same location
is required. This is not yet possible on the present bench. Moreover, an estimation of the wave velocity and of
the impedance of the arterial wall is also needed. The main difficulty is that the arterial wall will strongly deform
during the tests especially with the high-pressure wave expected during the occlusion. The measurement of the
strain field on the external surface of the aorta or at least the variation of the diameter of the aorta at the pressure
measurement location will be developed in future studies. This will allow access to the stress field (or the load of
the arterial wall).

V. CONCLUSION

In order to study the mechanisms of BTAR due to an overpressure, an experimental study was performed to
determine the effect of a sudden occlusion at the distal location of the descending thoracic aorta. Two pig aorta
specimens were subjected to a pulsatile flow to represent the cardiac flow at a rate of 60 b.p.m. Pressure vs. time
curves were derived from several measurement locations along the aorta from the isthmus to the outlet of the
thoracic descending aorta.

The effect of the location along the descending aorta under physiological flow conditions, i.e., without
perturbation, and when the extremity of the aorta was suddenly occluded were analysed. The physiological
pressure wave was first analysed and described as a function of the location along the aorta. For that purpose, a
Fourier series analysis was performed and the characteristics (amplitude and phase) of the 4" first harmonics of
the pressure wave were discussed. The results showed variation, e.g. increase of the amplitude of each harmonics
distally while the mean pressure remain constant, along the aorta that are comparable with the data reported in
the literature. This validated our test set-up and served as a baseline for the comparison of the pressure wave
after the temporary occlusion of the distal aorta.

The data showed that a pressure wave due to the sudden occlusion travelled backward to the isthmus at a
velocity about 20-30 m/s. This pressure wave superimposed with the physiological pressure wave and amplified
the maximum of the pressure. The increase of the maximum of pressure with distance along the aorta was found
higher, by 10-14% in one case and less than 4% in the other case, with the occlusion than without. However, this
pressure wave, that could be assimilated as a blood hammer effect vanished after two cardiac pulse since it was
not a permanent occlusion. Moreover, the overpressure (around 18 kPa for the maximum recorded) was lower
than those reported in the literature (around 100 kPa) to initiate a rupture of the aorta.
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